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Abstract

To meet the growing need for medical interventions against infectious diseases, several vaccines
containing isolated and highly purified antigenic proteins have been developed. Compared to
traditional vaccines, they are safer but show a lower capalalityduce high level of protective
immunity. To overcome the latter, the use of nanopatrticles for the displaygaftantigens is a
promising strategyl]. Virus-like particles (VLPs) and protein nanoparticles (NPs), thanks to their
repetitive and highly ordered structure, can present multiple copies of the target antigens. These
supramolecular assemblages can mimic the size and the shape of the hastipaithogen surface
interactions with potential to induce potentdhd Tcell respons@].

The presentwork is focused on (i) the identification of NPs prone to genetic fusion with a target
protein antigen, (ii) the developmentahew strategy for the epitope display and (iii) the design and
development of a polyvalent NP. Different NPs and VLPs (e.g. 103, ferritin, encapsuline, Qbeta, CP3
and HBcAg) were genetically fused to a meningococcal antigen. The Domain 3 of Group B
Stregococcus pilus protein has been successfully engineered with foreign epitopes allowing the
display on a NP surface. Combining structural and computational bielxgy chimeric molecule

has been designed and its 3D has been pred@tedputationally desiged moleculeswere produced

in Escherichia coland biochemically and structurally characterized. Furthermore, by combining
genetic fusion and chemical conjugation approachgeslyvalent NFhas been developéisplaying

simultaneously two different stregroccal antigens

Results obtained show that particles, can maintain their ability teaseémble when genetically
fused with a foreign protein. The antigen resulted correctly displayed on NPs surface and recognized
by a functional human monoclonal éady with increased avidity. The use of a foreign protein
scaffold (D3) allowed the identification of most immunogenic epitopes from unsoluble membrane
antigens as well as its display on mI3 surface. Moreover, the in vivo study conducted with the
polyvalert NP revealed that the use of the NP as scaffold increased the immunogenicity of both

streptococcal antigens.

In conclusion, this work represents a template strategy for the development of new effeetive NP

based vaccines against bacterial pathogens



Introduction

1. Na n o p a rirtrodoctiom 0 s

A nanoparticle (NP) can be defined as an ordered set of atoms or molecules with a diameter ranging
from 1 to 100 nnj3]. During the last yearsheuse ofNPshasevokedaglobalinteresthanksto their
novelty andapplicability in different researclHields [4, 5]. In fact, heir small size and unique
properties make them attractive floio-catalysis[6], drug and gene delivefy, 8], fluorescent
biological labelq49, 10], cancer therappil] and vaccine developmedi2]. Their versatility is also
dueto the possibility to have NPs of differesttapes made up of varioosaterialssuch asmetallic

[13], lipidic [14], polymeric[15] and proteirf16] (Figure 1). Metal nanocluster based on silver are
mainly used in electronics and nanoconductor while noble metal NPs, like gold NPs, find wide
applications also in nanomedicifi&’, 18] They can be easily produced with batfp-down and
bottomup approaches usirigr examplecondensation/evaporation, pyrolytic methods, atomic layer
deposition techniqud4 9, 20] Theirmajordrawbacls arerepresented btheintrinsic toxicity and
organlevel accumulatiorf21]. Lipid NPs are produced using phospholipids comprising laoth
hydrophilic andchydrophobic portion. Using an aqueous solvent, they assemble into micelles able to
encapsudtein their core therapsicsfinding wide applicatiorior drug delivery[22]. For the same
purpose, they are used also cagased on polymer$hey can be composed by natural sources like
chitosan and sodium alging®3] or can be chemically synthetiz§#]. Amongbiopolymerbased

NP, there arenanoparticlesormed by proteins (pNPdike albumin, gliadin and ferritifil 6]. This

class of cages present a lot of advantalgeslegradability, stabilitypossibility to modifytheir
surface biocompatibility,easy control oparticle size antbw toxicity and immunogenicity25, 26]
Theirnon-antigenic property makes them useful not only foigddelivery, cancer/tumor therapy but
also for vaccine productid@7-29]. In addition,not toxic compounds or organic solvents are needed
fortheir productionln fact, tre assembly of pNPs can be achieveigseveral differentapproaches
like: desolvation, coacervation, emulsification, nanoprecipitation and nano spray [B9]ngin

some cases subclass of pNPsknown as sefassembling protein nanoparticles, are composed by

proteinsthatspontaneously assemble into nanoparticles



Figurel: Representation of most commaanoparticles useth different research field¢A) Gold nanorofyellow)and silver
spherical cage (greyjB) lipidic micella, (C) polymeric nanoparticle, (D}gin-based nanoparticle (ferritin)mage created with

BioRender.

2. Biological function and distribution of self-assembling protein nanopatrticles

The term seHassembling protein nanopartisie referred tanolecules that have the intrinsic ability

to spontaneouslgssemble intomanocagesSelf-assembly can be directed dissolving in a solution an
individual protein chain exceeded the critical micelles concentration (CMC) at the critical solution
temperature (CMT|30] or canoccurnaturally. Thespontaneous assembly is a peculiaritaolss

of proteins thain natureareorganizedn nanostructure toarry outtheir biological functionThey
areubiquitously expressed both lracteria) eukaryoticarchaealand viral organisms=irst evidence

of bacterialmicro-compartment (BMC)came from 1973 whengbyhedral organellegsnamed
carboxisomeswere identified andvisualized by electron microscopy in cyanobacteria and
chemoautotroph81]. From then, seven functionaltlistinctorganelles distributed among over at
least40 bacterigenerdnave been identified through genome analyast$. They resulted to be crucial

in different metabolic pathways. In fact, thedle is to segregate specific compounds like toxic or
volatile intermediates allowing at the same time pleemeation of enzyme substrsjeroducts and
cofactorg[33]. Together with carboxisomes, the other major prokaryotic MC is represented by
encapsulins. These proteins belong to the organelles involved in the protection of the bacterium from
oxidative stresg34, 35] Somenanocages identified in bacterial celle shared also with eukaryotic
organisms. This is the case of ferritins theg¢ involved in the iron storage and regulationraor
availability and homeostadi86]. First eukaryotic ferritin has been isolated from horse spleen and
crystallized by Laufberger in 19337] and currently they represent the most studied eukaryotic
nanocagesAnother class of eukaryotic compartments are the vaults. &heyibonucleoproteins
with a barrel structurthat selfassemble into cages (67 nm x 40 with internal hole (3.87 x 107

A3) and they ar@volved inintracellular transport, multidrug resistanaad cell signding [38, 39]

The use of protein nanmompartment widely spread alamong not living organisms like virusés.

fact,theyenvelope their entire replicative machinery in a protein capsigposed by multiple copies
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of asingle or fewproteinsthat selfassemble into nanocadéeverthelessherecombinanprotein
capsidis not infective and not replicate but it is still able to maintaints symmetric structure
resembling the original virus; for these reasons they are knownuadike particles(VLPs) [40].
One of he firstevidenceof theirexistence comes from 19&®Rod-shaped particlesere extracted
from atobacco mosaic virus (TMV) ith a morpholoy resembihg the original TMV devoid of
genetic materia[41]. Thanks togenetic engineering and biochemical manipulatitash VLPs
eukaryotic and procaryotic nacageshave been explored for several biotechnologicataseh as

drug delivery cancer therapyiocatalysisandvaccinedevelopmen(Table 1).

Tablel: Summary of tferent types of protein nancompartment their source, functiorand applications

Protein nano- Organisms Function Main applications

compartment

Bacterial micre Prokaryotes Metabolism Catalysis

compartmenf42]

Encapsuling34] Bacteria and Protection in oxidative Drug delivery, vaccine
Archaea stress development

Ferritin [43] Animals, Iron-storage Drug delivery, vaccine
microbes, plants development

Vault[44] Eukaryotes Immune response Drug delivery, vaccine

development
Virus-like particle[45] Viruses Protection Vaccine developmer

and catalysis

3. Selfassembling protein nanoparticles fovaccine development

Nowadays accinegepresent one dhe most powerfulveapongo defeat bacterieausing severe
diseasedFirst vaccine was developed BEgward Jennen the 1976He sensed thaty immunizing
Jame$hipps withderivative ofcowspustulesijt would have made him immune to smallpgd%].
Since then, severakw vaccines haveden developed andultiple diseasseradicated47]. First
vaccine preparatiswere made byive atenuated okilled pathogen$48]. They were highly
immunogenichut ther major drawbacks that theycouldrevert into gpathogenicstateunder certain
conditiond49]. To overcome thisissue, new vaccine preparatiangbeen formulatadsinghighly

purified antigenic proteingdowever, eéspite their safety, vaccines based on recombinant proteins
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are poorly immunogenidue to their small siz§0, 51} The protein antigen display on a larger
scaffold represents aifficient strategyoimprovevaccine immunogenicityor this reasonprotein
nanoparticlereactuallywidely explored as platform fantigen displayl]. In fact whenNPsare
intravenouslyinjected theytravel through circulatory and lymph vesseith rapid accumulation in
thespleerandthyroidstimulationthdhumoral immunity52]. Therefore, the usd the larger scaffold
for antigen display improves the antigen presenting cells (APC) uptake and their retention into the
follicles[2, 53]. Moreover, the multicopy display allow an efficient binding and activation-oélB
receptors (BCR]1]. In this way, a potent-&nd Bcells response is induced with the resulting
production of antigetrspecific antibodies by plasma cellld. NPssizes shape and surface charge
can impactthenmunerespons@enduced54]. Several studies have shown ttiet optimal size range
to obtain a significant drainage and retention into lymph no@@-4¥5 nm[54] and thatspherical
NPsare internalized faster thaad or cubic shapednce[55]. In addition,positively charged N§?
are internalized more efficiently than neutral or negatively chargddculeg56]. Duringthe years,
self-assembling proteiNPs have been widely used in the vaccinology also thanks to their versatility.
Theyhave beemised as antigethemseles as carriefor peptide adjuvantor drugsand as platform
for foreign antigen displayrhe first evidence of the possibility use NPs as antiggomes from
1970 wherthe hepatitis B virus surface antigengsAg) was purifiedrom infected human sera
resulting in anonrinfectivenanoparticlg57]. This discoveryepresented a milestone that changed
for ever the vaccinologhield allowingalsqg 10 years laterto licenceEngerixB, the first effectve
vaccine against HB\produced byGlaxo Smith Klein GSK) [58, 59] Following this direction
several othemanaloguevaccines have been producedRecombivaxHB (Merk), GenHevac B
(Pasteuy, Fendrix (GSK) and HBvaxPRO (Merck Sharp and Dohome Limited) [60-63]. On the other
hand,Xiamen Innovax Biotechas producetlecolinvaccine to fightiepatitis E virus (HEVising

a recombinant peptide of capsid protein able to-astemble into homodimer of 23nr64, 65] In

the first years of the new centyignother nanoparticleased vaccingCervarix)has been licensed.
In this case the pathogen tamgis the Human papilloma viryglPV) thatcaussthe most common
sexually transmitted infection (STIBading the development génital warts and evearervix, throat
and anus cancgf66-68]. Cervarix main antigens aoapsid proteia(L1) of HPV types 16 and 18
that,when recombinantly producgeskelf-assemble into viruske particles (VLPs)69, 70] Against
the same pathogen a nimalent vaccine has been produce by Merck known as Gard§]9
Moreover, thanksto their unique structurself-assembling proteiNlPs can encapsulagd cay in
their hollow core target molecules likentigenic peptidegproteing dsRNA, ssRNAandadjuvants
[71-74]. The internal space nottheironly portionthat can bexploited In fact, everthe external

surfacehas beerextensively investigatetbr the displayof the targetantigen.The most recent
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research in thidield has led to the Mosquirixaccinelicensein October 202[I75]. Mosquirix
represent the first approved vacciodight malaria disea4&6]. It takesadvantage of HBV VLFor
the ordereddisplay of 240 copiesf circumsporozoite proteinentral repeat regiof7, 78] In
generalduring the last decades nanoparticle technology has been widelytedptr the design of
vaccines against various pathogekes norwalk, influenzaerotavirus HIV viruses chlamydig79-
82]. NP technology hasonfirmedits potentialalso for the fight again§arsCo2 virus. SinceSpike
proteinidentification, €veral chimeric nanoparticles displayiagget antigernave been designed

and testedesultingable to elicit robust protective immune response in micenaortkeyqg83-85].
4. Engineerization of protein nanoparticles external surface

An effective vaccineshould be able tinduce a potenand longlasting antibody responsdhe
generaton ofthis responsassumethatboth B-and T-cellshave to be activat@6]. Thereforethe
preservation of antigen native conformation and its correctly display are eskeattiags for vaccine
design[87]. This aspecmust beconsideed to choosehe bestmethod for th& display on
nanoparticles surfac€urrently, three different approachean baised forantigen displaychemical

conjugation proteinligation systemand genetic fusio(Figure2).
4.1.Chemical conjugation of protein and polysaccharide antigens

