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ABSTRACT

Advanced vaccine research approachesdto explore on biodegradable nanoparticles (NPs) based
vaccine carrier that can serve as antigen delivery systems as wefthaso-stimulatoryaction to induce
both innate and adaptive immune respofide biodegradable polymeric particles like polylactide
glycolide (PLGA) or polylactide (PLA), not only wiras a deliverysystembut alsq provide adjuvant
activity and marks irthe developmentof long -lasting immunity. In thisPhD dissertationwork, the
immunogenicity of PLA and PLGA NPs encapsulating outer membrane protein (Omp) antigen
(Aeromonasydrophil and Vibrio cholerag were evaluated. Initiallyyarious NPs formulations of PLA
and PLGA loaded with model prote{Bovine Serum Albumin) or drug Clindamycin hydrochloride)
were prepared by solvent evaporation method varying drug/protein: polymer tatioarand optimized

for size, encapsulation efficiency, drug loading, morphology &tdydrophila Omp antigen loaded
PLA-Omp (223.5+ 13.19 ninand PLGAOmp (166.4+ 21.23 njmNPs were prepared using double
emulsion method by efficiently encapsulatihg antigen reaching the encapsulation efficietty 4.58

% and 59.33% 5.13 % respectively. Despite low antigen loading in®iof, it exhibited considerably
slower antigen release vitro than PLGAOmp NPs. Uponintraperitoneaimmunization in fishLabeo
rohita with all antigenic formulations (PLAAmMp NP, PLGAOmMp NP, FIA-Omp, PLA NP, PLGA NP,
PBS as control), significantly higher bacterial agglutinatitve andhaemolyticactivity were observed in

the caseof PLA-Ompand PLGAOmpimmunized groups copared tarestof the groups at both 21 days
and 42 day3he antigen specifiantibody response was significantly increased and persisted up to 42
days of post immunizationby PLA-Omp PLGA-Omp FIA-OmpPLA-Omp NPs showeda better
immune response (highbecterial agglutinationtitre, haemolyticactivity, specific antibodyitre, higher
percent survival upord. hydrophila challenge) than PLGOmp in L. rohita confirming its better
efficacy. Comparable antibody response of RO#p and PLGAOmMp with FIA-Omp treated groups
suggested that PLA and PLGA could deeplacemenf o r  F radjuvantfdy stimulating antibody
response) to overcome many side effects offering long lagtingunity. Similarly, V. cholerae Omp
antigen loaded PLAOmMp (196.24+ 34.25 ninand PLGA-Omp (165.34+ 3.5 n(hNPs were prepared
using double emulsion method by efficiently encapsulating the antigen reaching the encapsulation
efficiency 57.85 + 4.13%6 and69.18+ 1.68espectively. Afteiintraperitoneal immunization in BALB/c
mice, thetype and strength of immune responses elic{teglularandhumora) by formulated NPsvere
evaluated The antibodytitre (IgG1, IgG2a) were significantly highéP<0.05; KruskaWallis testand

post hoc Dunn multiple comparisons)PLA-OmpNPs, PLGAOmMp NPs treated groups than respective
PLA and PLGA NPs treated groups frondd@ys to 56 days as confirmeoly ELISA tests. Also, PLA
Omp NPs and PLGAOmp NPs induced significantly high€P<0.05; KruskaWallis testand post hoc
Dunn multiple comparisonsantigen specific IgG titers thanOmp antigen treated groups atl-time

intervals except @ay. From the spleen cell analysi€d]l surface phenotypthrough FACs study), a
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significantly higher cellular activation was observedhe caseof PLA-Omp and PLGAOmMp NPs in
comparison tdOmp antigen aloneEnhanced immune responses elicited by Rwap and PLGAOmMp

NPs might be attributed to strong memory T cell response (higffestor memory T cell)efficient
induction of dendritic cell (DC) activatiorhigher MHC I, MHC II, CD 86 expressionand follicular
helper T cell differentiation in spleen favoring the generation of antibody respémstier studyaimed

at developing a DNA vaccine as well agdelivery system to boost antigenic outer membrane protein
(Omp) that would act as potential vaccine candidate was condudtesibaseddelivery systems for
plasmid DNA oDNA) (which encode conservedmp) administration mighbe keysto improve the
transfection efficiencyin vivo even ata lower dose. The conserved amfénic protein sequences
[omp211-382),0mQ211-382)opt,omp703-999) andomp(703-999)opt]of outer membrane protein were
identified using bioinformatics tools. The sequences were clonedaipttAX -GFP expression vector

and successfully transformed irfocoli( DH5U) . The | arge scale pDNA p.
shake flask cultures and the pDNA was purifiedhggrophobic interaction chromatography (HIC). The
formulatedPLGA-chitosan NP/plasmid DNAanocomplexof ~200 nm (199.25 + 22.29 nm and 2.2
+33.59) was transfected in thato CHO cells that confirmed improved transfection efficiency
(fluorescence intensity measurement corresponding to GFP expression leviidieACs study) at a
lower dose. The DNA entrapment assay demonstrated the lpgasibection of pDNA insidéhe pDNA-

NP complex.The protection from enzymatic digestion that NP complex confers to pDNA was evaluated
and confirmed by gel electrophoresis after treatment with DN&aether, physiechemical
characterizations of formulatenano complex and extensive transfection studibave proved the
functionality of the systenm vitro. Overall, the successful formulations NP basedantigen delivery
system with all desirablghysiochemicatharacteristicsvereobtainedunderhighly cantrolled conditions

and reproducibility. The immunological evaluation studiaggest that PLA/PLGA NPs based delivery
system could be a novel antigen @rifor fish and miceensuring its application for commercial value
and product development. Furthwork based on present optimized results can be taken forward for next

level vaccine design and approval.

Keywords: PLA; PLGA;Omp; nanopatrticles; adjuvantantigen carrier; immune response
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Chapter |

Introduction

1.1. Background

Todayobs |l eading research on vacci f@atagy r oac
acquiring immunity by inoculation of ngmathogenic but still immunogenic components of the
pathogen or closely related organisi@gnerally these conventional approaches have been most
successfuln developing vaccines that caficit an immune response based on antigeecific
antibody and cytotoxid@-lymphocyte(CTL) response§l], [2]. The growing issues of vaccine
safety are in alarming rate owing to their weak immunogenicity, imperfect immunization
proceduresand failure to acquire booster doses to potentiate prime doses. So, these issues have
paved the way towards research for developing new generation preventive and therapeutic
vaccine. Adjuvants are the immunological agehtst act to accelerateenhance and prolong
antigenspecific immune responses when usézhgwith specific antigensAdjuvants are used

for multiple purposs; to accelerate a robust immune response by enhancing immunogenicity,
provide antigendosesparing reduce booster immigation requirements, offers prolonged and
improved protectio3], [4]. There is a crucial requirement for enhanced and effective vaccine
formulations (with or without adjuvant) having minimal compositions like purifiedejmef
recombinantproteins and syntheticpeptides etc. for specific disease antigen in question.
Adjuvants in vaccine formulations vary to a greater extent due to many issues; e.g. the chemical
nature, mode of action, the safety and efficacy of adjuvahes.adverse effects concerned with

the prolongeduse of adjuvants use are tgperactivatiorof theimmunesystem neurotoxicity

and many detrimental effecthere is also an urgent requirement for the development of novel
carriers which could be targspecific to achieve therapeutic drug concentration. Therefore, a
relatively new system which is stable with antigen combination and can provide comparable
immunity to that of adjuvants eventually can be treatech asmpletereplacement for the
existing adjuvants in use should take the lead for development of advanced vaccine
formulations.

Therefore, a better delivery system which could mimic the natural infection, reduce tHemeed
booster immunization and also could address the other complicatioes tmpmprove the
vaccine efficacy.Controlled delivery systemsomprising biodegradablenancencapsulated
peptide or proteirantigens areof immense interest becausieey can potentially deliver the

1
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antigens to thereferredlocations at predetermined eatand durations tproducean optimal
immune response. Various biodegradable polymeric particles like polylactglycolide
(PLGA) or polylactide (PLA), not only work aan antigendelivery systembut alsoafford
adjuvant activity and marks ithe devdopmentof long-lastingimmunity after a singlelose of
injection The polymeric NPs can be surfaateredand functionalized either by adsorbing
amphiphilic excipient®nto preformed particles or by covalently linking excipients to tioee
forming polymer prior toNP preparatiorto improve their biodistribution. The NPs catsobe
conjugatedo targeting ligands whichirect particles to specific cells/tissué@gnong possible
delivery systems, nanoparticles (NP) based delivery of DNA mascio APCsjs a very

promising approach used for optimizing DNA vaccine formulation for immunoth¢shy].
1.2.Vaccines and vaccination

A vaccine may bidogicalpredarnatiore af mier@orgafiisms or their antigenic
components which cgorovideacquiredmmunity against thappropria¢ pathogensbutit does

not itself [ft@arus®ei mMplsyeaa® 0 a dpatlaodenia) formaftthee n u a
pat h gph elm @addition to the immunogenic components vaccines consist of an
adjuvant/delivery system that aid itme induction of innate and adaptive respwses, and
stabilizers/surfactantshat contribute tothe immunogensstaying intact during storage and
administration. Ingeneral,vaccinesare further sorteihto a number of sugategories mainly

based on the condition dhe antigen These include heabr formalin inactivated whole
microorganisms, antigen subunits (peptides, proteins, toxoids and its conjugates)d
live/attenuated microorganisms, as well as plasmid DNA (pDiXgcinesencodingimmune

inducing peptides/proteins of pathogenic origin.
1.3.Adjuvants and vaccine delivery systems

Adjuvants from Latin word, adjuvare to aid are essential components of most clinically used
vaccineslIn a broad sense, adjuvarstiee pharmacological agents that @celerate, reinforce,
improve or modify the effct of antigenAdjuvants can be used feariouspurposes: to enhance
immunogenicity, to accelerate the immune response, prantgendosesparing reduce the
need for booster immunizations, increase feeiod of protection, or improve efficacy in
immune compromised individualg9].Vaccine delivery systems areommonly particulate
adjuvants and comprise constructs such as and (oitin-water and watetin-oil), mineral
salts (Al (OH}), viruslike particles (VLPSs),liposomes,immune stimulating complexes
(ISCOMg and nantmicroparticles of chitosan, alginate and poly (lactdeglycolide)
(PLGA)[9]7 [15]. Despitethe long history, the exact mechanismof adjuvantactionis poorly

understood The genml understanding is that adjuua improve the immune responsg (1)
2
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increasing the immunogenicity of highly purified or redmnant antigensr¢duce the dose of
antigen; (2) enhancing the magnitude, speed and duration of the immune response; (3)
moduhting antibodyspecificity, avidity, subclassor isotypedistribution; (4)stimulating CTL
responses; and/or (5) generating antigen depots and/or pulsed antigen2¢I¢E6k [17].

1.4.Nanoparticle vaccine

Nanovaccinesthat comprise of nanoparticlesare emerging as novel approach to the
methodology of vaccinatiof.he motivation for nanopartiesas vaccine systems develops from

the idea that several componesetssentialfor vaccine efficacy can be rationally assembled,
optimizedindependentlyand incorporated into a single vehicleinducean effectiveimmune
responseVarious advantages habeen shown by the researchers working and investigating the
different aspects related tonano vaccine Nanoparticlebased vaccination strategy offers
significantdistinct advantages over conventional vaccines e.g. (1) nanoparticlesficaamntly
protecttheir cargo from degradation in physiological conditions, (2) Size and shape of NPs can
be specifically adjusted to mimic characteristics of pathogens, allowing effective draining
through the lympatic systemand subsequent internalization in APCs,K@jthermore size and
charge strongly affect biodistribution and retention of particles in lymph nodes and spleens thus
promoting effector and memory immune responses, (4) Surface modification of NPs also
provides additional opportunities for enhancitayget specific deliveryby conjugation of
receptor ligands or antibodies, (5) nanoparticle basedebiwery of antigens and adjuvants
targeted to thepecificAPCs, that leads to optimal antigen presentation and immune activation,
(6) Again, the cytosolic déivery of antigens witm APCs can be achieved byP systems
intendedto promote endosomal escape, thus allowing for effective antigespresentation

and induction of cytotoxic CD8+ T lymphocyte (CTL) response.

BiodegradabldNPs can be made from a rangf materials such gmlysaccharidessminoacids

and synthetic biodegradable polymers. HBe¢ectionof the ideal polymer is based on diverse
designs and application criteria. It depends on various factors such as 1) sizemefehed
nanoparticles?) natureof the drug(stability, aqueoussolubility, etc.) to be enclosed in the
polymer, 3)extent of biocompatibilityand biodegradability4) surface functionalityand 5) drug
release profile The proceduresor the preparation ofnanoparticlesbasd upon selection of
preferredcriteria,canbe categorized as following 1) dispersion of preformed polymeisnk)
gelation method for hydrophilic polymeend 3) polymerization of monomerdespite the
availability of alarge number of vaccines in thmarket their cost per dose and delivery of
multiple doses are the limiting factors of these vacciRasthermore the requirement for cold

storage is anoth@lrawbackof conventional vaccine&a the efforts have beetakento develop

3
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biodegradable pgmeric NPsas vaccine delivery systems to induce both humemdl cellular
immune response&ntrapment efficiency, release kinetics and additional physical features like
constructionsizeassortmenandporosity, which determine the potency of the foriton, can

be controlled by using a suitable aggregation of different polymers.

1.5.Nanoparticle i delivery system

In recent years, significant research has besre dising nanopatrticles dsug delivery vehicles

for immunization The benefit of using gdymeric nanoparticles is to allow encapsulation of
bioactive molecules andprotect them againsthydrolytic and enzymatic degradation.
Nanoparticledoadedwith plasmid DNAoffer sustained releashie to their quick escape from

the degradative endgsosonal. Because of theendolysosomatscapendintracellularuptake
nanoparticles could discharge DNA at a constant rate resultiogninuousgene expression.
Naroparticulatevaccine delivery system can also be helpful to enhance the weaker immune

respamse generated by synthetic peptide vacdh&k

1.6.Nanoparticle carrier system

The alternative drug deliverapproach rfanoscalg typically incorporatesone or more of the
following materials: biologics, polymergarbonbasedmaterials, silicon-basedmaterials,or
metals.Biodegradable polymer nanoparticles, characteristicadiyprisingof polylactic acid
(PLA), polyglycolic acid (PGA), oPoly lacticco-glycolic acid (PLGA) are being studied for
the delivery 6 proteins and genesnticancerdrugs etc Other polymers beingtudied for
nanoscale drug carrierconsist of poly(3-hydroxybutanoic acid) (PHB), poly alkyl
cyanoacrylate poly(organophosphaze)e poly(caprolactone)(PCL), poly(ethylene glycol)
(PEG), poly(ethylene oxide) (PEO), and copolymexsch as PLAPEG. There have been a
diversity of materials used to engineer solid nanoparticles, both with and without surface
functionality. Possibly the majorityof polymersare the aliphatic polyesters, specifically the
hydrophobic PLA [ply(lactic acid)], thehydrophilic PGA [poly(glycolic acid)] and their
copolymer PLGA [poly(lactideco-glycolide)].

1.6.1.Poly (lactic acid) (PLA)

PLA (polylactic acid) polymer has beeextensivelystudiedin medical implants, suture, and
drug delivery systems sind®80s PLA is a biocompatible and biodegradable polymer which is
metabolizednto monomeric units of lactic acid in the body. Ladid is a natural intermediate

by-productof anaerobic respiration, which is converted into glucose by the liver during the Cori
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cycle. Glucose then igtilized as an energy source in the body. The use of PLA nanoparsicles

therefore safe and devoid of any major toxicity.

1.6.2.Poly lactic-co-glycolic acid (PLGA)

Poly (lacticco-glycolic acid) (PLGA) NPs have unbelievahperspectivein the applications
connectingdiagnostics, targeting and therapy. It is the most widely used biodegradable
synthetic polymer nanocarrier with a relativédyng history of biomedicalisage PLGA based
vaccines delivery is a promising approach for boosting immune responses against a range of
antigens such as recombinant proteins, peptide and [BNAhe poly (lactic-co-glycolic acid)
(PLGA) copolymer can act asan attractive delivery system because of its superb
biocommtibility, high safety profilgl9], [20].It undergoesionenzymatichydrolysisin the body

to produce biodegradable metabolitemamers such as lactic acid aghycolic acid that are
naturalmetabolites(Figure 1.1) The lactic acid and glycolic acids agenerallyfound in the

body and participate in a numberlmbchemicaland physiologicalpathways So,there is very
minimal sysémic toxicity associated with the use of PLGA fbe biomedicalapplications.n
addition, the release kinetics of this system can be easihipulatedby varying the ratio of

PLA: PGA. The PLGA particle size has beemaried and surface modifications havbeen
introduced into vaccine formulations for use in oral, mucosal, and systemic delivery. The sizes,
surface modification, and release profiles of PLGA particles were shownfltence the

immunogenicity of entrapped antigens

1.7.Protein Vaccine anddelivery strategy
Recent advances in vaccinology demonstrate that proteins and peptides lmsighéa new

generationvaccine Protein vaccines are composed of purified or recombinant proteinaceous
antigens from a pathogen, such as a bacterium or. Wklieen administered, it can elicit a
protective immune response against the pathogegh molecular weight, structural fragility,
hydrophilicity, and complexity are the maiurdles to the use of protein dru¢®l]. Indeed,
these ma@molecules can easily undergo denaturation, degradatidreventually inactivation
(physical, chemical, and enzymatic machineatyring formulation, storage, and delivd2],
[23].The use of a properly designed carrier fag gustained and targeted deliverypobtein
antigenoffers several advantages compared widditional administration: it carenhancethe
amount of drug that reaches the targediég] improve the transportation mechanism and protect

the drug againsiegadation,inactivation, and metabolization phenomeNanoparticles, such
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aspolymericmicelles,liposomesJipoplexesand polyplexes have been extensivielestigated

as targeted drug carrier systems over the past three decades.
1.8.DNA Vaccination anddelivery strategy

DNA vaccination or genetic immunization represents a novel strategy, which can sexve as
viable alternative to conventional vaccine approaches. During the past two decades, the DNA
vaccines have beemvestigatedand tried to induce immme responses against a range of
infectious pathogens and tumor antigél¥. The novelty and usefulness of DNA vaccilsésm

from the several unique features, namely, theycanceptually safe, nemeplicating and non
infectious, thereby overcome safety concern associated withatieeuated vaccines. The DNA
vaccine can be manufactured on lasgale with high purity and stability in a cesftective
manner and can be preged without the need for a cold chain. More importantly, DNA vaccine
can induce antigespecific mucosal (IgA), humoral (protective neutralizing antibodies) and
cellular (cytotoxic T lymphocytes) immune responfs]. The mechanism of a DNA vaccine
can inmany ways beomparedo that ofa virus, as it requires the similegllular machinery in
order to replicate and also triggers immune responses normally seen with viral infections. Unlike
conventional viral vaccines based on subunits or kiedvsirus, a DNA vaccine may conserve

the structure and hence also antigenicity of a transgenic antigen/pfotgnificant obstacle to
thesuccessfutlevelopment of DNA vaccine is their low immunogenicity in humans and in large
animals. Numerous factors may adimtite to their poor immunogenicityncluding low
transfection efficiency of naked DNA, insufficient antigen expressionjrdaradand extracellular
barriers in the hog6]. The viral and nonviral vectors are used to enhance DNA delivery and
transfection efficiencyViral vectors arevery efficient, but they are associated with several
safety concerns such as immune response to vector itself, difficulty in manufacliomitey