Chemical conjugation is mainly based on the modification of spedif@nical groupn the NP
surfaelike carboxylic amino,hydroxylor thiol groupg88]. In particular, the amine greu due to
theirpositive charge at physigaH, tend tdoe exposedn the protein surface, making themwailable
for conjugation[89]. One of the main modifcatiors is the lysinereacting with N-hydroxy
succinimide esters (NHS estergith the formationof amde bond90]. Alternative amino group
modifications aredone by utilizing click chemistry and hydrazone chemif®d, 92] All these
modificatiors could be easily obtained with commercial kit that allow the rapidlification of
activation of free amino groupblowever the major drawback acimine group modificatiors the
possibleproteinstructuredisryptionand loss of their conformational properti@3]. For a more site
directed conjugationthiols can be radified. Theyarenaturally not exposed on tipeoteinsurface
andthey areggenerally involved irthe formation of disulphide borj@4]. However thiols groupcan
beartificially createdwith thiolation reagent that insert new thiol groupitheprotein ordisrupting
disulphide bond through reducing agej®8, 95] Furthermorealso the carbopic groups located at
C-term d each protein and in the side chains of aspartic and glutamic acids can me m@dified
They carform amide bondeacingwith anamine but the reaction needs the addictioracfivation
reagent$97]. The main concern in this case is the possibbssreaction between the sampmtein

or differentmolecule$n some casedlP surfaceare modified attaching chemical linker that expose
10



reactive chemical groups asides andnaleimidesable to react with the antigg®8]. At the same
time the antigen needs to be modified to bind the scaffolthe case of protein antigen their
activation is achieved witthe almost the samenodifications described for the scaffold in this
paragraphWhile, in the case of sugar antigettsgy can be activated withon-selectiveactivation
basedon random hydrolysis reaction witgentsthat generate ganide groupsble to reactvith
aminesHowever, also ahemoselectiveeaction is possible by treetivation of carboxyl groups of
sialicacid[98]. These aréew examples othe main groups that nde modified through a variety of
chemical reactiond'he choicef the best approadirictly depend®nthe nature of th&lP scaffold
and theantigen During the yearshemicalconjugation has been widely exploreu the displayof
both poteinpeptidesandsugarantigenson NPs surfaceChemically conjugated NFPsave been
applied for a variety opurposegrom the design of vaccines agaiasthmahypertensiomicotine

[99-101] to thedevelopment oimmunotherapy for neurodegenerative dise§seg, 103]
4.2.Protein ligation systems for protein antigen display

Another approach for a moduldP decoration is based on the usemitein ligationsystemsAs for
chemical cojugation approach, aldo this casethefinal NP-based vaccineandidates obtained in
more than onegp.Antigen and NP scaffold are separately produced and then thieyére mixed

to direct the attachment difie antigento the scaffold The bond can be necovalentxploit His
tag/NiINTA andbiotin-avidin affinities[104-106]. However, the weak nate of the bond can lead to
lossof antigen duringhe production process@® overcome this issue and itacrease the overall
stability, antigen and IR can be also covalentlinked.Halo-tag, SNAPtag, Sortase, Sphinteins
and SpyTagspyCatcheare just few examples edéchniqueshat can be used for the formation of
covalentbond107-111]. Despte the major complexity of production processs strategyllows

to choose the bestondtionsthat give the optimal yieldposttranslational modification and
conformationfor both antigen andNP [112]. Modular assemblyalso meetghe urgent needs to
produce personalizadiccineqg113]. In fact,the preproduction of modular scaffolde/hich need
just to be mixed with thead hocantigen could reduce significantly the time needed for vaccines
preparatiorj114]. Modular assemblglso gives the possibility toincrease the number of different
antigendisplayed on the same nanopartidé5, 116] Thiscould make a huge contribution for the
development of muktarget vaccines. Thmajor drawbackemains the difficulty in analytics and
incompleteinefficient reaction More in general modular decoration has different limitations
connected witmotyet explorethdustrial scale producticandefficiency of couplingeactiong110,
117]
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4.3.Genetic fusionof protein antigens

Genetic fusion is theimplestmethodusedfor chimeric NP productiomllowing the site-specific
antigen displayln fact, assuming that both antigen and scaffold are successfully produced with the
same expression systeitis possible to obtain the desd molecule in a single step procgkk?]

In fact, both antigen and scaffold are encodedhs/sameplasmidand producedirectly as chimeric
molecule This aspecftacilitatesthe entireprodudion and characterizatioprocessin fact, the
number of displgedantigenson a single NP is constaidr all the moleculesf the same sample.
Moreover, orrectly assembleNPcan be easily purifiettom all the other protemthankgo their

high molecular weighaind sizeThe only concern is about the displaylafge or bully antigensand

the rational structurdased design needed to produce a properly folded chimeft18P The gene
sequence encoding for target antigen can be fused both at gaedNit the @erminus of protein
nanoparticle scaffolfil19]. The engineerization of loops internal to the scaffold in the primary
structure but well exposed in the tertiary structure can be exploited for the display of short epitopes
too [120]. The choice of bestinsertion positiondstermined by the identification of more flexible
region that could potentially accept foreign antigen thus maintaining the entire structure. Moreover,
in the case of multimeric antigensis important that the fusion site has the same symmetry of the
antigen to prevent scaffold destabilizatiflil 2]. In all cases an aminoacidic linker is needed to
correctly space the antigen avoiding clashes between multiple dagigsUsually glycineserine

linkers are the best solution to obtain good flexibility and structure stability in aqueous $b223nt
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Figure2: Schematic representation of the main approaches used for nanoparticle decoration. (a) First column regsocbdany for
eachcomponent (b)n the £cond columnntermediated productaeeded for irvitro assemblyare indicatedc)third column reports

final chimera.
5. Natural and synthetic nanoparticles used aplatform for antigen display

Virus like particlesYLPs) have been theirkt self-assembling molecules exploitad platfornfor
antigen displayoth in clinical trials and in licensed vaccir{@23, 124] Over time,other nonviral

protein nanoparticles have beerplored Recently, the rapigprogressn computational design
enabledhe development of syntheselfassembling NPsStarting frondimeric, trimeric, tetrameric

and pentameric proteinsis now possible, through bothrational and computational agp pracict
mutations that allow them to sedlssemble into nanoparticlgs25]. Several different parameters
mustbeconsideredor thede novalesign of new scaffold$hechoice of buildingblocks determines

the shape and thgeometric symmetry of thignal nanoparticleSelf-assembly must be guaranteed

by engineerization of building block interfacedosingsmall domains able eromotespontaneous
assembl. Finally, to be used as scaffold for antigen display through genetic fusion, it is needed that

at least one terminus of the NP monomeric building block is exposed and acdé€ble

5.1VLP-based platform
5.1.1. Hepatitis B virus core antigenH BcAg

The hepatitisB coreantigen(HBCcAQ) represerdtheintemal proteinenvelopeof Hepatitis B virus,

that enclosethe vird DNA [127]. HBcAg is a single chain of ZIDaand when recombinantly

produced irE. coli, selFassemblsinto nonrinfectousVLP [128] (Table 2) The protein is largely
13



structured agthelices andwo monomers strongly interact to form compact dimers organized in
four-helical bundle that protrudes from the surface of the cage. Dimers are the only intermediate
needed for th&/LP formation. The entire assembly process is guided by the interactiomgamo
proline-rich loops located intdb of each dimerThe resulting VLP isa fenestratedcosahedral
nanoparticlewith two possiblesymmetries ¥3 or T=4 corresponding to a differenumber of
subunits180 and 240 subunitespectivelyf129]. The removal of @erminalportion, needed for
DNA binding,leads to the predominant formation of T=4 VLIWgh an external diameter of 34nm
[130, 131] Over the yearsHBcAg has been succes#fuused as platfornfior the display of both
protein antigens and epitop&himeric HBcAg can beeasilyobtained using both prokaryotic and
eukaryotic expression systeansd foreign antigens/epitopes can be successfully attached both at its
N- and Gterminug132]. In addition, also the immunodominant loop (loop1l) barengineeretbr

the display of small epitopes with a resulting immuesponsé 0-fold strongef133]. Bothmalaria

and influenzae epitopes have beeserted into loopl and tested in preclinical and clinical studies
[134]. With this in mind,recentlyHBcAg loopl haseenalsoengineered with hepatitis E virus
epitopeobtainingmultimeric VLPs that could represent starting pointfor the production of a
bivalent hepatitis vaccin@ 35]. However,since the loop engineerization does not allowdisplay

of large or hydrophobiepitopesfiSplit-cored t ec hni qu e h H36] QutirgiHBcAye v el o
loopl, nonomers can be divided in two different co(€sreN and CaC) ableof reconstructing

their monomeric structure and to saésemble int&LPs. CoreN and C@C can be expresséy

two different plasmids or encoded by a single vespadng the two sequencedth a STOP codon

and a new ribosome binding dom#&RBD) [136]. In this way N and G term of each core can be
engineereavith bothchemical/enzymatic modification and through genetic fusion of target antigen
[137]. Several studies confirthat HBCAg is a promising carrier able to enharaetigen
immunogenicitydemonstrating iteffectivenessin animal models and safein differenthuman
clinical trials [138, 139]

5.1.2. Bacteriophage coat proteinQb

Qb VLPs are nanocageomposed by 180opiesof a 14.4KDa protein capsidable to form3D
structuresthat resemble the natiwingle-stranced RNA (ssRNA)bacteriophag&b. Each monomer
has ab-strandorganization athe N-term while Gterm portion is structured as two contigudis
helicesMonomers are linkehto dimers by aharechydrophobic core. Bulphidebonds, occurring
between Cys74 and Cys80, connect five or six dimerssiaiehiometric ratimf 12:20, at fivefold
and threefold axis respectively140, 141] Qb VLPs have size ranging from 25 to 30nm and an
icosahedral symmat (T=3) [142] with pores of around 14 A and 7 A in diamefte40] (Table 2)
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NaturallyQb p a rpackagd seRiN#anks to the interactions &NA sugarphosphate backbone

with three residuesAsn58, Argh9, Lys6BlocatedntoEF | o o p a n dthebdimefl43land F
This ability has beefurtherexploitedto in vitro andin vivoencapsulate siRNA or tRN# develop

new delivery tools for cancer therapy44-147]. Its intrinsic strudural stability make®b VLPs
toleranto a wide range obrganicsolvents, high temperatures and extreme pH condifiict®; 149]
FurthermoreQb VLPscan be easilyecombinantlyproducel usingdifferentexpression systems like

E. coli, yeastandcell-free protein synthesis react®fi50-152]. For these reason®p VLPs have

been widely used as platform for the displapeptides and glycopeptidés vaccine development

[153, 154] They can be easily engineengsingexposed residwsdike lysines, cysteines, and tyrosine

or canbe genetically fused wittmall peptides for up to 20 amino acjd55]. No daa are reported

about the @ ability to displayentire proteins or protein subdomathsough genetic fusianindeed,

different clinical studies haveshownt®® VL P ef fi ciency to induce a
their safety in humafi56].In fact, they have been successfully conjugatedavitigengor allergen

specific immune therapy in human and with several epitopes/pefiideselopvaccineand drugo

fight diseasslike nicotine dependenckBypertensiongancerandAlzheimer [100, 101, 103, 157,

158].

5.1.3. AP205 bacteriophagecoat protein CP3

CP3is an icosahedralLP composed by 180 com®f Acinetobactephage 205AP205)capsid
protan [159] (Table 2) As the majority oL eviviridaeproteins, heN-termof eachCP3monomer is
structured a®-hairpinconnected with thavo Gt e r -helicElsthrough dive-s t r a mskeet@wo b
monomersare taken togetheby hydrophobic and polar interactioaad preseran U/ b dou
sandwich topology160]. Accordingly,b-h a i r p i-helicestomipodé the externsilirface of the
capsidwhile 10-s t r a nstheegfornbthe internal surface responsible alsattod RNA-binding
Despitesomestructural similaries, CP3has some feature thaistinguishit from the otherswith

its 29nm of diameter results to be the biggesviviridaecapsidknown. Furthermorgt preserda
smooth and completely closed surfaEaally, also theencapsulate@®NA seems to not strictly
interact with the protein capsid60]. In the 3D structurdoth N- and Gtermini are located at
threefold axiof the hexameri€acets In this way, both peptides antimericantigengused atach
vertex,can behoroughly exposedn the surface without disrupting the VERucturg161]. Taking
advantage of this peculias, CP3has beesuccessfully decorated wigreptidesand small proteins
(up to 55 amino acigshrough genetic fusion atitsterm[162]. UnfortunatelyCP3does noalways
allow the gene fuson, in factit canlose its solubility and ability to selissemblevhenhighly
expresseth theE. colicytoplasm163]. To overcome this issy&pyTagSpyCapture system has
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beensuccessilly used for the correct display spike proteifrom SARSCoV-2 as well asE£. coli
toxins and trimeric proteinNd 64, 165] No data are availabkbout theCP3engineerization through
chemical conjugatiorHowever, gven itsstructure, intrinsic immunogenicity and manufacturability

CP3is a promisingplatformfor antigen displayo develop new vaccing$66-168].