DNA carrying capacity andncogenicity of transduced cell©n the other hand, nerral
vectors are gaining increasedtarest because of their improved safety profile, ease of
preparation and adjuvant propert[g].Thenontviral carriers that are currently investigated for
DNA vaccine deliveryinclude biodegradable PLGA NPs, cationic liposomeationic block
copolymers polycationic dendmers, and cationic polyers (polyL-lysine, polyethylereimine

and chitosah In the caseof synthetic polymers like PLGA, besides DNA protection, the
encapsulation permits a controlled DNA delivery system to be designed with controllable
degradation time and release kinetics of DNA fgustainedyene expression over a required

time.
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1.8.1.Aeromonashydrophila

A. hydrophilais a pathogenigramnegativebacterium associated with lower vertebrates like
fish, amphibian$28]. Aeromoniasisan important fish disease is caused by this bactefigh

A. hydrophilainfections in fishes have been reported from time to time in Mamncountries
including ChinaThailand,Philippinesandindia[30].

1.8.2 Vibrio cholerae

Vibrio choleraeis a "comma" shaped Granegative bacterif81] with a sirgle, polar flagellum
for movementV. choleraecan cause syndromes ranging from asymptomatic to chgtavas
Symptoms include abrupt onset of watery diarrheagrey and cloudy liquid), occasional
vomiting, and abdominal cramj82]. Dehydration can lead to deathanfew hours to days in
untreated childrenCholera affects an estimated53million peopleworldwide and causes
100,00-130,000 deaths a year as of 2(028]. Cholera remains both epidemic and enaeimi
many areas of the world. This occurs mainly in the developing i@lddue to poor sanitary

and socioeconomic conditions.

1.9.Outer membrane protein as vaccine target

The OM of pathogenic gramegative bacteria is mainly responsible for establghmitial
adherence, modulatestpathogeninteraction, overall survival of the organism and propagation
of virulence factof35]. It also has protective antigenicity, because OM componentsasilg e
recognized asa foreign antigen by immunological defense systems of the hoSsiter
membrane proteins (Omps) are located atilastterial interface in pathogengtamnegative
bacteria and are important for host immune responses and as targetsyftirerapy. The Outer
Membrane (OM) of A. hydrophila is a complex structure whichmainly consists of
lipopolysaccharide (LPS), phospholipids and a grouputér membrane proteins (Omp@mps

are located at hadbacterial interface i\. hydrophilaandcan be targeted for drug therg3g].
Similarly, the Outer Membrane (OM) &f. choleraeis a complex structure thatainly consists

of lipopolysaccharide (LPS), phospholipids and a grouputér membrane proteins (Omps)
High levels of transcripts for OmpU and multiple OM structures (OmpS, OmpV, OmpK, OmpC,
OmpW, and OmpA) were present along with a number of conserved hypothetical proteins
[37].Virulencerelated outer membrane proteins (Omps) are essential to bacterial survival within
macrophages and for eukaryotic cell invasion that couldabelterndive candidate for

development of subunit vaccine agaistholerae
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1.10.Motivation

A Dbetter delivery system which could mimic the natural infection, reduce thefmebdoster
immunization and also could address the other complications hopes ravéripe vaccine
efficacy. Various biodegradable polymeric particles like polylactideglycolide (PLGA) or
polylactide (PLA), not only work as a delivesystembut also provié adjuvant activity and
marksthe developmenbf long-lasting immunity after asingle injected doseSo, a relatively

new system which is stable with antigen combination and can provide comparable immunity to
that of adjuvantseventually can be treated ascompletereplacement for the existing adjuvants

in useandshould take théead for development of advanced vaccine formulations. The strategy
here is to develop such a syst€dmpsare highly immunogenic due to their exposed epitopes
on the cell surfacelhere are safety concerns witie useof oil adjuvant (Freund’s incompéet
adjuvant; FIA) in multivalent vaccine formulations for fish dudhtegeneratiorof adverse side
effects (e.g., adhesions). Therefore, alternative molecules or certain combinations of them
(targeting specific cellular responses) adjuvantsare desirale in order to enhance overall
immunogenicity and efficacy without reducing protection levels. There areadiely reports
available on PLA/PLGA NP based vaccine formulations with adjuvant like effects and sustained
target specific release to generateomtimal immune response for which more elaborate and
conclusive studies are needed to define the protective roles of PLA/PLGA nanoparticulate
system PLA/PLGA NPs encapsulatinmpantigen fromA. hydrophilaand V.cholaae would

be a betterantigenic calier model in fish and mice respectivelijhese NP delivery systes

would increase the antigen persistenieeivo, improve the initial antigen exposure to immune
system after immunization. The combined action of PLA/PLGA NPs and OMP wesldtin

the geneation of enhancednd prolongeddjuvantinducedantigenspecificimmune responses.
Among possible delivery systems, nanoparticles (NP) based delivery of DNA vaccines to APCs,
is an emerging and promising approach used for optimizing DNA vaccine foromu i
immunotherapyNanoparticles based delivery systems for plasmid DpI2ANA) (which encode

Omp gene of interest) administration nmagthe keyto improve transfectionefficiency invivo

even alower doses.

1.11.0Dbjectives

In the present study, vaue NPs formulations of PLA and PLGA loaded with model protein
(BSA) or drug (clindamycin hydrochloride) were prepared by solvent evaporation method
varying drug/protein: polymer concentration and optimized for size, encapsulation efficiency,
drug loading, morphology etc. Then, PLA/PLGA NPs encapsulati@mp antigen fromA.

hydrophila were formulatedand their efficacy were compared with adjuvant formulations to
8
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develop a better antigenic carrier model in fish. Similahgefficacy is also compared beten

PLA encapsulated and PLGA encapsula@mip NP-immunizedgroupsand a correlation is
established evaluating the results of innate and adaptive immune response studigstia In
anotherattempt, PLA/PLGAOmMp (Omp from V. cholerag nanopatrticles we formulated with

desired physicochemical properties and evaluation of type and strength of immune responses
(Humoral and cellularklicited by formulated NPs was elucidated by compaahgossible
combinationsn mice

Thus the specific objectives dhe current study are

1. Preparation and characterization of PLA and PLGA loaded with model protein (BSA) or
drug (Clindamycin hydrochloride) NPs varyidgug/protein:polymeconcentration

2. Preparation, Characterization aihd vitro study of biodegradable andiocompatible
based PLA and PLGAanoparticlesvith encapsulation of OMP antigens.

3. Parenteral immunization of PLA/PLGA nanoparticle encapsulating outer membrane
protein (Omp) fromA. hydrophilg Evaluation of immunostimulatory action lower
vertebratef(sh).

4. Evaluation of the immune responses (specific)mite model after intraperitoneal
immunization ofOmpantigen Y. cholerag encapsulated PLA/PLGAanopatrticles

5. Development of DNA vaccines to boost antigenic OMP (outer membrane protein)
antigenicity

6. In Silico identification of outer membrane protein (Omp) and subunit vaccine design

against pathogeni¢. cholerae

1.12.Thesis outline

This thesis has been organized intochaptersand each chapter contairself-describing
illustrations, necessarytaldes and figures. Chaptet includes a generalintroduction about
vaccine and vaccinatiomanoparticlebasedvaccine delivery, biodegradable nanoparticles and
their use in nanomedicine. Chapfcovers relevant literature to the current work. Chapter
includes the preparation of PLA and PLGA NPs loaded with BSA (model protein) or drug
(Clindamycin hydrochloride) andptimizationstudies for size, charge, encapsulation efficiency,
drugloading etc. Chapte#d contains objective 3 that describe the immugmlal evaluation of
PLA/PLGA nanoparticle encapsulating outer membrane prot#&aro(monashydrophilg in
fish(L. rohita). Chapter5 includes objective 4 which describe trerrhulation of PLA/PLGA
Omp (Omp of V. cholerag nanoparticles with desired physit@emical properties and
evaluation of type and strength of immune responses elicited by formulated NPs was elucidated
9
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by evaluatingantigenspecificantibody response and cellular response studiesda Chaptei6
includes objective 5 that describe thevelepment of pDNA vaccine as well asdelivery
system to boost antigenic outer membrane protein (Omp) that would agossntialvaccine

candidate. Chaptérsummarizes major findings of all objectives

10



Chapter 2

Review of Literature

The maj or goal s of todayds vaccine research
immunity naturally by inoculation of immunogenic components {pathogenic) of the
pathogen or closely related organisms. In general, these conventional approache&hanest
successfulfor developing vaccines that can induce an immune response based on-antigen
specific antibody and cytotoxic-lymphocyte (CTL) responsdé], [2]. The growing issues of
vaccine safety are in alarngnrate owing to their weak immunogenicity, imperfect
immunization proceduresand failure to acquire booster doses to potentiate prime doses. So,
these issues have paved the way towards research for developing new generation preventive and
therapeutic vacoe. Adjuvants are the immunological ageihtst act to accelerate, enhance and
prolong antigerspecific immune responses when used in combination with specific antigens.
Adjuvantsare usedor multiple purposes; to accelerate a robust immune responséagaamngy
immunogenicity, provideantigen dose sparing reduce booster immunization requirements,
offers prolonged and improved protectid}, [4]. There is a crucial requirement for enhanced

and effective vaccine formulatiofwith or without adjuvant) having minimal compositions like
purified proteins, recombinaptoteinsand synthetic peptides, etc. for specific disease antigen in
guestion.There is also an urgent requirement for the development of novel carriers thabveould

target specific to achieve therapeutic drug concentration.

Adjuvants in vaccine formulations vary to a greater extent due to many issues; e.g. the chemical
nature, mode of action, the safety and efficacy of adjuvants. The adverse effects concerned with
the prolonged use of adjuvants use are the hyperactivation whitmene system neurotoxicity

and many detrimental effects. Therefore, a relatively new formulation that is stable with antigen
combination and can provide comparable immunity to that afvadgs eventually can be treated

as a complete replacement for the existing adjuvants in use should take the lead for development
of advanced vaccine formulations. Currently, controlled delivery systems consisting of
biodegradable microspheres/nanosphatce as a promising vaccine carriecause it can
potentially deliver the antigens to the specific locations at predetermined rates and durations to

generate an optimal immune response.

11
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2.1. Nanotechnology: A therapeutic approach

Nanotechnology canbe defned as the manipulation, modelinggxact placementand
manufacture of material at the nanometer scale. The impact of nanotechnology in different
fields, including medicine, is immen$88] due to its wide application in the treatment of the
major health threats including infectious diseases, cancer, metabolic diseases, inflammations and
autoimmune diseases. The explosive growth of nanotechnology not only offer perfections to
existing technigas but also helpful in discovering new tools with versatile applicafg89jsThe

practice of nanotechnology in vaccinology, in particular, has bemeasing exponentially in

t he past decade that has e[40h Invbetld thetapeatic &and r m,
prophylactic approaches, nanoparticles are used as either a delivery system for sustained and
target specific antigen delivergnd/or as adjuvant (immunostimulant) to enhance the
antigenicity.A number ofapproved nangizedvaccine and drug delivery systems ascertain the
revolution in disease treatment and prevenf@lli [44]. The manipulation of drug/éigen at
nanoscale level mostly relies upon the bioactive characteristics such as solubility, controlled
release, retention tin{d5].The surface areaf theincreasedunctionality of nanopatrticles lends

itself to further biomedical applicatioi6] and gene therady7].

Therapeutic nanovaccinology is mostly focused on cancer treatp8fif{50] and other
diseases, such as AlzheimgB4], hypertensiorf52] and nicotine addictiof42], etc.On the

other hand, prophylactic nanovaccinology has been applied for the prevention of different
infectious diseases. There are many prophylaticovaccine that havebeen approvedor

humanuseand more are in prelinical or clinical trialg[53], [54].

2.2. Nanoparticles

A nanoparticle is regarded as a small object that behaves as a whole unit in terms of its
properties and transport. With thedvances in the types of nanoparticles, any particulate
materials in size rangei 1000nm are considered as nanopartic{E®A, 201]), that act as
excellent drug carriers by enhancing agueous solubility, targeting drugddispocation and
increasing resistance time in the body (increasingliialfor clearance/increasing specificity

for its associated receptors). Howeveanomedicine concept is based upon the use of
nanoparticles at the level of1ID0 nm[47], [55], [56]. Although nanoparticles are considered to

be in nano dimensions below 100 nm size, bldtike increase in size (size >100 nm) is
generally observed and accepted in the area of drug delivery systems when there is efficient drug
loading and especially where sufficient amount of drug may be needed to load onto the particles
[57]. Nanoparticles are becoming key components in a wide range of applications because of

their potential applications in biomedical, optical, and electronic figEé§
12
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Figure 2.1: The size range of nanoparticles used in nanovaccinology

Nanotechnology offers the opportunity to design nanoparticles varying in size, shape,
composition, and surface properties, for application in fileéd fof medicine[41], [59].
Nanoparticles have size similarity with cellular components,tdwenich they can enter living

cells using the cellular endocytosis mechanism, in particular, pinocyf6Ss As a
revolutionary new 2% century technology, nanotechnology is starting to impact by developing
theranostic nanoparticles for diagnosis of diseases as welleadrdly delivery for disease
prevention and treatmentThe emergence of virdgke particles (VLPs), quantum dots and
magnetic nanoparticles, marks a conjunction of protein biotechnology with inorganic
nanotechnology that has achieved a significant profpe$éanomedicine

The vaccine antigen is either encapsulated within or coupled onto the surface of the
nanoparticles. The encapsulated antigen undergoes controlled delivedgtgmained rate and
duration) avoiding rapid degradation and shiiwed immune response.

Nanoparticles in conjugation with antigaliow targetspecific presentation of the antigen to the
immune system mimicking pathogen infection, thereby provoking a similar response.
Nanoparticles are also responsible for the prolonged retéasdigens to maximize exposure to

the immune system. The potential of nanopartidesore explored to deliver vaccines through
nontraditional approaches such as topical, inhalation or optical delivery as well combining
multiple antigens in a single geoulate system so as to protect against more than one disease
[61].
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Figure 2.2: Schematic representation of different nanoparticle delivery systemgPolymeric nanoparticle,
Inorganic nanoparticle, Oil-in-water emulsion, Liposome, Viruslike particle, ISCOM)

2.3.Types of nanopatrticles
2.3.1. Polymeric nanoparticles (PNPSs)

Polymeric nanoparticles (PNPs) consist of a polymer that has gained much deliberation due to
advancemenin polymer science and technology. Two types of polymers can be used in nano
delivery that is natural and synthetic. Biocompatibility and biodegradability are essential
features for potential application as tissue engineering, drug and gene deliveryevand n
vaccination strategies. Most polymers used to prepare nanoparticles consists of synthetic
polymers are, such as polyfthktideco-glycolide) (PLG) [62]i [64], poly(d]-lactic-co glycolic
acid)(PLGA) [64]i[69], poly(g-glutamic acid) (PGA) [5], [66], poly(ethylene glycol) (PEG)

[63], and polystyrend70], [71]. Poly (D, L- lactideco-glycolide) (PLGA), polylactic acid

(PLA), are considered to be highly beneficial because of their biodegradable and biocompatible
nature[65], [72]. They are widely used for human research due to tie#k approval (The

Food amd Drug Administration, U.S.A.) These polymeric nanopartieldased antigen/drug
delivery offers several advantages over traditional delivery methods, including the fability
drug delivery to a specific site such as an intracellular infeq@8h [74], recducing systemic

toxicity [75] and also to facilitate sustained releasa dfug,minimizing dosing regimeng6].
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Table 2.1: Polymeric materials currently being investigated at thenanoscalefor drug
delivery application; advantages and disadvantages.

Advantages Disadvantages
Natural cellulose, starch, chitosacarrageenan, Less toxic High degree of variability in
alginates, xanthan gum, gellan gum, pectir Biocompatibility natural materials derived from
Biodegradable animal sources

Easily available
Structurally more complex

Extraction process very
complicaed and high cost
S\l poly(lactic acid) (PLA), poly(cyanoacrylates Biocompatibility Toxic
(PACA), poly(acrylic acid), poly(anhydrides)
poly(amides), poly (ortho esters), Non degradable
poly(ethylene glycol), and poly(vinyl alcohol
(PVA) and other like poly(isobutyl
cyanoacrylate) (PIBA), poly(ethylene oxide)
(PEO),poly(& caprolatone (PCL)

Synthetic process is ver
complicated and high cost

Natural polymers based on polysaccharide have also been used to prepare nanoparticle
adjuvants, such azhitosan[77]i [79], alginate[80], pullulan[81], [82] and inulin [83], [84] etc
Chitosanbased nanoparticles have been widely investigated due to their biodegradability,
biocompatibility, nontoxic nature and available in desired shapes and [8iz€85], [86]. The

choice of polymer and the ability to control drug release have made them ideal candidates for
delivery of vacines, cancer therapy and delivery of targeted antibiotics, etc. Moreover,
polymeric nanoparticles based drug delivery can also be applied in tissue engineering as well as
drug delivery for other anima|87].