5.2.Non-viral based platform
5.2.1. Ferritin

Ferritins areprotein microcompartmentgbiquitously expressesponsible ofron oxidationinto
ferric oxideand iron storageL69]. Despite several differentferritinshave been describéenature,
the Helicobacterpylori ferritin is the mosexploredone for vaccine development due to its low
sequence identity with humaerritin variant2]. Helicobacter pylorFerritin NP isa hollow globular
molecule (474&Da) compased bywenty-four copies of the sanproteinsubuni{170]. The building
block isorganized as trimer in which eastonomehasfour-Uhelixbundleorganizatiorf17 1]. Eight
trimersfurtherinteract to form d0-12nmNPwith octahedral symmetngresentindoth threeand
four-fold axis[172] (Table 2) Ferritin NPsarestable at high temperatynep to 75°C for 20min, and
stable in peserce of denatrantagent$43]. NPsdisassembly occsatpH 2.5 butthe entire structure
is restoredreturning to pH 7.9173]. Moreover recombinant ferritin can be produced both in
mammaliancells and inE. coli expressiorsystemg174, 175] Its peculiar structurandphysio
chemical propertieallowto use ferritin NBfor bothdrug delivery and antigen displ§l/76]. The
hollow inner part can blmaded with adjuvants, enzymasd metal$177]. On the other hand, the
externakurface can bexploited for the display of functional molecuthsough several different
approachesn particular, he N-terminuslocatedat the thredold axis represergan ideahttachment
site fortrimeric antigenswhile the Gtermis hidden and nadvailable forthe direct antigerusion
[178]. In fact, theferritin N-terminus has beauccessfullengineered withemagglutiniHA) from
Haemophilugnfluenzaebtaining a molecule able fead an increasef the antibodyprotection
against influenza greater thdhe protection given byommercialinfluenza vaccine$179]. In
addition for the display of small epitopealso flexible regios of Hpf have been testeanget al.
reportthe successful engineerization of lgawnnectinghelicesUA and UB, with Neisseria
gonorrhoeageptidesvithout disruptinghe NP structur§l 80]. Taken togetheall this data confirm

that ferritin is asturdyand weltestablisheghlatformapplicable for many purposes.
5.2.2. Encapsulin

Encapsulins were serendipitously discovareti994by ValdesStaube and Scherer as proteinaceous
aggregatesin the supernatanbf Brevibacterium linensand at first they wereidentified as

antimicrobial peptidg[181].Later,thesecompartmerg have beendiscovered alsdigcobacterium
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tuberculosisand Thermotoga maritimandit has been discovered that their functiommigrely
structural In fact, encapsulins are involved in thegregation oénzymes and small moleculies
protectbacteria during oxidative stre§35, 182] First structural analysisonducted in the early
2000s, revealed that encapsulmay assemble into three different architectué@ssubunits with
20i 24 nm diameter, 180 subunits withiB2 nm, and 240 subunits with 43 nm diam§i&3, 184]
T. maritimaencapsulineusedn this work,is composed bg0 copies of @ingleprotomerthatself-
assemblginto icosahedrally symmetrical shéll=1) with adiameter of 24 nmand a thickness of 2
5nm[35] (Table 2) Each monomer consists ofrain bodyin U/ b s t thatcentainghe Nsterm
and ahydrophobic coreThis portion is connectelly a loopto the Gterm regions thatonsiss of
three helical segments and a fiset r a nsthee=f®5]. [£-terminal sequences highly conserved
amongspeciesandit is used fompeptidesencapsulatiofior the packaging of cargo moleculdbis
portion has also been fuse4ith heterologous proteins like luciferase and green fluorescent protein
[185, 186] In particular, thanks to its hiigstability in presence of high temperatuwredenaturing
agentg[187], T. maritima encapsulie, has keen exploitedhs delivery system of botherapeutic
drugs lgG-Fc domainbinding peptidend fluorescent prob§88-190]. Moreover, in 2018 Lagoutte
et al. validated the proof of concept of the us€&.aharitimaencapsulie forrational vaccine design.
Matrix protein 2 ectodomain (M2e) of influenza A virasd Gp350 fronfEpstein Barrvirus were
successfullydisplayed onhe external surface through genetic fugitdil, 192]

5.3.Synthetic NPs

While many natural proteins have acquired-ssembling propertiehuring evolution [13], thele
novodesignof new seltassembling nanoparticlesmained challenging for seveyaars The idea
of rational manipulatiomf substancet atomic and moleculdevel to generate new materiaas
conceived for the first time in 1960 Richard Feynman in 19Q93]. Some years later the idea to
use proteins asuilding blocksfor the construction odelf-assembling higheordered structuresas
proposed194]. However, iisonly with the development of commtional tools thabecam@ossible
the optimization andde novodesign of new selhssembling moleculed95]. By choosing
appropriate protein build blosknowadays is possible to desiganoparticle$or ad hocapplication
with the most varied geometriegimeric proteins arene most commohuilding blocks used After
theengineerizationthe trimers caform nanostructurewith tetrahedral, octahedrand icosahedral
symmetry . Tetrahedrahanascaffolds are obtainethtroducingdimeric interffaceson each monomer
of the trimer[126, 196] The same strategy can be used also to direct thessfimbj of 8 trimes
producing an octahedral NP97]. While icosahedral Rs can be obtained by the selEsembly of
either 20 trimers or 12 pentamgt98]. Usingthe first methodHsia et al. designed dyper stable
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dodecahedroknown ad03-01 starting fromT. maritimaKDPG aldolas¢199, 200] They adopted

a combined approach based on the alignment of trimeric structuteeohréefold axesof an
icosahedromand the dimeric interface optimization with RosBaign[201, 202] The result of this
approach wathe production of new icosahedraktaffold with 25nm of diameter highly stable at
80°C as well a; 6.7 M Guanidinium ChlorideGuHCI). The only reversible dissociation has been
observed in the presence of 2.2&8Manidinium thocyanatgGITC). 103-01 maintains its stability
evenwhenC- or N-term aregenetically fused with GFR.99]. Following this directioniMercandalli

et al,de novadesigned the first twvaomponent NP203]. Through the interfacengineerizatiorof

12 pentamers and 20 trimettsey designed an icosahedral NP with I12unitsand 44nm of
diameter The gaetic fusion ofespiratory gncytial virusglycoproteinat trimer subunitted thel0-

fold increase in thaeeutralizing antibodproductionin miceand norhuman primateR203].
5.3.1. mI3

The acronymous mi8tands fofimutated I0®and it isreferred to a newP obtained from anext
cycle of optimization performed on IGaffolddescribedalsoin the previous paragrapGompared
to the original 103, mI3 has theys76 and Cys100@eplaced with alaninavoiding the formation of
undesired disulphide boritl68] (Table 2) Over the year§pyTagSpyCatcher technology has been
widely used for the display of protein antigens on mi3 surfia@lowedthe production o€himeric
mi3 displayingspikereceptotbinding domain (RBDjrom SARSCoV-2. In mice and pigs, RDB
mI3 was able to induce a stronger neutralizing antibody resgloaseonvalescent human sgga4,
205]. Thein vitro, reaction needed fdheantigencouplingon NP surfacegllowed the productionfo
a mosaic mi3 displaying from 4 to 8 different RDB variaiitse heterotypiadisplay resulted ithe
production omheutralizingantibodiesvith superior crosseactive recogtion of heterologous RDBs
[206]. With the same strateggnulti-specific mI3 displayingpemagglutinin (HA) trimers frorboth
group 1 and group 2 influenza A straihas been producg&D7]. Moreover, tiimeric mI3 can be
easily obtaied inE. coliandits intrinsic stabilitymakesit stable aroomtemperature, resistant to
freezethaw cyclesand it can be also lyophilized withousiog immunogenicity or activitj204].

All these featuremake mlI3 attractive for vaccines production
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Table2: General overview of the main featuressix different setassembling nanoparticles used in this wdrkred are reported the

names of norviral NPsin blue the name of computationally deed NP andin black the names of VLPs

Name Ferritin ml3 Encapsulin AP205 (CP3) Qp

3D Structure

*computationa AP205
Organism H. pylori lly designed  T. maritima bacteriophage ~ Bacteriophage Qf Human hepatitis B virus
MW (kDa) 15 25 32 15 16 16
PDB code 3BVE SKP9 3DKT SLQP 1QBE 1QGT
N° Subunit 24 60 60 180 180 240
MW NP (kDa) 360 1500 1920 2700 2880 3840
Diameter (nm) 10-12 25-30 24 30 30 34
Phase study  Preclinical Preclinical Preclinical Preclinical Clinical Clinical

6. Protein and sugar antigensarget of the study

Five different antigens (protein and sugahng)ve been investigated the present workThey have
been chosen from thrdeumanpathogengNeisseria meningitidis, Group B streptococcus and

Neisseria goorrhoeag which are main targstforvaccine development
6.1.Neisseria meningitidig-actor-H binding protein

Neisseria meningitidis responsible ofmeningitis and/osepticaemia in children and young adults
worldwide [208]. Several virulence factorare involved in the pdtogenicity like pili,
lipopolysaccharidgdLOS), and surface exposed membrane protg239]. Among them the
lipoprotein Factor H binding prote{fiHbp) play a crucial role ithe survival of the bacterium the
human blood210, 21]. Due to itswidespread distribution in the most circulating meningococcal
strainsjt has become one of the protein targets for the vaccine development &gaiestingitidis
[212, 213] In fact,the combinationof factor H binding protein (fHbp), wittother recombinant
proteinsanddetoxified outer membrane vesicles (dOM&4) to the approval @dexsero(GSK, 2015)
and Trumaba(Pfizer, 201 7yaccines[214, 215]FHbpisa 29kDa proteinstructured irtwo b-barrel
domainsconnected by a short lodg16] (Figure 3a). Starting from the Nerm, six antiparallel

strands form the firdi-sheewith a high intrinsic flexibility[217]. A five amino acid linker connexct
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theN-terminal domainvith theC-terminalb-barrel composed by eight aiptarallel strandand filled
by the hydrophobic side chaifsl8]. The dense network dfydrogen bondsontributes td-barrel
stabilization[219]. The different structuralrganization betweethetwo domairsis also reflected in
two differentunfolding profilesThe N-terminal domaimmeltsin arange of 37 td0°Calong variants
2, 3 and 1. In contrast, in all variante Gterm b-barrelmelts above 80°220]. Regarding their
native orientation, it &s beersupposed that fHbp is completely expoaed it is anchoredn the
externalmembraneof the bacteriunthroughthe lipidated Nterm cysteind217]. Severalkepitope
mapping studieallowed the identification ahultiple bactericidakpitopes loceedalong both the N

andthe Gterminaldomain[221].
6.2.Streptococcus agalactiae

Another pathogenic bacterium that creates concern and for which a vacangentlyneecedis
Group B streptococcus (GBI)he World Health Organizatiomstimates that GBS is responsible of
around 150.000 cases otonatal deatand foetal infection§222]. Naturallyit is a member of
intestinal andyenitourinaryflora of healthy womemsymptomatically223]. However, it carcause
severediseases like meningitidis, sepsis and-tiieeatening pneumonizoth in infant and adult
patients[224]. Several different factors are involved in the pathogenicity of this bacterium. In
particular GBS colonization persistence and invasion are mainly dependeits@bility to adhere

to host cellsand toevade the human immune syst¢225]. For these reasortse most studied

antigens for vaccine development aspsulapolysaccharidandsurfaceexposedgroteins
6.2.1. Pilin proteins

Pili are filamentous protein structures that extend from the sudite bacteriumandtheyare
involved in the adhesion to the host ¢2R6]. Genome squencingnalysisof GBSisolates revealed
the presence of thrgenomidslandswhichencode fothreedistinctpilus structuresl-1, PF2a, and
PI-2b [227]. Eachpilus is composed by three major proteindhackbone protei(BP) and two
ancillary proteins AP1 and APAP1 and Bfhave already been describedrascine candidateble
to induce protective antibodies in mig228]. All three proteins are highly consesd indifferent
GBSstrains carrying the sangenomidsland.Only for BP-2a six immunologicallydistinctvariants
have been detect¢2i28]. Furtherfunctional and structuratudieson BP-2aled the identificationo
Domain3 (D3) asthe mosimmunogenic regiorj229]. D3 is one of the four domasthatbuildsup
theBP-2aandit isorganizedasb-sandwichcomposed byhree and fourstranded sheetonnected
with 6 loops(Figure 3b). As the other two domains (D2 and D4) it contains an internal isopeptide
bond thastabilizesthe entire structur230]. Each domaifioldsindependentlgivingthe possibility

to recombinantly produce each domasasingle recombinanproteinin E. coli. Interestingly the
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overall organization is shared with the otliige 2a variantandthe most immunogenic epitopes
seem to maintain the same localizatj@@9]. Due to their surface exposure, abundance on bacterial
surface and high immunogenicity, pilin proteins have been widghstigated as target antigen to

develop an effective vaccine against GBS
6.2.2. Capsular polysaccharides

The external surface ddBSis coated by a polysaccharide capS@®S)composed by multiple
repeating units (RU) ofour to sevemmonosaccharidforming one or two side chasfi231]. The
terminus of each chain is linked withalic acidthat mimic the surface diuman cell glycoalyx
[232]. CPSplaysa crucial rolein the pathogenesis at different levdtsinterferesnot only with
complementdependent cascadkefenceut also mediatebiofilm formation in the presence of
human plasm§233, 234] So far,ten different CPS serotypé@s, 1b, and IT IX) have been identified
from GBS isolates each one characterized by unique structural and antigenic fik&b}ddigh
variability has been also observed in terms of speg#agraphical distributioof different serotypes
[223].However, CPS has been the target of several studies for the develop@eStizdsed/accine
again$ GBS.First data aboutthe capability GBSCPS to inducéhe production of serotypgpecific
protective antibodies mice comes fromLl966by Lancefieldet al. [236]. In subsequent years,
following the examples ofneningococcal, pneumococcal ahld influenzaetype b conjugate
vaccinesseveral other preparations have been tg&8d239]. The most recent data are aftthe
phase 1/2 clinicalials conducte@dnhexavalenCPSbasedvaccne. It has been reported th&PS
variantsla, Ib, I, lll, IV, and V conjugated with CRM antbrmulatedwith aluminiumphosphate
were able to induce an immune response for at least 6 m@#@k However,one of the major
drawbacksf CPSbased vaccine the high capsular variability and the loaf crossprotection
induced by multivalent vaccines for whieltlecavalent vaccingreparatiorshouldbethe solution