2.3.2. Inorganic nanopartcles

Inorganic nanoparticles have measure impact on modern materials science research due to their
possible technological importance, particularly in the field of-H@ootechnology, having
unigue physical properties including sidependent magnetic, agdl, electronic and catalytic
propertied88].Inorganic nanoparticles are able to interact with light@nchagnetic fields, thus
spreading their possible applications in the areas of fluorescence labeling, magnetic resonance
imaging (MRI) and stimulusesponsive drug digery that are crucial to the diagnosis and
treatment of diseaq489]. Inorganic nanoparticles, as a viable alternative to organic forms, could

be used for vaccine delivery. Many inorganic nanoparticles have bedoregkgor their
application in vaccine delivery. Despite nbiodegradable nature, the inorganic nanoparticles
have advantages like unique rigid structure controllable syntf#}isThe four most common
inorganic NPs are 1) noble metal, 2) magnetic 3) fluorescence, and 4) multifunctional, e.g.,
luminescent magneti®0]. Among noble metalgold nanoparticles (AuNPs) are mostly used in
vaccine delivery{91], as they can be easily manipulated into different shapes (spherical, rod,

cubic, etc.) and sizf92], and can be surfaemngineered by conjugating carbohydraf@3].
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Gold nanoparticles have also been used as antigen carrier to target viruses such as[@luenza
and footandmouth diseas§95], or as a DNA vaccine adjuvant for human immunodeficiency
virus (HIV) [96].Carbon nanoparticles are another commetlydied composition for drug and
vaccine delivery[61]. Multiple copies of protein or peptide antigens can be conjugaténl
carbonnanotubg CNTSs) for delivery and have enhanced the level of antibody resp¢@sé

[100]. Silica-based inorganic nanoparticles (SINPs) are biocompatible tarenand have
excellent properties as nanocarriers for various biomedical applications, such as tumor targeting,
reattime multimodal imaging, and vaccine deliveffjt01], [102] Calcium phosphate
nanoparticles can be formulated by using calcium chloride, dibasic squfasphateand

sodiun citrate under specific conditions. The biocompatible and nontoxic nattirevariable

size (50 100 nm)[103] of calcium phosphate nanoparticles made them as useful adjuvants for
DNA vaccines offering mucosal immunity03], [104]

2.3.3. Liposomes

A liposome is an artificialyprepared spherical vesicle composed of a lamellasgHipid
bilayer. Liposomes have been known as potential drug delivery vehicles for nearly four decades
[105]. Liposomal and polymeric drug conjugates are the two prevailing classes of commercially
available manoparticlebased therapeutic produdts06]. Liposomes are generally formulated
from biologically inert lipids that are netoxic and biodegradable. Liposomes are generally
formulaied from biologically inert lipids that are ndoxic and biodegradable in nature. Loading

of both hydrophobic and hydrophilic molecules is facilitated by the lipidy@red structure of
liposomes. The beneficial properties of liposommeddiated deliveryin in-vitro studies are
substantiated by the literatuf@07]. Liposomes, which are formed by biodegradable and
nontoxic phospholipids can encapsulate antigen within the core for de]M@8} There are,

also, several liposomal therapeutic vaccine fdations against diseases like, hepatitis A
malaria, tuberculosis, influenza, prostate cancer and colorectal cancer that are at different
clinical stageqd91]. A number of liposome systems have been estallisimel approved for
human use, such as Inflexal® V and EpaxHl@8], [109]

2.3.4. Immunostimulating complex (ISCOM)

Immune stimulating complexes (ISCOMs) are generally open-ldegspherical structures (40

nm in diameter) that are spontaneously formed when mixing cholesterol, phospholipids and
Quillaia saponins together under a specific stoichiometry. These complexes have immune
stimulating properties and are thus mostly used as a vaccine adjuvant to induce a stronger
immune response and longer protectid7], [110], [111] ISCOMs display high adjuvant

activity against a broad range of bacterial and viral antiger#i [114].
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2.3.5. Viruslike particles

Virus-like particles (VLPs), comprised of capsid proteins that can indacenmune response
without having genetic material required for replication, promote immunogenicity. These have
been established and approved as vaccines in somdtisg4116] In addition, many of these
VLPs can be used as molecular platforms for genetic fusion or chemical attachment of
heterologous antigenic epitopgsl]. VLPs take the good aspects of viruses and avoid the bad.
The naturallyoptimized nanopatrticle size and repetitive structural order of VLPs are responsible
for inducing potent immune responses, even in the absence ehatfll7]. A variety of VLPs

and virusbased nanoparticles are being explored for use as vaccines and epitope pjagbrms
However, VLPs can also act as a delivery platform where a target antigen from a virus unrelated
to the VLP used is modharized on the surface of a VIP18].

2.3.6. SeHassembled proteins

Selfassembling systems that attempt to drive higher levels of quaternary protein structuring
have emerged for the formulation ménoparticlebasedvaccines. The protein like Ferritin can
selfassemble into nearlgpherical 10 nm structure. By genetically fusing influenza virus
haemagglutinin (HA) to ferritin, the recombined protein spontaneously assembled into an
octahedrallysymmetic particle and then reformed eight trimeric HA spik&%9] to induce an
enhanced immune response, which typically is processed to destroy rather than build a viral
structure.

2.3.7. Emulsions

Another type of nanopticles used as adjuvants in vaccines delivery is fsaed emulsions
[120], [121] These nanoparticles can exist asimivater or watein-oil forms, where the
droplet size can vary from 50 nm to 600 fh21]. Emulsions can carry antigens inside their
core for efficient vaccine deliverjd21] or can also besimply mixed with the antigen. One
commonly used emulsion is MF59TM, an-mitwater emulsion which has been licensed as a
safe and potent vaccine adjuvant in over 20 counfti2g]. Recently, aailorablenancesized
emulsion (TNE) platform technologyah been developed using roovalent click seHassembly

for antigen and drug deliveft23], [124] Targeted delivery of protein antigen to dendritic cells

was achievefil24].

2.4. Nanoparticles Preparation Methods
Synthess of nanoparticles has emerged in the last decade as an interaction between

nanotechnology and biotechnology. Due to the possible wide application of nanoparticles, this
emerging science put modern material science research at the tip. These nanopagticles

designed to exhibit new and/or novel characteristics associated with size, morphology,
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functionality and distribution patterfi25]. There are several possible means of nanoparticle
synthesis ranging from totally chemical methods to fully bioldgmacesseg125] such as
reduction in solutions, chemical and photochemical reactions, thermal decomposition, radiation
assisted126], electrochemical and finally most recently green synth&gigi [129].

2.4.1. Preparation antigendrug-loadedpolymeric nanoparticles

Polymeric NPs have attracted much attention due to their ability to deliver drugs/antigens as
well as being biodegradable in nature. The release kinetics of encapsulagsd fidm
polymeric NPs can be regulated by compositional varigtl@®®]. These types of NPs can be
formul ated from a wi de -hydroxg acidsh fpolysacchagdesge ors e
poly(amino acids) to createeesiclewhich can either accommodate or display antigens/drug.
The most commonly usedp y-hydrddy acids) based polymeric NPs are either poly (lactic
acid) (PLA) or poly (lactieco-glycolic acid) (PLGA) which are often synthesized using a double
emulsionsolvent evaporation techniqy&31], [132] Firstly the polymer (PLA or PLGA) is
dissolved in an organic solvent followed by the addition of the drug which is then emulsified to
get a primary emulsion. Then, a waiteoil-in-water emulsion is formed with the addition of an
emulsifying agent (e.g., polyvinyl alcohol or polyvingyrrolidong. This results in the
encapsulation of the antigen in polymeric NPs. The solution is then allowed to solvent
evaporation and timefreezedriedto prevent degradation of the polymer due to westalyzed

ester hydrolysi$133]i [135]. But, the limitationswith this method are lower antigen entrapment
efficiency and possibility of protein denaturation at thewater interfae [136]. This limitation

can be avoided by the addition of stabilizarshsas surfactants or sugars, (trehalose or sucrose)
which provide stability against denaturation by maintaining the protein in its native form. For
preserving encapsulated protein/antigen stabilitg alternativemethod uses poly(amino acids)
suchas poy-g( at ami ePGA)cpolglar (@3 ni n4ydine) opmly(lyhistldine)

that avoid emulsion step for NP synthefi87]i[139]. These amphiphilic copolymers self
assemble through hydrophobic interactions to form structures comprising a hydrophobic core
and a hydrophilic outer she[L32], [140] Fut h e r m@G@Aebased polymeric NPS offer
more stability due to thpresencep f -linked glutamic acids that are not easily recognized by
common protease$§l4l]. The poly (amino @d) based nanoparticles are formulated by
dissolving thepolymerin dimethyl sulfoxide (DMSO). The size of NPs is controlled by varying

the salt concentration resulting in monodispersed fofid2]. The proteire ncapsudl at e
PGANPs can be prepared by e mRAALIn DMSO)fajowedh e p 1
by centrifugatiof143]. The resulting encapsulation is stable over an acidic pH [a4g¢
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Figure 2.3 Preparation of antigen-encapsulating nanoparticles by w/o/w emulsion method

Hydrophilic polysaccharide polymeric NPs such as dextran and chitosan are also good
candidates for vaccine delivery. Chitosan NPs often used becausdavoitable characteristics

e.g. biocompatibility, biodegradabiliiyto nontoxic products in vivd144]. Chitosan NPs can

be prepared by a sedssembly procedure through chemical modificafib#5]. Similarly, a
complex coacervation process is used where particleglvgpontaneously form due to mixing

of two hydrophilic colloids together; with chitosan precipitating around plasmid DIMA].

Again, an ionic gelation method has also been used to prepare chitosan NPs which is based on
the presence of positively charged amino groups in chitosan and the negative charge of
tripolyphosphatd47]. Sometimes these colloids are further modified by the addition of other
components like polyethylene glycol in order to aid properties absorption or to slow down

release.
2.5. Chaacterization of Drug-loadednanoparticles

Various parameters; size, physical, chemical, morphological properties, drug encapsulation
efficiency and release profile of antigens are known to play a key role in the designing efficient
polymericnanoparticlebaseddelivery[148].

2.5.1. Particle size

Particle size and its distribution patterns are the most important characteristensopfrticle
baseddrug delivery systems. They determine the targeting ability, in vivo distribitiological

fate and toxicity of nanoparticle systems. In addition, the size can also influence the drug
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encapsulationreleaseand stability. The nanoparticles of swficron size have numerous
advantages over microparticles as a potential drug delivergrnsy49]. Usually, nanoparticles

have relatively higher intracellular uptake as compared to microparticles and available for a wide
range of biological targets because of their small size and relative molilityough
nanoparticles r@ considered to be in nano dimensions below 100 nm size, but relative increase
in size (size >100 nm) is generally observed and accepted in the area of drug delivery systems
when there is efficient drug loading and especially where sufficient amountugf ntay be
needed to load onto the partic[&F]. It was also reported that nanopartiat@scrossthe blood

brain barrier following the opening of tight junctions loyperosmotianannitol that can provide
sustaineddelivery of therapeutic agents for diseases like brain tumors. Drug release is also
influenced bypartide size. Smaller NPs havarger surfacearea. Thereforemost of the drug
associated would be at or near the particle surface, leading to fast dagprdiowever, larger
particles have large cores that permit more amounts of drug to be encapsulated and their slow
release profilg150].The small sized NPS hawe greaterchance of aggregation of particles
during storage and transportation. The formulation of nanoparticles with sraéemwith
enhanced stability is a really a challenge. Polymer degradation can also be controlled by the
particle size. The rate of polymer (PLGAggradation was found to increase with increasing
particle size in vitro that might be due to autocatalytigrddation of the polymefl51].
Presently, the fastest and most routine method of determining particle size is by dynamic light
scattering or photeoorrelation spectroscopy. Photatorrelation spectroscopy determines the
diameter of the particle due to Brownian motion and light scattering properties. The results
obtained are usually verified by scanning or transmission electron microscopy (SEM or TEM).
2.5.2. Qurface properties of NPs

The surface hydrophobicity of formulated NPs also determines the amount of adsorbed blood
components, mostly proteins (Opsoningat in turn influence then-vivo outcome of
nanoparticle$152], [153] The conventional nanoparticles are rapidly opsonized and cleared by
the macrophagg454]. It is essential to minimize the opsonizatard to prolong the circulation

of nanoparticles in vivo, which can be accomplished by (a) surface modification by coating of
nanoparticles with hydrophilic polymers/surfactants; (b) formulation of nanoparticles with
biodegradable copolymers with hydropbilicomponents such as polyethylene oxide,
polyethylene glycol (PEG), poloxamine, poloxamer, and polysorbate 80 (Tween 80).The zeta
potential of a nanoparticle is commonly used to characterize the surface charge property of
nanoparticle$155]. Zeta potential otherwise kam as theslectrokineticpotential at the surface

of the colloidal particles has a great significance in comparing the stability of colloidal
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dispersiong156].The zeta potential indicates the degree of repulsion between adjacent particles
and similarly charged particles in tlispersion For molecules and particles that are small
enough, a high zeta potential confers stab({litigpersion will resist aggregation).Nanoparticles
with a zeta potential (surface charge) above) (30 mV have been shown to be stable in
suspension, as the surface charge prevents aggregation of the gaiicleShe zeta potential

can also be used to determine whether a charged active material is encapstiatdétdencore

of the nanocapsule or adsorbmdtothe surface.

2.5.3. Drug loading

The ideal nanoparticulate system should have a highldading capacity thereby reducing the
drug quantity for the administration. Generally, drug loading can be achgwed methods: a.
incorporation method (adding at the time of nanoparticles formulation), b. adsorption/absorption
technique (Absorbing the drug after formation of nanoparti¢lesj]. Encapsulation of protein
antigens depends on series of factors like polymer naha#hodof formulaions and molecular
interaction between polymers, efithe amount of drug bound to NP depends on the chemical
structure of the drug/polymer ratio and the conditions of drug loadiB§]. Hydrophilic
polymers show higher encapsulation than hydrophobic polymer due to enhanced molecular
interactions between the polymer and the dfL§0]. Entrapment efficiency is very much
dependent on the solstate drug solubility ithe matrix material or polyme(solid dispersion or
dissolution), which is related to the molecular weight, polymer composition, drug polymer
interaction and the presence dfinctional end groups [161]i[163]. In the case of
macromolecules or protein, the higher loading efficiency isexeld when it is loaded at or near

its isoelectric point (with minimum solubility and maximum adsorptifit§4]. For smaller
molecules, the use of ionic interaction between the drug and matrix materials can be a very
effective approaclotincrease the drug encapsulatjp5].

2.5.4. Drug release

Drug release and polymer degradation are important factalsvielop an ideal nanoparticulate
system. Generally, drug release from nanopatrticles rate depends on many factors: (1) solubility
of thedrug (2) drug diffusion through the nanoparticle matrix; (3) desorption of the surface
attached/adsorbed drug; (4) oaarticle matrix erosion/degradation. Thus, the propelikes
solubility, diffusion and biodegradation of the matrix materials govern the release pfh68%s

The rapid initial burst release is particularly attributed to weakly bound or adsorbed drug to the
surface of nanoparticld&66].The solubility and diffusivity oflie drugin polymer matrix also

plays measure role in controlling drug releas#en the drug is encapsulated by incorporation
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method, the system offers a relatively small burst effect bettersustainedrelease
characteristic§167].

The in vitro drug release can be studied by various methods e.g.: (1) dialysis bag diffusion
technique; (2) sidéy-side diffusion cells with artificial/biogical membranes; (3) reverse
dialysis bag technique; (4) agitation followed by centrifugation{{&gfiltration or centrifugal
ultrafiltration techniqueq158]. Usually, the release study is performed by controlled agitation
followed by centrifugation.

2.6.Vaccine-induced immunity

The objective of vaccination with any formulation is to express the innate and adaptive immune
responses to infectioji68], [169] Theantigenpresentingcells such as dendritic cells play an
importart role in both innate and adaptive immune respofis&3. On recognition of microbial
surface determinants, antigpresenting cells (APC) undergo maturation leadilngy a
redistribution of MHC (MHC | and MHC II) molecules from intracellular compartments to the

cell surface, secretion of cytokines, morphological changes of dendritic cells and cytoskeleton
reorganizationj61].

The antigens are internalized either throughehdocyticpathway or norendocytic pathways

[171]. The norendocytic pathways involve the engulfment of antigen by the APCs
(phagocytosis) and its degradation by proteolytic enzymes and reactive oxygen species. The
resulted degided products (peptides) are then displayed on MHC class Il molecules and are
recognized by CD4+ T cells to stimulate the antibody production and the formation of memory
T-cells [61]. However, in thecaseof nonendocytic pathways, antigens derived from the
pathogen are processed via proteasome which then display peptides on MHC class | molecules
[172]. The displged antigen is recognized by CD8+ T cells that have cytotoxic activity toward
infected host cells. In practice, the response against pathogen infection may encompass a mix of
all these (MHC | and MHC Il response), further complicated by the stimulatiopraef
inflammatory Th17 cells and controlled by regulatorgdlls, but a predominant responses (Thl

or Th2) may be necessary to resolve the infedd@s)].

2.7. Antigensdelivery using nanoparticles

Antigentloaded polymeric nanoparticles represent a novel approach for the enhancement of
antigenspecific humoral and cellular immune responses via selective tardéiingl70].
Dendritic cells (DCs) @ known to be initiators and modulators of immune responses by
processing antigens through both MHC | and MHC Il pathways. Immature DCs encounters
pathogens, specific antigens, or particulate antigens at the introduction site. After phagocytosis,

the foragn antigen has been taken up into the DCs that present the antigens on MHC class Il or
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MHC class | molecules by crogsiming [172]. Therefore, the antigen delivery to DCs is of key
importance in the development of effective vaccines.

OVA encaps ul-RGAEBh nawdpdrticles(OVWPS) were efficiently taken up into
DCs, whereas the uptake of OVA alone was hardly detecfahleSimilarly, other types of
nanoparticles likéLGA or liposomes are efficiently phagocydsby the DCs, ensuing in their
intracellular localizatioj174], [175}

2.8. Nanoparticles mediated dendritic cell activation

The current research has been focused largely on determining the degree of DC maturation
induced by exposure to polymeric nanoparti¢ie&s]i [178]. After successful antigen likery

to DCs, the control over DC maturation is deeply involved in the development of effective
vaccines. The maturation of DCs is associated with increased expression of many cell surface
markers, including some iimulatory molecules CD40, CD80, CD83P86, MHC class |,

and MHC class 1]179].

Upon exposure of these DCs to the nanoparticles, the expressiorstiinatatory molecules
(maturation markers) was increased in a eisgendent manngil80]. However, both the
uptake of nanoparticles and characteristics of the polymers forming the nanoparticles are
important for the induction of DC maturation. Previous research obshigkereffects of DC
activation by the nanoparticlekespite the smallesize. Thus, the DC maturation is affected by

the surface interactions between the nanoparticles and[Di3$, [181] DC maturation by

PLGA nanoparticles was observed by a modest increase in the expression of MHC class Il and
CD86 compared to contro]$75].
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Table 2.2 Summary of the various types of NPs currently being studied for their use as vaccine carriers.