[241]. For the purposef this study polysaccharide type Il (PSII) has been investigékegure3c).
6.3.Neisseria gonorrhoeae

Neisseria gonorrhoeas a Gramnegative bacteriurthat cause87.7 milion of cases ofpelvic
inflammatory diseasas womern blindness imewbornsand epididymitis in meworldwide[242-
244). This pathogen is also associated withman immunodeficiency virus (HIV) infectioasd
othersexually transmitted infections (STIE45]. Due to theresistance to multiple antibiotics,
vaccine renain the onlyefficacious solution to eradicate gonococcal diseg@2Es. For this reasan
a lot of efforts have bedncused on the identification of potentialbeéane target andptimization of
delivery systemg4247]. The most testedvaccine preparationare basen the use ofa lipo-

oligosaccharide epitopéormalin-inactivated wholecell pathogenoutermembrane vesicleand
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purified proteirs[248-251]. Forthe development of proteimased vaccinesbroad panel aintigens
have been identified and characterif282]. Most of them are proteins involved @olonizédion,
nutrient acquisition, evasion of human immune systant structural proteif253, 254] In this
work two classes of membrane proteins involved in the colonization of hosthzells been

investigated.
6.3.1. Opacity-associatecproteins

Colonyopacity-associated pteins(Opa)are a family of integral outer membrane proteifige
genome of a single gonococcal strain encodes for abbos®itigenically distinddpavariant255]
Despite each gene is constitutively trarised, the expression of each variantis phaseable[256].
However, to date hundreds of Opa alleles have been annotated suggestimgatichromosomal
and horizontagene transfer continually occy&b5]. This phenomenon also suggests the pathogen
needto maintain Opa genes as they are involveitsipathogenity. In fact, it has been shown that
through the binding to theuman carcinoembryonic antigeelated cellular adhesion molecule
(CEACAM), Opamediate the adhesion and invasion of host 2l&, 258] Furthermore, it has
beenobservedhat the expression dpaproteins l@ads to better resisto complementnediated
bacteriolysid259]. Each proteinhas been predicted to be structuasa b-barrelcomposed by
highly conserved transembrane sequencesnnected byfour variableloops exposed in the
extracellularenvironmeniFigure3d) [260]. A study conducted on Ogaoteirs expressed bi.
gonorrhoead-A1090 revealed thatmostimmunogenic and functiepéopes arexactlylocated on

the hypervariable (HV) and semariable (SV)loops[261]. The high variability thatharacterizes
this class of proteins magalifficult to obtain a full knowledge of their mechanism of action.
However, the identification of their functional epitopes could accelerate the development of an

effective vaccine.
6.3.2. Porin B

The porinB (PorB), is the most abundant protein constitutively expreesetieouter membranef

N. gonorrhoeaeNaturally PorB is present as homotrimer in which each monbaseen predicted

to be organized ds-barrelwith 16 membraneapanning sequencesnnected by surfaceexpsed
loops(Figure 3e) [262]. Although theb-sheets are conserved, the extracellular loops are highly
variable among differemttrainsgenerating differerjonococcal serogrog@ndserovaiant[263].

This aspect makes the production of Pdxdsed vaccine challenging. HoweyBorB remains a
crucid proteinfor the pahogenicity ofN. gonorrhoeaeln fact, it is involved in apoptosiserum
complement resistance and invaswdmost cell§264-266]. In addition,trimeric PorB,could be able

to inhibit dendritic cell stimulation of CD4+ T cell proliferatimuppressings resulthe adaptve
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immune respong@67]. Moreover PorB has aintrinsicTLR2-dependent adjuvant effect thradke

it an attractive antigen faraccinedevelopmenf268].

a-D-NeuNAC

Figure3: Cartoon representation &D structures of antigestested in this work.g) fHbp antigen(PDB code 3KVDn yellow is shown

the Gterminali barrel domainwhile in grey the Merm domain. (b)GBS pilus protein type 2a (PDB code 2XTL). Domain 2 (D2) light
brown, domain 3 (D3) green, domain 4 (D4) greyR@peating unit of GBS capsular polysaccharide typd) predicted 3D model of
OpaB protein(e) predicted 3D model of Pod® protein.
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Aim of the study

Self-assembling protein nanoparticles are a class of proteins able to spontaneously assemble into
nanocages with precise shape and geometry. Since their discovery, they found widely application in
drug delivery, bioimaging and vaioe productiorj269]. In particular, in vaccinology they can be

used both as carrier of adjuvant and as platform for antigen digf2ay270] In fact, the highly
symmetric and ordered structure allows thulticopy display of target antigen enabling an efficient
activation of both Band T-cell immune respondé]. The nanoparticle surfaces can be detedra

with either functional protein antigens/epitopes and with polysaccharide antigens. Different methods
are now available for NP engineerization like genetic fusion, chemical conjugation or protein ligation
systemg2]. Currently, tlanks to their unique properties, saksembling protein NPs are a cutting

edge technology to produce effective vaccines. For this reason, the aim of the project was to explore
the potentiality of sekassembling nanoparticle technology to display vadeirget. The purpose was

to explore three main areas: (i) the identification of more suitable NP scaffolds for the display of
protein antigen through genetic fusion; (ii) the setup of a new strategy for the identification of
immunogenic epitopes from memhbeantigens and their display on NP surface; (iii) the production

of a polyvalent NP decorated simultaneously with protein and sugar antigens.

I- By combining computational and structtvased approaches six sasembling protein
NPs and VLPs have be@tvestigated for their ability to correctly display a protein antigen
on their surface through genetic fusion. The antigen chosen for the study was the
lipoproteinFactor H binding protein (fHbp) from serogroup B Meningococcus (MenB)
[217]. As a highly protective antigen, fHbp is a key component of two different vaccines
against MnB, namely MenBHbp (Trumenba) and 4C MenB (Bexef@lL2, 213, 271]
fHbpisa27KDg r ot ei n st r tarelsicormetted by a shavtdin i8]
Recently, a seof human monoclonal antibodies (mAbs) have been reported in literature
to recognize fHb272, 273] A crystal structure of fHbp complexed with the bactericidal
human mAb 4B3 has been obtained revealing the presence of conformational and cross
protective epitopeR20]. Previous studies have shown that the most protective epitopes
are harboured in the-C e r -barrdl (e.g. targeted by the crgsotective humAb 4B3
[274] and the crosseactive humAb 1A12275]). However, in the total set of human
mAbs analysed, such cressactive mAbs were relatively rare (approximately only 10%).
Therefore, to promote a beneficial immufozusing effectonly the Gt e r mibanal | b
domain of fHbp (residues 11249 PDB code 3KVD), was selected to be tested in this
study FigurebA).
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The second goal of this projegtas to find a new strategy to investigate unsoluble
membrane antigens in order to fittttmost immunogenic/immunodominat portions. In

fact, the main vaccine targets for the development of an effective piwdsed vaccine

are virulence factors involved in the bacterial adhesion, permeation, and evasion of
immune system of host cel[276, 277] These proteins are naturally exposed on the
external membrane of the pathogen anchored into the lipidic bilayer through an extended
hydrophobic portion while, the functional regions are exposed in the extracellular
environmenf278]. The presence of large hydrophobic domains makes na@mbr
proteins insoluble and, when recombinantly producel ioolias whole antigens, they

could form inclusion bodies complicating considerably the entire production process.
Moreover, the hydrophobic regions, naturally not exposed to the immune syssein, r

to be accessible deviating the immune response. For these reasons, the identification and
production of functional epitopes could represent a valid alternative. Immunodominant
epitopes in a protein antigen can be identified by (i) protein or peptidg, (i) genetic
manipulation and (iilhydrondeuterium exchanggiDX) experiment$221, 279, 280]
Alternatively, the protein antigen could be dissected producingsutions that can be
produced and studied separately in a foreign protein scaffold. The dissection strategy has
already been used for the study of aaiig loops extrapolated from meningococcal PorA,
chlamydial MOMPA and gonococcal Mt{E80, 281, 282]In the last case, the protein
scaffold used is the ferritin nanoparticle. The peptide has been successfully fused at the
N-term of the scaffold and also inserted into the primary sequence of fexntong two
U-helices. However, the epitope displays on NP surface remain challenging. In fact, the
engineerization of NP main structure inserting foreign and long peptides could disrupt the
NP 3D structure. Furthermore, the peptides genetically fuseceatmohof the scaffold,

could be exposed to exoproteases which could degrade them. To avoid all these troubles,
this work has the aim to identify a new protein scaffold that can be engineered with foreign
epitopes extrapolated from membrane antigens aricctirabe easily displayed on NP
surface. For these reasons, the domain 3 (D3) of Group B Streptococcus (GBS) pilus 2a
backbone protein (BP) has been chosen as scaffold. D3 is one of the four domains of the
GBS pilus BP and the most immunogenic pilus domette to induce functional
antibodieq229] (Figure12a). D3 is a small anfuighly stable proteifl5KDa), thanks to

the presence of an internal isopeptide bond, and can be easily produced as soluble His
tagged proteinifk. coli(Figure12c)[229, 283] While as casstudy antigens, Porin B.1b

(porB1b) and opacitassociated protein B (OpaBj Neisseria gonorrhoeaeave been
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investigated. They are two of the mosthighly abundant outer membrane proteins involved
in the pathogenicity olN. gonorrhoeaand their 3D structure is not public available.
Thelast aim of tls project was to produce a polyvalent NP decorated with two different
types of antigens to produce multivalent vaccines. In fact, the combination of multiple
components to produce an eéfiwe vaccine able to target simultaneously different
variants of the same target or multiple pathogens is aesédblished practide84]. The

first polyvalent vaccine produced was the vaccine against poliol&Ek. After this,
several other polyvalent vaccines like for example 4CMenB, Bexero, DPT have been
licensed[214, 286, 287] To produce a polyvalent vaccine each component must be
produced separately and then combined in a single preparation during the manufacture or
mixed before the administration. Furthermore, it is essentiasertain that the
combination of several different elements does not alter the phlysimical properties of

each individual antigef287]. Therefore, the entire production process requiles af

guality controls with the resulting increase of costs and {@88]. However, thanks to

the rapid development of genetic engineer and recombinant DNA manipulation
techniques, itis now possible to combine multiple protective antigensingle molecule

[289]. Actually, a pomising strategy for the multicopy antigen display is based on the use
of self-assembling NPs and different polyvalent NP based molecules have already been
produced. In particular, they have been produced as single NP displaying different variants
of the farget protein antigen to achieve a broad protection against the same pfthogen
206]. Furthermore, despite several data alvounjugated NPs, only the polyvalent display

of protein antigen is reported in literaty297]. For these reasons, the aim of this project
was to take a step forward by producing a chimeric NP decorated simultaneously with
both protein and sugar antigens. In particular, the GBS pilugipsoand its capsular
polysaccharide type Il (PSIl) have been taken in consideration as target antigens. In fact,
they play a crucialrole in the pathogenicity of the bacterium and several studies have been
focused on theirinvestigation as antigens ferdevelopment of an effective GBS vaccine
[290].
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Materials and Methods

7. Protein designand 3D structure prediction of target chimeras

7.1.Structure-based design

The design of target chimeras has bperformed investigating the structure of both antigenNthd
scaffold.Each structure has been analygettlentifystructured regionandflexible portionsof the
protein The investigation olNPstructurevas applied also to defimesidueinvolved in the interface
interaction between eadclubunitheeded fothe NP assemblyThe combination of these information
was used to identifgnostsuitable engineeringjtes. Particular attention was given to-NC-terminus

andexposedoops of both antigesand NR.
The structures usddr this analysisredeposied intheRCSB Protein Data Bank (PDB)
7.2.Rosetta homology modelling

Thedesign and th&D structure prediction of each chimeN® displayingthe target antigenvere
obtained withRosethcomparative modelling tog291]. Throughout this studythehigh-resolution

crystal structursavailablefor both NPs scaffolds and antigens, were uSeabtain th&D structure
prediction ofantigendecoratetlPs a model composed of the nanoparticle monomer arahttigen
wasobtained inChimeraand aligned to the asymmetric unit of the ssdemblingparticle[292]

Then, a linker connecting the two portions was conformationally sampled using a fraomsedt
loop-modelling protocol, with refinementin Rosetta to minimize energetics and resolve ¢&83jes
Finally, symmetric constraints were applied to generate the other subunits to obtain a 3D structure
prediction of the entire meparticle Pymol[294], Chimeraand ChimeraX{295] software packages

were used for structural investigation, molesMisualization and graphical representation

8. Production of recombinant proteins
8.1.Strains

E. coliBL21(DE3) T1R(fhuA2 [lon] ompT gal &DE3) [dcm]ghsdSaDE3=asBamHIlogqecoR}
B int::(lacl::PlacUV5::T7 genel) i23nin5) cells provided by NewEngland Biolabs (NEBhave
been used fahe expression of recombinant proteins

E. coliStellar(F-, endAl, supE44,tit , recAl, rel A1, gyr A96, -phoA,
ar gF) U 1-6s8RMSmp¢ mB € ) , -ypemainprayidecby Takard&as been usedh the

cloning procedure.
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8.2.Expression vectors

PlasmidpET15TEV(derived from pET15bMerck) (Figureda), pET21b+HFigure4b)(Merck)and
pET24b+ (Fig 4c)(Merck) were usedto clonethe genesoding for therecombinant protem All
plasmds were previously modified internally to use them for Polymerase Incomplete Primer
Extension (PIPE¢loningmethod[296]. According to this methodnodified plasmids called pET15
TEV-ccdB, pET21-ccdb,andpET24ccdbwere PCR amplified and the gene coding for the protein
of interestwas cloned in the desired ve2a#, 275] All plasmids have IPT@ducible T7 promoter
and Ampicillin(pET15 and pET21) or kanamycin (pET2d}¥istance gene

Figure4d: Plasmid map ofommercially available vecto¢a) pET15#, (b) pET21b+ and (c) pEb2.Map reconstructiomperformed

with Geneiougprogram

8.3.Genes

Gene encoding fochimeric proteinwere providedby Gendrt (Thermo Fisher Scientific)as
lyophilized syntheticDNA strings or by Twist (Twist Bioscience)s lyophilized recombinant
plasmids Synthetic strings were producegtimizing the codon usage for the expression irBhe
colihostcelbandby adding at the gene extremities the appropapeendix (Table 3pr single step
cloning into the expression vectdBoth synthetic strings andecombinant plasmidsywere

resuspended in sterii@Nasefree watemwith a finaIDNA concentration of 50ngL before their use.
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Table3: Flanking appendiaf synthetized stings for the cloning in pEITEBYcdb and pB1-ccdb vectors.