Review of Literature

Type Matrix/expression system Size Antigen (pathogen Route of References
immunization
Polymeric Poly(lacticco-glycolic acid) 100 200nm Docetaxel; Intramuscular, [5], [61], [67], [182] [184]
(PLGA); 800nm TetHc (Tetanus); Intravenous
Poly(lactic acid) (PLA); 1li5em Hepatitis B;
Poly(glycolic acid) (PGA); 248 nm SBm7462 Boophilus microplug
Poly(hydroxybutyrate) (PHB); Rv1733c . tuberculosi¥
Chitosan; SPf66 P. falciparummalaria)
Dtxd (Diphtheria)
Ovalbumin
gp120 (HI\1)
Non-degradable Gold; 2i150nm Plasmid DNA expressingemagglutiniri Intradermal, [95], [98], [184] [187]
Silica; 51470nm (Influenza); Intramuscular,
Carbon; 20i 300 nm Hepatitis B; Subcutaneous,
Iron MSP1 Plasmodium falciparujn Intravenous
BSA
Liposomes MPLA,; 50i 500nm R32NS1 (malaria); Intramuscular, [61], [67], [184], [188] [190]
(non-viral lip ids Phospholipid S100 and 200 nm Cholera toxin; Intravenous,
cholesterol; Circumsporozoite (malaria); Subcutaneous,
Phosphatidylcholine and Lipid A; Oral,
cholesteral CtUBE fusion peptide (H. pylori); Intranasal
KWC Y. pestis;
Polysaccharides

(Streptococcupneumaiae
serotype 14)

VMPO001

(Plasmodium vivax
RTS,S/ASO01BPlasmodium
falciparumCSP + hepatitis B
protein hybrid)

Virus-like particles Baculovirus 55160 nm (HPV) Major capsid protein, L1 (HPV); Intramuscular, [61], [184], [191] [194]
E. coli 10G' 200 nm (HIV) FMS-like tyrosine kinaseeceptoligand, FL Subcutaneous,
Mammalian cells 8Gi 120 nm (H1N1) (HIV); Intraperitoneal,
Yeast 27160 nm gag precursoprotein, pr45 (HIV); Oral,
HIV envcDNA (HIV); Intranasal
Haemagglutinin (H1N1);
Nicotinamide (H1IN1)
Matrix protein M1 (H1N1)
ISCOMs Saponin (Quil A) 40 nm HIV-1(gp120/160) Intramuscular, [61], [184], [195] [197]

Phospholipid
(phosphatidylethanolamine,
phosphatiglicholine)
Cholesterol

Viral proteins

FIV(p130)
E. falciformis (p27)

Subcutaneous,
Oral
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2.9. Gene delivery by polyion complex NPs

Over he past decades, the interest in the possibility of using-logserl therapy and DNA
vaccination for treatment of both genetic and acquired diseases such as infections, degenerative
disorders and cancer, has grown exponentially, mostly due to the devetopMmseveral
methods for delivering genes to mammalian cells (viral andvirah vectors)[198], [199]
Genetic or DNA vaccination is the common name feomation methods that induce immunity

by transfecting eukaryotic host cells with DNA that encodes a therapeutic protein, instead of
injecting antigens in the form of proteins or peptides. This approach (the third vaccine
revolution) provides a number @tential advantages over other traditional approaches, like
generation of both humoral acdll-mediatedmmune responses, improved vaccine stability, the
absence of any infectious agent and the relative ease ofseagemanufacture with high purity

[6], [200], [201] The safety, simplicity, versatility, stability, ease of production, nontoxicity, and
broad of immunity andbng-lastingcytotoxic T lymphocyte responses make DNA vaccines very
attractive for antiviral/antibaerial/anticancer immunization strategj2s], [202]i [204].

The use of plasmids as vexgas an active area of investigation due to their great potential for a
safe use in prophylactic and therapeutic vaccination. Once administered, DNA vaccines activate
both humoral and cellular immune responses against targeted illnesses. Novel detiteamg sy

for administration of pDNA vaccines are central to addressblogediscussedecessitie$5],

[6], [205]. This delivery system should be a modern and sophisticated form of an adjuvant with
engineered immunological properties. Amgopossible delivery systems, nanoparticles (NP)
based delivery of DNA vaccines to APCs, is an emerging and promising approach used for
optimizing DNA vaccine formulation for immunotherafsy, [6].

DNA delivery is, however, a difficult procedure and an appropriate vestoequired for
efficient protection as well as DNA release. Noral gene delivery mainly relies on DNA
condensation induced by cationic agents. Cationic polymers have been widely preferred to
condense DNA through electrostatic interactions between negatihaeinged DNA and the
positively charged catioj206]. The biocompatible nanopolymers suctpal-(D, L-lactideco-
glycolide) (PLGA) and chitosan are attractive for DNA delivery applicatifsis [61], [207],

[208]. Chitosan NPs hold promise because of their ability to protect encapsulated nucleic acid
based antigens from nuclease degradation and promote debivegsorbed DNA to APCs
[209], [210] In the caseof synthetic polymers like PLGA, besides DNA protection, the
encapsulation permits a controlled DNA delivery system to be designed with controllable
degradation times and release kinet€dDNA for prolonged gene expression over a required

time. For example, PLGA undergoes ester hydrolysis in the physiological environment with the
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formationof biocompatible monomef211]. Nanoparticles based delivery systems for plasmid

DNA (pDNA) (which encode target gene of interest) administration neayeysto improvethe
transfection efficiencyn-vivo evenat alower dose.To improve the transfection efficiency of
Chitosan/DNA complexes -PGA/ChitosarlDNA-conjugatedhanoparticles were formulatdxy

an ionicgelation method for transdermal gene delivery using apm@ssure gene gudi05].
Moreover, t hHeGAp ZNVANPREIX/ o was hi ghl y-PGA=speeifit up |
receptormediated pathay and showed extremely high transfection efficienf@ég].

2.10. NanoparticleAntigen interaction

Vaccine formulations comprising nanoparticles and antigens can be classified by nanoparticle
action into those based on delivery system or immune potentiator approaches. As a delivery
system, nanoparticlesan deliver antigen to the immune cell in 2 ways, (aingestion of the
antigen and nanoparticle by the immune cell, or (b) transient delivery, i.e. protect the antigen and
its control release at the target location. For immune potentiator approacnegariicles
activate certain immune pathways that might then augment antigen processing and improve
immunogenicity[208], [213] The attachment of antigen has been achieved through simple
physical adsorption or more complex methods, such as encapsulation or chemical conjugation.
The physical adsorption of antigen onto a nanoparticle is noeefb on the basis of charge or
hydrophobic interactiofi213], [214] where the interaction between nanoparticle and antigen is
relatively weak that lehto rapid disassociation in vivo. The stronger interaction is observed in
the caseof encapsulation and chemical conjugation of antigen to nanoparticles. The antigens are
mixed with nanoparticle precursors during formulation, resulting in encapsulataomigéninto
nanoparticle$208]. On the other hand, the antigen is chemically elioged to the surface of a
nanoparticle which is released inside the cell after taken up togethehwitlanoparticl§215].

The attachment or interaction of antigen with nanoparticles are not essential for immune
potentiator approaches and sometimes, it may be undesirable in cases madifjedica

structure that occurs at the nanoparticle interface.
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Figure 2.4: Interaction of nanoparticle with antigen. Formulation of nanoparticle and antigen of interest can
be through attachment (e.g. conjugation, encapsulation, or adsorption) or simpleiring.

2.11. NanoparticleAntigen presenting cell (APC)interaction

The incorporation antigenic componeinto nanoparticles has attracted extensive attention
towards the mechanism for efficient antigen delivery to antigen presenting cells (APCs) and
subquently induce their maturation followed loyosspresentationof antigen to induce a
potent immune respon§&76], [177], [216]

The APCs like dendritic cells (DCs) and macrophages are measure role in antigen processing as
they efficiently uptake and process antigen. So, the better understanding of the mechanism
behind nanopartie and APCs interaction is very important for developing efficacious
nanoparticle vaccing®17], [218]

DCs preferentially uptake virusized particles (2®00 nm) while macrophages preferentially
uptake larger sized particles (0% pm) [219]. In the smaller the particle size, a higher
percentage of the DCs interacted with the polystyrene sph@2®]. Similarly, PLA
nanoparticles of size 20600 nm were efficiently taken up by macrophages in comparison to
microparticleq221].

Particle shape and surface charge are equally important particulate physicochemical factors and
play crucial roles in the interactidmetween particles and APCs. In general, cationic particles
induced high phagocytosis activity of APCs, because of the anionic nature of cell membranes
[220]. Recently, particle shape has been identified as having a significant effect on the ability of
macrophages to internalize particles via adtiven movement of the macrophage membrane
[222]. For larger particles (>1 um), particle shape plays a central role in phagocytosis by
macrophages as the uptake of particles is strongly dependent on the shape at the interface
between particles and AP@222]. The hydrophobic particles are reported to indudegaer

immune response in comparisonhgdrophilic oneg223], [224] A number of other factors
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such as surface modification (e.g. PEGylation, targeting ligands) anthea@rgo have been

shown to influence the interaction between nanoparticles and APCs §225¢
2.12. NanoparticleBiosystemsnteraction

The knowledge of the interaction of nanoparticles with biological systems is very much essential
in designing safe and efficacious nanopatrticle vaccines as it determines the fate of nanoparticles
in vivo. The physicochemical propertie§ nanoparticles including size, shape, surface charge
density, and nature (hydrophobicity) affect the interaction of nanoparticles with immune cells
[224] and plasma proteing26], [227] These interactions withanoparticles, as well as the
morphology of vascular endotheliuplay a significant role in thdistribution of nanoparticles

in various tissues and organs of the bf08].

The lymph node targetedanoparticlebasedvaccine delivers the antigen at LN by direct
drainagd228], [229] or by migration of activated ppheral APCH230] for optimum induction

of immune response. The delivery of nanoparticles to the LN is mainly influenced by size.
Nanoparticles with a lower size range ofi 100 nm can easily pass thigh the extracellular

matrix and move to the LNs where they are taken up by resident DCs for activatioa of
immuneresponsg208]. However, the larger nanoparticle (>100 nm) linger attdministration

point and are subsequently encountered by local ARQ®]. The biological environment and

route of administration can also affect the draining of nanoparticles to th208Y [231] After
successful antigen delivery, the nanoparticles should undergo degradation and make it cleared
from the body. If the nanoparticles are not degraded or excreted from the body, it accumulates in
different tissues and organ causing adverse effects. Clearance of nanoparticles could be achieved

through degradation by the immune system or by renal or biliary cled2g8®tje
2.13. Routes of administration

The applications ofhe nanoparticlebasedvaccine in oral and parenteral routes have been very
well explored and applications in pulmonary and ocular delivery have been discovered.
However, thei applications in nasal, buccal and topical delivery are still awaiting exploration
[233].