DNA appendix Host plasmid
pPET15TEV-ccdB pET21-ccdb
50 CTGTACTTCCAGGGC TAAGAAGGAGATATACATATG
30 TAACGCGACTTAATT CATCACCATCACCATCACTGA
8.4Cloning

9.4.1Vector amplification

PET15TEV:ccdb and pET2ccdb vectors were amplified witRCR (Table 4 and 5) and purified
from agarose gel witiVizard® SV Gel and PCR Cleddp Systenkit (Promega) following reported

instructions.

Table4: Nucleotidesequences of primer used feector amplificatiorof both pET15TEMdb and pET2&cdb

Forward 5 DAACGCGACTTAATTCTAGCATAACCCCTTGG
pET15-TEV-ccdB GGCCTCAAACGG3 6
Reverse 5 BCCCTGGAAGTACAGGTTTTCGTGATGATGAT]
GATGATGGCTGCTGCCCATGGTATATG 6
Forward 5 BTGGTGGTGGTGGTE®ACCACCACCACCACC
pET21-ccdb ACTGA3 0
Reverse 5 GAAGGAGATATACATATG CATATGTATATCTC
CTTCTTAAAGTTAAACAAAATTATTTCTAG 3 6
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Table 5: Vector amplification(@) mix prepared for each samplerimer F (Forward) primer R (revergb) running protocol*

Elongationtime depend®nthe length of each vecto

a b
Component Quantity
[pL] Temperature Time Cycles
Pfu Ultra Il HotStart 12,5 [°C] [s]
2X master mix 95 120
Template [1ng/ul] 1 95 20
Primer F [10uM] 0,5 50-70 20
PrimerR [10uM] 0,5 75 * } 30
H,O DNAse free 10,5 72 180
Total 25 10

8.4.1.1.Dpnl digestion

The hydrolysis reaction was set tgppremove DNA template of pET15TEScdb and pET2cdb
vectors after PCR amplificationelL of Dpnl (10U/L) enzymewas added to PCR mix and incubated
at 37°C for 2h and 80°C for 20 min.

8.4.1.2 Agarose gel electrophoresis

Agarose powdewas dissolved in TAE 1X buffer (TRIS 242 g/L, acetic acid 51.7 mL/L, EDTA 18.6
g/L in 1L distilled water) at 1% final concentration.1X SKBafe DNA gel stain (Thermo Fisher
Scientific) was added before solidification for DNA visualization. The mixture was allowed to
solidify in the right apparatus with the comb. DNA samples and molecular weight marker were loaded
on the gel. The run was germedin TAE 1X buffer with a constant voltage diQy, 400mA for

about 45min.

8.4.2. PIPE cloning

The cloning of target gerie the desired vectawas performed with the Infusion cloning Kltakara

Bio) following manufacturer instructionRecombinant plasmids were propagateB.icoli Stellar

cells grown orselective LuriaBertani (LB) agar plate@ryptone Dg/L, yeast extract 5g/L, NaCl
10g/L 1.5% agar)containing ampicillin [LO®g/mL] [297]. Grown colonies were screened through
PCR (Table 6). The recombinant plasmid from positive colonies were extracted with E.Z.N.A
Plasmid DNA Mini Kit (Omega Biotech) following manufacturer instructicared the correct

sequence wasirther confirmed byext generation sequenciigGS)analysis
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Table6: Colony screening reaction mix (a) and protocol used (Bhe elongation time dependas the insert lengthPrimer F is the
formard6Q ¢! ! ¢!/ D!/ ¢/ !)addptnmeRsBhBreverseQ D! ¢! ¢/ / DD! ¢). ¢! D¢ ¢/ / ¢/ 0Q

a b
Component Quantity [uL] Temperature Time Cycles
Go Taq Green 12,5 [°C] [s]
Master mix 2X 95 120
Template Single colony 95 30
Primer F [10uM] 0,25 55 30
PrimerR [10uM] 0,25 72 * } 25
H,O DNAse free 12 72 300
Total 25 4

8.5.Plasmid transformation

Both recombinanpET29b+provided by Twistandrecombinant pET15TEV and pET21 plassid

clonedin houseere transformed inté. coliBL21(DE3) chemically competent ceflsllowing heat
shock procedurf298].

8.6.Recombinantprotein expressionink. coliBL21(DE3)

8.6.1. Pre-culture and glycerol stockpreservation

The recombinant colonies grown on selective plates were picked and incwithtéd.OmL of LB
(Tryptone 10g/L, yeast extract 5g/L, NaCl 10ghhedium at 37 °@nd 180 rpm overnight (about 16
h).Pre-culture was used to setup batch cultivaton&n@d Owe Lk e mi xed wi th 200 ¢

glyceroland preserved in go vials at80 °C.
8.6.2. Batch culture at20 °C

The cultivation was set up in a 250 mL shaker flask with 75 mL of sterile HTMC mediyce (ol

15g/L, yeastxtract 30g/L, MgSQ, x7H,0 0.5¢/L, KH.PO, 5 gL, K,HPO, 20 gL, KOH 1M atpH

final 7.35+0.9, ampicilin[L 0 O ¢] grkanamyci{f 5 0 ¢ and pndcylture diluted 1:100. The

flask was incubated fdr6h at 20 °Gand 160 rpm5 0 0 ¢ L-induéed sample were collected in

1,5 mLeppendortube and stored at 4°Che production of interest proteias induced with 1mM
sterileIPTG and protein expressioves followed for 24h at20°Cand 160rpm5 00 ¢ L of i n
sample wereallected in1,5 mL eopendortube and stored at 4°C.
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8.6.3. Batch culture at 37 °C

Theal t ure was set up in 1 L shaker flask with
or kanamy c iandpfeéuluredilgtediil 0. The flask was incubat&¥7°C and 160 rpm
untilto reach OD_600 nmvalue0f8-1.2 5 0 0 esinduceddampleovere collected 5 mL
eppendorftube and stored at 4°C. The production of interest preésimduced with 1mMsterile

IPTG and the protein expressiuas followed for3 h at37°Cand 160rpm5 00 &L of i n

sample were collected h5 mLeppendorf tube and stored at 4°C.
8.6.4. Small scaleanalysis ofprotein expression and solubility

500 eL of i +nducedsathpkollattedhfror the growthsere centrifuged at 14000

rpm for 10 min at 4°C. The mediuwasdiscardedandpelless, after 1h at20°C, wereresuspended

in3 0 0 «CelLytee Expresdysis bufferSigmaAldrich)and incubated for 1Lh atroom temperature

(RT) under shakingonditions Samplewerediluted 1:2 with1 X Phosphat8ufferedSaline PBS

at pH 7.6and6 0 repdresenting the total extrasere collected in a newppendorf tube. The
remainingvolumes were centrifuged at 14000 rpm forlOminat4°€d 60 &L of t he
(soluble fraction) wereollected in a separagppendorf tube. Both total and soluble fractiawere

mixed with NUPAGE LDS Sample Buffe#X (Thermo Fisher ScientifidndNu PAGEE Samp |
Reducing Agent 10XSamples were boileat 98 °C for 10 minad analysed on SDBAGE

8.6.5. SDSPAGE

9uL of sample were mixed with 3uL of 4X reducing mix (LSD and DDT) and boiled at 98°C for 10
min. 12uL of samplesnd prestainedrotein molecular markgiThermo Fisher Scientifiojere
loaded on pecast polyacrylamide ge($hermo Fisher Scientific)Therunwas performedirL X 2-
(N-morpholino)ethanesulfonic aciMES), at150V 1000mA and 180W for 35min Gels were
stained withCoomassieProBlue Safe stain (Giottofor protein visualization and imag were
acquiredwith GelDoc (BicRad).

8.6.6. Harvestand cell lysis

The whole cultivationvas transferred in 50mL falcon and centrifuged@®00rpm at4 °C for L0min.
Mediumwas discarded and pelledfter 1h at20°C, wadysed withCelLytic Expresdysis buffer
Each g of pelletvas resuspendedith 10 mL oflysis bufferand incubated at RT for 1h under gently
shakingAlternatively soluble proteins are extracted frencolicytoplasnthroughmechanic lysis

Pellets were resuspendiedysis buffer 0 mM Tris, 150mM NaCl pHBandsonicatean icewith

32

5



40% amplitude 30s pulsnd30s stodfor 10min After lysis in both cases samples were diluted 1:2
with PBS or lysis buffeand centrifuged at 8000 rpm at 4°C for 10 min to collect soluble fraction.

8.7 Purification of recombinant proteins

8.7.1. Immobilized metal affinity chromatography (IMAC )

Empty PD10columnwere prepared with the appropriate filter and filled wittnR of homogenous
suspension oNi-NTA Agarose resiffThermo Fisher Scientific)Vhen the matrixvas settled, the
resinwas decanted and the leftover liquichs discarded, leaving 1 cm abae column head to
prevent drying outAlternatively, HisTrap fast flow crude (Cytiva) column was used connected to a
peristaltic pumpThe columiswerewashed with fivecolumnvolumes(CV) of distilled waterand
then equilibrated wittenCV of equilibration buffer (PBS or 20 mM Tris, 150mM NaCl pH &yude
cell lysatewas applied on theolumn,incubated for 10 mirandthe flow throughwascollected. The
columnwas washed witlfive CV of equilibration buffer supplied with 20 mMnidazole.Target
proteinwas eluted withabouts-10 mL of elution buffercontaining 350 mM imidazol&he column
was washed with tw&V of equilibrationbuffer, tenCV of distilled water and itvas preserveth
oneCV of 20% ethanolAll fractionscollected during IMAC purificationvere analysed with SDS
PAGE. Theelutionfractions containing interest proteingre transferred into ultrafiltration device
(10-100-300kDa) and centrifuged at 450Pmuntil to reachdesiredinal volume.

8.7.2. Size exclusion chromatography $EC)

Recombinant chimeric nanoparticles were purified with size exclusion chromatography in order to
separate correctly assembledlecules from their monomef&5,1 or 5mL of samplesvere loaded

on preparativeSuperdexX0010/30026/600 or in Superoseddlumnsequilibrated withl X PBS.All

the collected fractions were checked the content oftarget protein by SDSPAGE analysis

Fractionsof interester e p ool ed, cbncdntredindestdredaa0°@ 2 € m,
8.7.3. Size ExclusionHigh PressureLiquid Chromatography (SE-HPLC)

Oxidated PSIand chemically conjugated nanopartiolesre purified with SEHPLC. About 5¢ @f
eachsample were loaded inBRT-C 2000column usingNaPi 100mM pH 7,2 + Na2S0O4 100nad
running buffer Theabsorbancat214nm, 280nm e 254nm was constantly neasuredElution

fractions containing molecule of interest were collected, poaled stored at 4°C.
8.8.Protein content evaluation

Protein concentration was determined with Nanodrop measuring the absorbance at 280nm and

normalizing with the calculatedpteinextinction coefficient The first measurementas the blank
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solutionrepresented bthe bufferalone.Then the concentration of each sampés measured, and
the value obtainedas expressed smg/mL.

9. Polysaccharides chemical conjugation

Polysaccharide oGBS CPS serotype I(molecular weight ~10&Da), internally purified, was
oxidatedusing 5% ofNalO4and purified with a desalting columRrotein residuesere activated

with NaBH;CN in NaPi bufferatpH 7.2 for 3 days at37°C under circular rotation. PSII 20% oxidated
in NaBH4 0,4M NaPi 100mM pH 7,2vas added idifferent ratios ©.25:1,0.5:1, 1:12:2, 4:1). The
conjugation reactionvas incubated for 2h at room temperatu@onjugated proteins/ere then
purified with Amicon 10&Da washng 30 times with PBS IX, filtered in sterile conditions and
protein concentration measured with BCA assagnjugates qualityvas finally assessed b$E
HPLC.

10.Structural and functional characterization

10.1. Transmission electron microscopy

The electron microscopy analysis was perfor me
a glow discharged copper 38Quare mesh grid for 30 s. Blotted the excess, the grid was negatively
stained using NanoW for 30 seconds. The samples were adalgshg a Tecnai G2 spirit and the

images were acquired using a Tvips Temc&2i6 (EMMenu software).
10.2. Western/Dot Blot

Purified recombinant proteingere directly spotted (Dot blot) or transferred to a nitrocellulose
membrane after an SDS_PAGE run (westblot) using itransfer and-Blot Mini/regular kit
(Thermo Fishe&cientific). The membraneas blocked with 3%milk in 1X PBS+ 0.1% TWEEN
detergentor 1h at RTundergently agitationPrimaryand secondargntibodes(Abs), diluted in3%

milk, were incubated with the membrane for at least 1h at RAfter the incubation withboth
antibodiesthe membraneas washed three times with PBS+0.1% TWEEN for 5 min under shaking
to remove unbound Al’he chromogenic substratechloro-1-naphtholwas addedo acquire the
signal using GelDoc XR+ imaging system

10.3. His-tag removal

His-tagwas removedhroughTEV digestion Samplesare mixed with TEMenzymelmg/ml diluted
in al:50ration, ImMDTT and0.5mMEDTA in 1mL of 2mM TrissHCl atpH 8. Thesamples were
incubated forabout48h at RT under shaking 200fdme.enzyme removal and buffer exchangeaw
performedoy SEC.
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10.4. Differential scanning fluorimetry (DSF)

A capillary filled with the samplevas manually located in the apparatus of NanoDSF Tycho NT6
(Nanotemper). Ainear temperature ramp fro8°C to %°C with thermal ramp of 30 °C/miwas
applied to unfold proteins. During the scanning the increase of intrinsic tryptophan or tyrosine
fluorescencewas recorded and the melting temperat{inm), corresponding to the midpoint of the
transition from folded to unfoldedas evaluatedn particular, Tm is represented by the flex point

of sigmoid curve obtained plottirftuorescence intensitiéis function of temperatureData analysis

andgraphicaimanipulation were performed witBraphPad Prism.
105. Differential scanning calorimetry (DSC)

Using a MicroCal VRCapillary DSC instrument (GE Healthcargjptein sample§l0e Mwere
subjected to a temperature scan range ft6im 10 °Cwith arate of 180 °C/h, and agfilter period
During the analysis thieeat capacity of denaturati¢@,) was constantly measuredkisal/mole/°C
The results analysed with Origin 7software were reported as g£in function of increasing
temperaturevith a resultingsaussian curvehe temperature correspongto themaximumof the

curve representsie Tm of the protein.
10.6. Dynamic light scattering (DLS)

The hydrodynamidiameter of NP in solution was rmsured with dynamic light scatteringhe
measurement was performed usinglvern Zetasizer Nano ZS equipped with a 633 nimNHelaser
andusingan angle of 173°. Scattering light detected was automatically adjusted bgtlaseiation
filters. For data analysis, thefractiveindex (RIandviscosity of PBS were used 25 °C Toanalyse

the data the Zetasizer software version Wwvhsused Temper at ur e wagfths et
samplewere transferred intasingle-use polystyrene microcuvette (ZEN0040, Alfatest) with a path
length of 10 mm. The hydrodynamic diameteN#Hswas expressed by ad/eraggroviding also

the polydisperse index.
10.7. SEC-Multi Angle Light Scattering (SEGMALS)

The molecular weight gburified chimeric NPs was calculated with size exclusion chromatography
Multi-Angle-Light-Scattering (SEE@MALS). HPLC-SEC with Tosoh TSK gel G6000PW (30 cm x
7.5 mm) + G4000PW (30 cm x 7.5 mm) columvessequilibrated in PB&ndusedin series with in

line UV, fluorescence emission, and MALS detectd@0ul of the samplevere injected and eluted
with a flow rate of 0.5 mL/mirior 40 min. ASTRA 6 software (Wyatt Technologyas used to
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analysed collected data and the NPs size was measured as the avuerbge geometric radius Rn,

Z-average geometric radius Rz valaeslweight average geometric radius Rw
10.8. Surface plasmon resonancéSPR)

The capability of human mAb 4B3 to recognize thibpl.1b-barrel nanoparticles was assessed by
SPR analysis using the Single Cycle Kinetics |
with running buffer HB&EP+ (0.01 M HEPES, 0.15 M NaCl, 0.003 M EDTA and 0.05% vi
Surfactant P20) and capturedthe surface of a CM5 sensor chip coated with a secondadyusumein

IgG Fc. Increasing concentrations (1.25 nM, 2.5 nM, 5 nM, 10 nM, 20 nM) of each analyte were
injected for 60 s on the surface of the sensor chip. After the last injection, dissoafaherprotein

was followed for 500 s. After each cycle, the sensor chip was regenerated using 3 M MgCI2. The
sensorgram, a plot of response (measured in Resonance Units [RU]) against time (measured in
seconds [s]), was used to monitor the interactidre response is directly proportional to the
concentration of biomolecules on the surface. The sensorgrams resulted from the blank subtraction,
based on the captured mAb but with injections of buffer instead of samples. Capture adjustment was
applied to corect sample responses for variations in the levels of captured mAb between cycles by
dividing the sample response with the response for captured ligand. Adjusted responsegevels

expressed as sample response divided by capture level
10.9. Protein crystallization and structure determination

Purifiedrecombinant protein D3porBLoop5 has beemcentrated until to reach a concentration of
18mg/mL in20mM TrisHCI, 150mM NaCl at pH 8.0Jsing a Crystal Gryphon robot (Art Robbins
Instruments)384 differentcrystallizationconditionshave beetestedoy using 200nl reservoir and
200nl protein sample. The best crystal was grown in buffer containing 0.1M HEPES with 20% wh/
jeff ED-2001 as precipitant at pH 6.5. Crystals were soaked in the original mother liquor
supplemented with 15% ethylene glycol priordryo-cooling in liquid nitrogenDiffraction of the
crystals was performed atbeamline ID30Afthe European Synchrotron Radiation Facility (ESRF)
900imageswer e coll ected at 100 K,. Data werey proceskeel nsqg h o
autoProc andheywere reduced using Scala within the CQitégram suitg299]. Crystals of the
D3-Loop 5 chimera belong to space group F222, with the asymmeiticontainingwo copies and

a solvent content df6.8% (Matthewcoefficient of 285A3/Da). The structure of the O®rBLoop5

was determined at 2.6 A resolution implecular replacement with Pha§@®0] using two separate
search models obtained frarmmology modelling simulation arftbom2XTL dat collected irPDB
database. Rigid body and restrained refinement were carried oWReifittac5(from CCP4isuite)

Structure quality was assessed using Molgrothile proteinrprotein interface areas weas@alysed
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and calculated using thBrotein Interfaces, Surfaces and Assemblies serfRt®A) [301] by
PDBePISA Figures were generated using PyMOL.

10.10. In vivo studies

Animal treatments were performed in compliance with the Italian laws and approved by the

institutional review board (Animal Ethical Committee) of GSK Vaccines Siena, Italy.

Different anmegnt 2( G.gheacBgufiefragein,with low endotoxin level,
mixed withAlum adjuvant has been used to immunize miacularlyl0 mice CD1 Female 7 weeks
old. Three differentimmunizations were performed at days 0, 21 aod4®ftollecting sera sample
at each point.

10.11. Luminex assay

Luminex Maglex beads were equilibrated at RIDOuL(1.25 x 10 *6) of resuspended beads were
transferred to a LoBindppendorf tubeand placed into a magnetic separdimr 2 min. The
supernatant was removed, and the beads were washed with water and activated for 20 min with NHS
and EDC (10 ¢ UmLadlutioa dilgtdd in51820)rmgl00 mM EDC in 100 mM of
Monobasic sodium phosphate pH6.2 buffer and washed twice with 50mMTHES ctivated beads
were incubated 2 h with 20 e€g/ mL of molecul e
withlXPBS + 0.05 % Tween and stored in 500¢eL of
0.05% BSA) at 4°. After each step described above, beads wenespended by vortex for

approximately 20 seconds and placed into a magnetic separator for 2 minutes.

Standard s& and sera from mice immunized with Outer membrane Vesicle (OMV) or recombinant
proteinswere predilutedin assay buffer 3old dilution were performed n 50 e L floi n al
each well of Grainer microtiter plate.0 € L o f ¢ o u pddedtb sdraeanddhe plateewase
incubatedfor 1h at RT in the dark on a plate shaker at 700.rfgnmbound Ab were removed by
washing plates t hr e easinganma@dsatcypwlate iash2r@vith magnepiatd PB S
hol der . Each well was detordary dntibadg eodjugated twhh R5 0
phycoeythrin-AffiniPureand incubated for 1 h at RT in the dark on a plate shaker at 7Q®\ffzm
washing, beads were suspendellida 0 ¢ L odnalyBd®l svith Bioptex 200. Data were acquired

in real time by Bioplex Manager Software 6.1 (BioRady analysed and graphically represented

with GraphPad.
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Results

11.Selfassembling protein nanoparticles and virus like particle® or r ect | sparrdi s p| a
from meningococcal factor Hbinding protein through genetic fusion
11.1. Rosetta comparative modelling for the structural assessment of chimeric NPs

Anin-silico analysis of the structures and the symmetry of eachddperformed toarrectly design
NP-antigen chimeras. Structural analysis of the selected NPs (Zphllewedthe identification of
potentially engineerablgtes. In particulant has beembserved that the-@rminal portion of each

NP was directed inside the scaffold or involved in the interface interactions needed for the particle
assembly. In contrast, thetdrminal portion resulted to be exposed to the outside of the NR and
was theefore considered more suitable for antigen display, potentially achievable by genetic
engineeringFigure5B). In the case of HBcAg and encapsulin, a relatively long suréxpesed loop

was also identified and selected to be tested as an additionahansgetionsite (Figure5B) [136].
ForHBc Ag the connecting | oop o fprottu8ingdrondthe Sudfacd e | i
of VLP in the3D structurehas been identified as pasie suitable siteThisloopis alsopartof an
immunodominant Bcell epitopealready engineerdd previowsly reportedworks[136, 302] While

the crystal structur@nalysis of naked encapsu|Bb] revealed that the loop from residues@®8is

flexible and is well exposed dwP surface Based on the results of tewuctural analyses, the gene
encoding for the antigen fragment was fused at the N terminus of each NP gene, spaced by a glycine
serine Inker[121, 303]Jand in the gene sequence of exposed loop of HBEA§] and encapsulin

For each chimera aMis tag was inserted at thetdrm of the antigeto allow protein purification
andantigendetection. The only exception was the chimera based on ml3, in whiékHlsdag was

placed at the C terminus of the scaffold spaced by a glysaniee linker. In order to analyse the
spatial disposition of thantigen on the NP surfacgstructural prediction of the symmetric assembly

was performed with Rosetta comparative model8@y]. The chimeric sequences were threaded
onto template structures consisting of both antigen and NPs, and an energetic analysis of these models
was performed to ensure the absence of steric clashes, while assessing tmeatiomiarfeasibility

of repetitively displaying the f Hb (Figheb@D)r el o
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fHbp C-term B-barrel Ferritin mi3 Encapsulin

Pbarrel Ferritin Bbarrel mI3 Pbarrel encapsulin Bbarrel CP3 Bbarrel QP Pbarrel HBcAg

Pbarrel_encapsulin Pbarrel HBcAg

Figure5: Design of chimeric NPs. (8artoon representation a3D structure ofGterm i barrel from fHbp antigen.(B) Cartoon
representation oBD structure of monomers from each tested NP. In dark blue is highlighted the N terminus and in red the loops
exploited for the genetic fusion of the antigen.@@ytoon representation ofrpdicted D structureobtained with Rosetta homology
modellingof each chimeraisplaying barrel genetically fused at eachtlrm. (D) Cartoon representation ofrpdicted 3D structure
obtained with Rosetta homology modellingesfcapsulin and HBcAg Néfisplaying barrel inserted into a surface exposed lodpe
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11.2. Correctly assembled NPs were detected f

All designed chimerasesulted to be well expressed and solabily when recombinantly produced

in E. coliBL21(DE3)in batch colture at 37°Gee section 9.6.2)nd extracted with sonicatioin

fact, afirstattempt o expr ess ¢ hi memrelfused Htfhe Nedmwasgmadsybateh g b
colture at 20°C (see siéan 9.6.2 andrecombinant proteinwere extractedby usingCel-lytic
detergent. In this casdl chimeras were expressedh s ol ub |l e f eencapswiwhicle pt b
was notexpressedHowever,transmission electron microscopy conducted in negative staining
reveal ed t hantl 30 @ainy-HHchgavwene @ibperly assembled with a diameter
respectively of30 and 35nm F o r -fdrrbim b b &#CP3ebl b r@hQ b gnly aggregatesand

protein fragments were detect@dgure6).

Figure6: b S3 I A GBS adGlrAyAy3d (NryavYrAdaarzy St SOGNRY YAONR&aO2LE® ob{¢
purification. (@) 0 I MIMBIINA G A VY100 0 LINB & SIRBEE || RA | XCBIOE NI @F NENIDHY WHREBG presends | NN f

a diameter of 35nm. Scale bar inserted in the pictures and correspond2@Ptom

Theoptimization ofbothexpressiorconditionsand lysis methodllowed theproduction of properly
assembled chimerds fact,recombinant chimeriblPs were isolated from the soluble fraction after
two steps of purification, affinity, and size exclusion chromatography (SEQure 7a). The
integrity and purity of each sample was assessed withFSRXSE analysis in denaturing conditions
(Figure7b). Each monomer migrated at the expected molecular weight (MW). Furthermore, the shift
in MW, by comparing chimeric constructs with naked NPs, comdd that the polypeptide of the
expected length was produced and thatthimemlas werenot susceptible to protease digestion. The
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structure of the protein purified by SEC was analysed by negative staining with transmission electron
microscopy (TEM). The genetic fusion of the antigen at thtemh of each NP was successful. In

fact, all proteinbased chimeric NPs resulted in a homagmuns population of correctly assembled

NPs with a diameter rdmgirndi hy ommR3B Oamd- ( blar
encapsulinfFig 8 a-c). For this last construct, we also observed a tendency of NPs to adhere to each
other;in fact, NPs copletely separated from the others were rare. On the other hand, notall chimeras
based on VLPs were correct |-GP3asntdr ubedBukgrpedpery | n f
structured NPs were detected, with a diameter of 30 and 35nm respe&iesijte several attempts,

b b a 1QH¥LPs were not obtained as ordered structures, but only aggregated and precipitated
proteins were detected in TEM analy@tgyure8 d-f).
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Figure7: (a) Chromatogramef size exclusion purificatiaf NPs displayingbarrel. Xaxis mL of elution,-&xis mAU oQV intensity
detected at B0nm(b) SDSPAGE analysis of purified monomeric antigen, naked and chimeric NPs after SEC purification, performed
under denaturing conitions and stained with Coomassie Blue. First lane reports the molecular weight marker exprels&l in
Theoretical molecular weights of each sampliearrel 1&KDa Ferritin 2KDal barrelFerritin 34,&Da mi3 23,6KDali barrehmi3
37,3KDa encapsulin 32 KDal barretencapsulin 45,8Dg AP205 15,RDgj barreFCP39,5KDa Q 16,1KDai barelQ 29,7KDa

HBcAg 18Dai barrelHBcAg 32,KDa
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Figure8: b S3I+ G A GBS &Gl AyAy3a GNIyavYaaarzy St SOGNRY YAONR&AO2LR ob{c¢
LIAZNA FAOI GAZEGRNBOAY] aINBEBY Ga | RALIoY LiNSNI ST an phy YR Ad0VEENGaPSWINNNES o n
presents adi YSG SNJ 2 F o RGPIXINGRARB yidal NNIREA | Y S (-8 Nor ehichaggregayespo iBanomiers weheNE f
detected(f) i 0 | MHRA\§ presents a diameter of 35nm. Scale bar inserted in the pictures and corresponding to-b@sinaiad

100nm (ed).

As regarding the engineerization of dtreguted ed |
to be not successful strategy fact, the manipulation of HBcAg loop led the production of highly
soluble proteinin E. colibutonly a minimal portion of proteins wemrrectly assembled. In fact,

TEM analysis revealed that the majority of proteins were aggregated or only partially structured
(Figure 9a). An analogous result was obtained by enginedhegelected loop of encaplgu The
recombinanfparticles produced werbeterogeneous differing by size and shabigure 9b).
Moreover, further production attempts failed, and the chimeric protein was detected only as a

monomer
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Figured: TEM analysis of HBcAg (a) and encapsulin (b) expoBengel in the loop. Yellow arrows indicate correctly assembled NPs.
Red arrows indicate incorrectly structured NPs like aggregates, NPs partially structured or NPs witlctedesipe or geometry.

Scale bar inserted in the pictures and corresponding to 200 (a
11.3. bbarrel antigen is correctly displayed

To further investigate the antigen structure and conformation on the NPs saffaceperly
assembled samples dot blot assay was performesingthe human monoclonal antibody (hmADb)
4B3 able to bind apitdpdFgurel® [274F An mteractiombetween AB3 &nd
the antigen was observed by for monomeric bba
These data confirm that not only the get is present, but it is also correctly structured and
appropriately displayed to be accessible for antibody recognition. In accordance with this, no binding

was detected betwedB3,and naked ferritin used as negative control.

Bbarrel-ferritin Bbarrel-mi3 Bbarrel-encapsulin Bbarrel-CP3
: —

Bbarrel-HBcAg

. fHbp v. 1.1
Ferritin
- “‘ — ‘—L

FigurelO: Dot Blot of properly assembled NPs displayibgrrelwith human 4B3 antibody

Moreover, one of the advantages to use NPs as a scaffold is the possibility to display multiple copies
of a target antigen. This results in ihgprovement of the avidity that is crucial for the induction of
potent and longasting immune responsgk, 2, 305] For this reason, the avidity of the binding
bet ween b b3hasheeh evaluatddth4d Burface plasmon resonance (SPR) afiSgyre

11). The hmAb was captured on the surface of a sensor chip and increasing concentrations of the
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analytes (bbarrel aNIPS) weee apphed (see Matanasr diddthods)bThe r e |
kinetic parameters of the interaction between
Langmuir 1:1 binding model; both associatiog.Jland dissociation (¢) constants were measured

with a resulting KD of 1,114 M+ 0.219 Figurel0r ed | i ne) . Whi | eNPs,r ega
the kinetic parameters evaluation was not applicable to all the samples because of the avidity effect.

|l ndeed, during the dissociation phase-NPsdihe <co
not dssociate over time but remained stable. Notably, although the samples were normalized for
protein content, the highest binding | evel W
observed an inversely proportional tendency between molecular weight &M&/RU reached by

the molecules. This could be explained by the fact that during the analyte injection, applying a
constant flow rate, a higher number of binding events occur with molecules with lower MW because
the higher MW molecules move slower oves gensor chip surface. This tendency was common to

al | c hi mer a sncapsuingqr which ibwas impogdsible to evaluate the binding profile.

Its tendency to adhere, highlighted also with TEM, likely masks some epitopes making them

unavailable fothe binding with the hmAb

mADb 4B3

20

= —barrel fHbp

2 10 .

& Bbarrel Ferritin
% Bbarrel HBcAg
= Bbarrel _mI3
Q

e —Bbarrel CP3

=—Bbarrel Encapsulin

0 —tifr

400 600 800 1000 1200 1400 1600

Time [s]

Figurell: Biacore SPR analysis of monomeério | NN f  ENP$Rfor evalliaNaNBf binding avidity with crdmsctericidal 4B3

hmAb. The interaction between the sample and the antibody has been observed during a time frame of 1500s
11.4. Discussions

This work represents one of the fgaeces of evidenoaf the possibility to displapacterial protein

antigers on NPssurfacethrough genetic fusiarin fact,genetic fusion approach has been widely

explored for the displagn NP surfacef viral antigersor short bacterial peptidg¢$21, 163, 164,

204, 207, 306While only few examples of bacterial antigens displayed on NPs have been reported
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so far[165, 307#309]. Compared to other systems, the genetic fusion approach has the enormous
advantage to allow the generation of the final nanoparticle by producing a single recombinant protein.
However, itis essential that both scaffold and antigen preserve their cioettire after the fusion

[54, 74] This could be particularly challenging in the case of large and bulky antigemsllaas
multimeric proteing1]. However, genetic fusion remains the more straightforward approach to
produce chimeric NP displaying the protein antigémterestin the present work the feasibility to

use genetic fusion for the display of a structured protein antigen on the surface of six different NPs
has been investigatetimmunofocusing by displaying multiple copies of a key epitope on a
nanopartie was previously demonstrat@10]. Theb b a r fHbp v. o1f, containing most of the

crossr eactive epitopes, has been fused to ferri
Through a structural analysis thetékrminus of each molecule resulted to be suitable for foreign
protein insertion and in thease of encapsulin and HBcAg an exposed loop was also identified as
potential insertion site. However, the loop design led the production of inhomogeneous samples
containing aggregates and partially formed assemblies. Conceivably, the design at thealeirel o

acidic sequence of the scaffold interfered with the correct assembly of the NP. This result is in
accordance with the recently published work of Asiaaville et al., which reports the potential
disruption of HBcAg 3D structure following the loopngi neer i ng wi {307, bbar
However, in addition to their data, here reported the possibility to successfully engineer also the
HBcCAgNt erm wi th bbarrel. I n fact, -tetnhoéeachesaaflt i c f
allowed the production of homogeneousandwelicu r ed mol ecul es with the
VLP. Despite several attempts, Qb VLPs displa
the genetic fusion of a protein antigentothée @ r mi nus of Qb VLP interf e
accordance he approach reported in I|iterature for
conjugation of small protein peptides. On the other hand, all the remaining scaffolds were able to
correctly display the bbarrel obbB8anmnIDBPAGENPs w
analysis confirmed the presence of the antigen in each chimera and dot blot as well as SPR analysis,
using functional 4B3 mAb, suggested that the
SPR analysis revealed thatthe multigopd i spl ay of Dbbarrel increase
impossible to determine the kinetic parameters of the binding. In fact, usirasselinbling NPs as
scaffold, from 24 (ferritin) to 240 (HBcAQ) copies of target antigen were displayed simolisiye

on the same molecule.

In conclusion, these data showed that ferritin, mI3, encapsulin, CP3 and HBCcAg can be engineered
through genetic fusi on f efoldedphotindomainotappyoximately f H b

15kDa. Chimeric NPs can beasily produced using a standard bacterial expression system and
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purified as Histagged proteins. Our data indicate that the design of an internal exposed loop of the
NP scaffold is more challenging. In the two cases tested herein, it led to the disnfghenNP
structure and the formation of heterogeneous samples. In contrast, the exploitation of flexible and
exposed Nierminal regions preserved NP structure and correctly exposed the antigen. Although the
choice of the best scaffold may be dependenthenantigen displayed, the identification of five
different NPs that can potentially accept genetic fusion at theriinus represents a template
approach to design and produce new chimeric molecules for both vaccine and drug development.
However, ann vivo study of all these molecules is needed to better elucidate the contribution of
antigen copy number, size, shape, and geometry in enhancing the immune response and to further

investigate NPs mode of action.

12.Domain 3 of Group B Streptococcus pilus protei as scaffold for epitopesdentification
and display on NP surface
12.1. Structural analysis of GBS D3 allowed the identification of potential engineerable

sites

By using a structurdased design approasix different D3 sitecorresponding to its loopgsave
been identified tbhepotentiallyengineerableinfact,D 3 f o | d-lsarrél sirdcture iadependently
protruding frombackbone proteiBP. Theb-barrelis composed b$ spanning segmentsnnected
by 6 flexible loopgFigurel2b).
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NTETKPQVDKNFADKELDYANNKKDKGTVSASYGDVKKYHVGTKILKGSDYKKLIWTDSMTKGLTFNNDIAVTLDGATLDATNYKLVADDQGFRLYLTDKGLEAVAKAAKTKDVEIKITYSATLNGSAVVE
VLETNDVKL L YGNNPTIENEPKEGIPVDKKITVNKTWAVDGNEVNKADETVDAVF TLQVKDGDKWVNVDSAKATAATSFKHTFENLDNAKTYRVIERVSGYAPEYVSFVNGVVTIKNNKDSNEPTPINGS
EPKVVTYGRKFVKTNKDGKERLAGATFLYKKDGKYLARKSGVATDAEKAAVDSTKSALDAAVKAYNDLTKEKQEGQDGKSALATYSEKQKAYNDAFVKANYSYEWVEDKNAKNVVKLISNDKGQFEIT
GLTEGQYSLEETQAPTGYAKLSGDVSFNVNATSYSKGSAQDIEYTQGSKTKDAQQVINKKVTI

Figurel2: (A, D)Cartoon representation &&D structure and aminoacidic sequence of GBS pilus protein type 2a (PDB code 2XTL).
Domain 2 (D2) light brown, domain 3 (D3) green, domain 4 (D4)@)xy3 magnification with residues 3&¥2loop1l red, 38884

loop2 blue, 39899 loop3 yellow, 40411 loop4 orange, 41822 loop5 purple and 42832 loop6 brown (C) Magnification of
isopeptidebond occurring betweehys355 and Asn43mages obtained with ChimeraX

12.2. Structural prediction and identification of extracellular loops of PorB.1b and
OpaB

As reported in the introduction part, PorB.1b and OpaB are integral membrane proteins naturally
exposed on the external surfaceNfgonorrhoead-A1090 [27]. They are anchored within the
membrane through an extended and conserved hydrophobic core and they expose in the extracellular
environment only few variable and flexible loops. Due to their hydrophobic nature their recombinant
production is chllenging. To study the immunodominant epitopes of these antigens, a structural
analysis has been performed for the identification of extracellular.fpb@d OpaB loopsin
particular, atificial intelligence (Al) approach named AlphaFo[@821] has been applied to predict

with high accuracyroB.1b and OpaB 3D structure

The analysiperformedevealedhe canonical3old PorB symmetry with 16 t r a rbdreelgshoit
turns connecting the strands on gregiplasm and long intestrandloops on the extracellular part of
the pore for each of the monon{€rgure13A). Interestingly it has been observeadattwo of the
eight loopgresent a secondary structuteop5(L5) is structuredasa b-hairpin which is solvent

exposed and oriented towards the central channel pore of the manghilerLoop3 present two
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shorthelical turnsand it is predicted to be directed insithe pore(Figure 13B). The pefresidue
measurement of model local confidence (pLDDT) revealed high confidence for the transmembrane
b-barrel predicted regionce(pLDDT © 3J@n)oflbopstt h ® w
This is probablydueto the intrinsic flexibility of ths region

Alphafold prediction ofOpaB modeshows a structure made f 8 a n tstrgmds,faninga | b
barrel structure in the bacterial outer membrane, linkeddxtracellular loop§257] (Fig 13C). Two

out of four loops, namely Loop2 and Loop3, showed the samehagtain structurgreviously
observed in PorBb/L5(Figurel3D). The pLDDT score revedsttamds hi g
region (pLDDT O 50) but-LBowegbohi debhbDTnOte@)

Finally, the 3D structur@redictionof bothporB.1b and OpaB antigeradlowed the identification of

8 (porBlb) and 4 QOpaB) extracellular loopgFigure 13B-D). In order to identify most
immunogenic/immunodominant epitopethey have been extrapolated and inserted into the
previously described protein scaffold D3

A C
Side view Top view Side view Top view

OpaB loop2

B PorB loop5 D

OpaB loop3

Figure B: Cartoon representation ofrpdicted 3D structures of rPorB.1b and rOpaB protdilporB1b is predicted to form an
homotrimerinto theexternal membranegB) Identification of 8 extracellular loopkooplred, Loop2blue loop3cyan loop4purple

loop5grey, loop6yellow, loop7green loop8black Magnification of Loop3 and Loop5 that present a secondary stru¢@i8ide and
top view of predicted model of OpaB (dentification of 4 extracellular loopkoopl red, Loop2 blue, Lw® green, Loop4 yellow.

Magnification of Loop2 and Loop3 presenting a secondary strudimeges obtained with ChimeraX
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12.3. D3 site2 is the optimal site for the insertion o©OpaB and porBlb loops

The besengineerabl®3 site has beeselectecconsideingthe expression leveF{gure 14A), the
thermal stability Figure 14B) and the ability to preserve the epitope conformafit?8] of the 6
different chimerasThe analysis has been performed inserting the longest epitope identified in the
modelantigens (PorBLbloop3) into each of the six D3 sites. All chimeras have been expressed in
soluble form inE. coliat levels comparable to the empty D3, only the engineerization of D3 site4
seems to generate a less soluble chimera not correctly folded. In fact, frorDS&Riamalysis it was

not possible to appreciate for this chimera a transition between the folded and unfolded states
suggesting that the protein is mwbperly structuredRigure14B). Whereas the engineerization of all

the other D3 sites has generatednodiias presenting a shift in the measured fluorescence at
temperatures in the range of-Z6 °C Figure 14C) suggesting that they are folddtachchimeras
presents a Tnower than the Tm detected for tamptyscaffold (88°C), but this is reasonabfjue

to the insertion of a long and flexible foreign portion. Among all tested positions, the engineerization
of sitel and site2 led the formation of most stable chimeras. The only note is that the higher initial
ratio 350/330nm detéad for sitel chimera suggests the presence of partially unfadeuhg312].

While the D3Site2 shows a profileomparabldo the empty D3 scaffold with the lowesttial
350/330 nm ratio. Another key factor for the choice of best insertion position is the ability to preserve
the native epitope conformation. For this reason, the 3D structure of each chimeric D3 displaying
PorB.1b loop3 has been computationally predicteith Alphafold (Figure 14D) and the epitope
conformation has been compared with the one predicted in the native pFigaine(4D). From this
analysis, | oop3 por B-helidescondosmatiowhenlinserted imoaD3 site2a i n
and site6. In all the other sites the epitope is partially restructured respect to its predicted native
conformation in the whole protein. Combining all these data, the engineerization of D3 site2 resulted
to be the most proising strategy to produce soluble and stable chimeras able to correctly display the

epitope of interest.
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Expression and solubility
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Figure 4: (A) SDS_PAGE analysfexpression and solubilitf chimeric D3 displaying loop3inserted into 6 different shleNovex
sharp protein marker (Invitrogen LC5800}otal fractions, S soluble fractions of E. coli ext@}tUnfolding profiles of each chimeric
D3 evaluated withNanoDSF. (C) Inflection temperatures corresponding to the medium melting temperature of eachlenol
calculated as inflection point of the curve. (D) Predicted 3D structure of D3 displaying porB.1b lo@a8hnb3 siteand rPorB.1b.

Black arrows indicate the twdhelices structures of loop3 porB.1b detected in the native protein and maintaftezdtee insertion

into D3 site 2 and @magegyeneratedwith Pymol
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12.4. D3 correctly displays gonococcal epitopes

Once the bedd3 site has been identifiedll thePorB.1b and Opa®opshave been extrapolated and
inserted into D3site2 All chimeras have been obtained as-tdigged soluble protesnin the
cytoplasm ofE. coli. Thermo stability analysis revealed that each molecule is properly folded with a
Tm ranging from 70 to 82 °QFigure 15A). Furthermoreto identify theimmunodominant loops
PorB.1h a western blotwith two different seravas performedThis analysis revealed thanly
porB.1b loos 1-3-5 and 6were recognized bgntisera raised with the recombinant purified PtisB
(U-rPorB 1b serumn) (Figure 15B-i). When the same experiment was conducted with sera raised by
gonococcal outer membrane vesiclesQMV-FA1090 seru(containing 70% of PorB as main
protein),only the loop5was recognizedFigure 15B-ii). This result has been also confirmed by

Luminex assayHigure15C-i).

A similar experiment was conducted with the 4 loops p&®protein displayed on the D3 scaffold
revealing thathOMV-FA1090 serum is able to recognize ofligaBloop2 and loop3Rigure15B-

i) . I n fact, despite OpaB | oop-DODMV-BALQ92® ibisnoty r e c
detected by the same serumLuminex assayFigure 15Gii) as well asOpaB loop4 This is in
accordance with the information reported by Cole atvahich defined Loop2 and Loop3 as the
hypervariable loops of Opa proteins containing also the most immunogenic and functional epitope.
While loop1 and loop4, although they were highly conserved among strains and variants, they are not
able to induce the pduction of specific antibodig261]. Moreover, than vivostudy conducted in

mice evealed that designed chimeras are able to elicit immune response against the target epitopes.
Il n this DS8Poe BLDaDDBpaBloop2artable to recognize in western blot native
proteins presentin the total celktracts andh theOMV of N. gonorrhoea&A1090 Eigurel5B-

iv-v). In accordance, due to the high sequence diversity of.fibt®op5 and OpaB loop2 between
strains FA1090 and F62, both tested sera do notrecognize the total extract of F§Rigtread 5D).
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Figure B: Thermal stability analysis of chimeric D3 displaying both ddrBnd OpaB loops with the respective inflection
temperatures (B)WesternBlot analysis of chimeric D3 displaying p&tBor OpaB loopgBi-ii) D3 porBlLbloops tested with}rporB
1b and JOMVFA1090 sera(Biii) D30paB loops tested withFOMVEFA1090 sera(Biv-v) total cell extracts and purified OMV
FA1090 tested withlporB loop5 and}-OpaB loop2 sergC) Luminex assayn D3 displaying porBb or Op&loopstesting JOMV-
FA1090 serunX axis reports serum dilution®)aminoacidisequence alignmerdbtained with clust&V betweenPorB 1b and OpaB

proteins produced by the strains F62 and FAL@®@en rectanglehighlight loop5 porBlb and Loop2 opaB

125. Crystal structur e resolution of D3porBloop5confirmed the correct epitope
display

The computational structural predictiohporB.lbh as s hown t h a-hairpincstoupttse a d o |
in the nativeproteinand the same structure is also predicted inctiimericD3-loop5. In order to
confirm the results of the-silico analysis, recombinant pure B8op5 has been used to conduct a

crystallization trial. Diffracting crystals were obtained and the 3D straeatfi D3-loop5has been
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solved by Xray crystallographyCrystals were obtained aftérdays in buffer containing 0.1M
HEPES with 20% w/v jeff EERO01 precipitant at pH 6.5. Theray diffraction data were processed
and the crystal structure @f3-loop5was determined using the molecular replacement mdikiod
using Phaser (Suite PheniBlectron density maps were of high quality and allowleeglmodel
building and structure refinement to a final resolution &f&. Although crystallization was carried
out using entir®3-loop5 chimeral39 a.a.)8 N-terminaland 7 Gterminalresidues were absent in
thedensity magFigure 16A). Based on theomputational predictionhts isreasonablylue to the
high flexibility of these regionsThe crystasymmetric unit contains a dimer of two independent
chainsarranged in a mirror imag@&he second chais rotated of 180along y axes comparedtte
first chain(Figure16A). The interface analysperformed with PISA revealed ththe interface area
represents about the 9% of the entire surfacelamtivo monomers arekkan together by mitiple
hydrogen bondsccurringbetweerresidues located ia -strand(from residued8 to 114) (Figure
16A). In addition, for each chaitne presence of the internal isopeptide bond between resid8es K4
andN146 has been detect@@igure 16B). This result, in accordance with the datblishedby
Nuccitelli et al.[229], suggestshat theD3 engineeriationwith a foreign epitopeid notalterits
structure Moreover, the foreign epitope displayed hasntaned its native conformatioBensity
map ofporB.1bloop5region,confirmstheb-hairpinorganization of this epitop&igure16D). This
result validateshe computational structural predictioaported abovef porB.1b. In addition, the
model of chimeric Ddoop5 has been computationally predicted and compaittdthe crystal
structureobtained(Figure 16C). The structures aralignedwith an overallcalculatedroot mean
square deviationRMSD) of 2.31A°. In particular the struatire alignmentpresents the highest
similarity between thestructures of the scaffoldith an RMSD of 1.12While the structure of
porBloop5 between crystagraphicand predictd model presents a higher structural diversity with
anRMSD of 2.53(Figure16C). Reasonalyl, the structural diversity detected is due to the flexibility
of this regionanyhow its secondary structure agihairpinmaintainedThese results suggest that
the engineerization oD3 site 2 allow the preservation of epitope native conformaiithout
destroying the scaffold structumtomic coordinates of D3porBloop5 havedn deposited in the

Protein Data Bank under accession PDB code 8C27
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Figure B: Crystal structure resolution of D3porBloof®Two chais(Adark grey and Blight grey) have been detected in the crystal
structure Comparedwith the sequence of recombinant protein, in the crystal some residues ahdll cterminus areabsent (red
rectangles).The connection betweemne chain and another are highlighted in the magnification reported in the left part of the
section.Residussinvolved inthe inter-chainbonds are reported as red sticks. Hydrogen bonds areligigled in blue while all the
other types of interactions are highlighted in gre@®)ldentification of an internal isopeptide bomdcurring within residues K43 and
N146 of each chain(C) Structural comparison of computationally predicted@®5 models andesolvedcrystal structureand
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evaluation oRoot Mean Square Deviatio®\ISD. (D)Density map shown for the entire crystapfand a magnification of density
map around the loopSGraphical representation and structural analysis performed with Pymol.

12.6. D3 scaffold prevented epitope degradation when displayed on mi3 surface

After the identification of most immunodominant epiespand the confirmation that the native
structure of the epitope is maintained when inserted into D3 scafol8,1b loop5 has been
displayed on 8 surface The nanoparticle has been decorated witlth linea peptide(mI3-
porBloop5)andwith chimeric D3 displaying porBbloop5(mI3-D3porBloop5) In both cases the
antigens have been genetically fusethe Nterm of mI3NP. The moleculshave been produced

E. coliand purified from theoluble fraction wth affinity chromatography exploiting the éxs tag
fused at theC-term of thescaffold(Figure 17A). Then assembled particlegere sepaatefrom
monomerwith SEC.Expression analysis as well8DS_PAGE analysisf purified proteinof mi3-
porBloop5revealed the presence of a double bands at the expected molesiglai(Figure 17 B-
C). This could be due t@a mixed population of intacinl3-porBloop5and partiallydegraded
molecules. In order to understanthich region, the Nor the C-terminus, of the chimera was
degrad d a western bl otHisarisdyFiguref7D)rinthésdnalysss btmbgnds)
were deteted indicating that thehift in the molecular weight was due to a degradatiathef\N-
terminus correspondingtbe linear peptide of porBb loop5.0n the other hanani3-D3porBloop5
has been produced ssluble chimera with the expected molecular weight and no degradation has
been oberved inproduction and purification stepn fact, alsamicroscopy analysis conducted in
negative staining confirmetthe formation of properly assembled ril@8porBloop5 NPKFigure
17E) and as regardinml3-porBloop5a mixed population of nanoparticles was obser{fegure
17F). Properly folded molecules wergetected amongartially structured particles as well as
aggregategbroteins. All these datashowntheimportance taise gorotein scaffoldor the displayf
epitopes on NP surfachn fact, tis strategyallowsto prevenpossibleepitopedegradatiomms well

asto maintain native epitope conformation
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Figure 17: (A) Desigiup)andRosettahomology modellinglerived3D structure predictioof chimeric mi3 displaying pod® loop5
and D3porB 1b loop&own) Images obtained with Chimer@) SDS_PAGE analysis of expression and solubility of leacéra
extracted with ceHyticlysis buffer T total fraction, S soluble fractio(C) SDS_PAGE analysis of purified proteins aftenStng
as control the nakean!3 scaffoldand monomer of D3 p&1b loop5.(D) western blot witH+his antibody of purified protein(E)

electron microscopy in negative staining of ALI3PorBloop5 (FAjlectron microscopy in negative staining of "A8rBloop5.

12.7. Discussion

Theinvestigation oimembrane protein ascombinanvaccine antigesis still challengingIn fact,
thepresence of largeydrophobicdomainsneeded for the membrane anchanagegsheminsoluble
and usually theare producedin E. colias inclusion bodieS.he protein extraction and subsequent
protein refolding requirgthe use of denaturing agents as well as detergargddition, of the whole
antigen, only few epitopes amaturally exposed to the immune system when the protein is in the
outer membrand-or these reas@nthe identification and production of functional epitopgesiid
representa valigtrategy to produceffective proteirbased vaccireAmongthe differenttechniques
used for the epitope identificationa, promisingstrategy is based on the dissection umb-s
domains/fragmentsf target antigen and their production in a foreign scaffolferent examples
have already been reported ind@g&ureshowinghe possibility to extrapolate extracellular loops from
membrane protegand to display therhoth on a single protein and on NB39, 297, 298]Theuse

of NPs scaffold for epitope display a wellestablished practicend it could be achieved ky

engineering the primary NP sequenc€idrby fusing at gene level thepitope with the protein
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