2.13.1. Mucosal Vaccination

Oral delivery

Oral delivery of drugs/antigen using nanoparticles has been shown to be far superior to the
delivery of free drugs in tens of bioavailability, biodistribution and residence tif284]. The
advantage of using polymeric nanoparticles is to allow encapsulation of bioactive molecules and

protect them against enzymatic and hydrolytic degradation [@3#]. The use of submicren
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size particular systems in oral drug delivery, especially peptide drugs, has attattekbrable
pharmaceutical interest. The efficacy of the orally administered drug mainly depends on its
solubility and absorption through the gastrointestinal tract. So, a drug candidate that represents
poor aqueous solubility and/decomposition ratémited absorption is believed to possess low
and/or highly variable oral bioavailabilif226].

Pulmonary delivery

The main problems with the nasal delivery of antigens are; a. the free antigen is readdg c

from the nasal cavity, b. poor absorption by the nasal epithelial cefjeneratea low immune
response. To overcome these problems, encapsulation of antigen into bioactive nanoparticles is a
promising approach to nasal vaccine deli{28%]. Pulmonary drug delery has many
advantages, offering a large surface area for solute transport, rapid drug uptake, and improved
drug bioavailability compared to other drug delivery strateff#86], [237] Nanosuspensions

may demonstrate to be an ideal approach for delivering drugs that display poor solubility in
pulmonary secretionf226]. Furthermore, because of the nanoparticulate nature and uniform
molecular distribution ohanesuspensionst is very likely that in each aerosol containing the
drug leads to even distribution of the drug in the lungs as compared to the micropartarufate

of the drug. Nanosuspensions could be exploited in all available typesretthkzef238].
2.13.2.Parenteral vaccination

Parenteral routes commonly employed for vaccination purposes include the intramuscular (IM),
subcutaneous (SC), and intraderifBl) routes.

Intramuscular route

The IM route is a very popular route for routine vaccination to induce both cellular and humoral
immune response. Myoblasts are antigessenting cells (APCs) found in the muscle tissue
responsible for immune response e@etion after IM administration. However, due to the
inadequate number of dendritic cells in the muscle in comparison to the skin, it is necessary to
administer higher doses of antigen by the IM route in order to elicit an effective immune
responsg239]. Myocytes are incapable of activating T cells directly as they do not express
major histocompatibility complex (MHC) class Il molecules and are devoid -sficwlatory
compounds. Myocytes do not express major histocompatibility compledC{Mclass I
molecules and are devoid of-simulatory compounds, rendering them incapable of directly
activating T cell4240]. IM immunization results in a predominant Th2 response unless boosters
are given subsequent]®39]. Examples of vaccines which are currently administered via the IM

route include hepatitis A, hepatitis B, diphtheria toxoid, inactivated polio \v@cpertussis,
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human papillomavirus (HPV), rabies vaccine, Streptococcus pneumonia, and tetanus toxoid
[241].

Subcutaneous route

The SC route is very valuable for antigen delivery due to the drainage géraritom the
injection site to lymph nodes that contain the immunocompetent cells. Nanoparticles have been
explored extensively by the subcutaneous routeafjuvant vaccingurposes[242], [243]
Particles less than 100 nm in size are able to enter the lymphatic capillaries via the gaps between
lymphatic endothelial cells. Particles between-1000 nm undergo phagocytosis by ARPCs
such as dendritic cells, followed by passage into lymphatic capill§2il]. The antigen
immunization through this route offers many advantages that include lower clearance and longer
persistence at thsite of administration resulting in prolonged antigen presentation to the
immune systenfi244]. Examples of vaccines which are currently administered via the SC route
include the anthrax vaccine.

2.13.3.Intradermal route

Intradermal route of vaccination isethmost common method for the delivery of drugs and
genes. It involves the injection in the outer layer of the skin to reach immunologically sensitive
epidermis. Generally, the drug is emulsified with an adjuvant to form a depot scabewo
prolongedreleaseof drugs in a controlled manner. Thanoparticlebasedntradermaldelivery

is able to induce DC maturation and enhance immune responses after intradermal injection
[245]. The intradermal injection of hen egg lysozyme (HEL)/CpG (cytegusmine tandems)
nanoparticles induced a more pronounced Thl immune response compared with the HEL and
HEL/CpG topical formulationd246]. Similarly, the intradermal delivery oDVA-loaded
stabilized thiolated N'rimethyl Chitosan (TMG)Hyaluronic acid (HA) particles have elicited
superior immunogenicity compared to rstabilized particles indicated by higher IgG titers
[247].

2.14. The bacterial pathogenAeromonashydrophila
2.14.1. Systematic position

Phylum: Proteobacteria
Class: Gammaproteobacteria
Order: Aeromonadales
Family:Aeromonadaceae
Genus:Aeromonas

Specieshydrophila
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The ggnusAeromonass one of the several medically significant genera that hesreasingly
becomea troublesom@roupfor physicians and microbiologists alike by virtue of their changing
phylogenetic relationships, evolving taxonomy and controversial roleemain diseases
[248].Aeromonads are ubiquitousxidase positivefacultatively anaerobic, glucosermenting,
Gramnegativebacteria that are native to aquatic environm§gu8®]. They have been found in
brackish, fresh, estuarine, marine, chlorinated and unchlorinated water supplies worldwide, with
highest numbers obtained in the warmer mof#&, [249]. Aeromonads have been isolated
from diseased coldand warmblooded animals for over 100 years and from humans since the
early 195094250].The ubiquitous nature éeromonaspecies in aquatic environments provides
ample opportunity for animals, particularly fish and amphibians, to come into contact with, and
to ingest organisms$Such contact may lead to infection, which depends on the species and the
virulence of the strains encountered, may havelifeatening consequences.

2.14.2. Pathogenesis

Aeromoniasisan important fish disease is caused by this bactg@ainA. hydrgphila hasbeen
associated with several disease conditions in fish, including tail rot, fin rot, dupsysand
haemorrhagisepticaemiaHaemorrhagisepticaemias characterized by the presence of small
surface lesions, often leading to sloughingadfthescales,haemorrhagingn the gills and anus,
ulcers, abscesses, exophthalmia (bulging eyes), and abdominal swelling (dropsy) often seen in
European carp culture. Internally, there may be the presence of ascitic fluid in the peritoneal
cavity,anaenmm, and swelling of the kidney and livEx9], [251].

The bacteria multiplyin the intestine, causing haemorrhagiaonucousdesquamative catarrh
(excessive mucous secretion). Toxic metabolitesAofhydrophila are absorbed from the
intestine andnduceal poisoning. Capillaryhaemorrhag®ccurs in the dermis of fins and trunk

and in the submucosa of the stomach. Hepatic cells and epithelia of renal tubules show
degeneration. Glomeruli adestroyedand the issue becomebsaemorrhagicwith exudates of
serum and fibrij251].

Aeromonasspecies produce many products that may be toxic to other cells. Some are released
from viable cellsin soluble form. Others may remain associated with the cell surface, and still
others may be released upon cell death. Three of the extracellular protégremionaspecies

that have been implicated in pathogenicity have been cloned, sequenced, @uteched
biochemically. These araerolysin GCAT (glycerophospholipid: cholesterol acyltransferase),
and a serine proteafggh?], [253]

A. hydrophilaprodu ces ot her toxins such as Ub hemol ys
as a well as enzymes such as phospholipases, proteasasesiyldholinesterasg@54], [255]
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which are very important for the development of resistant strains and pathogenicity for the host

organismswhile acetylcholinesterags extremely lethato fish.

2.14.3. Prevention and control

Chemotherapeutic agents are used for the treatmenthydrophilain fish farms. Isolates oA.
hydrophilain fish have been found to be sensitive to chlodaemicol, florfenicol, tetracycline,
sulphonamide, nitrofuran derivatives, apgridine carboxylicacids [256], [257] However,
antibacterial therapy provides only shtetm relief if adverse environmental conditions such as
high watertemperature, low water flows, low oxygen levels, or crowding are not promptly
corrected. Prevalence of many serotypes in a locality complicates the process of developing
vaccines to this pathogen. -Bate no such commercial vaccine is available in the dvtarl
prevent aeromoniasisin fish. However, recent reports on these of immunostimulatory
substances in fish have shopmomisingresults to protect frormeromoniasig fish [258].

2.14.4. Outer membrane protein‘A. hydrophila

The Outer Membrane (OM) @k. hydrophilais a complex structure whiamainly consists of
lipopolysaccharide (LPS), phospholipids and a group of outer membrateenpr¢Omps)he

OM of pathogenic gramegative bacteria is mainly responsible for establishing initial
adherence, modulatestpathogerinteraction, overall survival of the organism and propagation
of virulence factof35]. It also has protective antigenicity, because OM components are easily
recognized as foreign substances by immunological defense systems of theOhgsisre
reported to be conserved among different serovars. Some of theenaseadhesins and play an
important role in virulencg36]. Ompsare located at hddvacterial interface iA\. hydrophila

and can be targeted for drug thergpg].

2.15. The bacterial pathogenVibrio cholerae
2.15.1. Systematic position

Phylum: Proteobacteria

Class: Gammaproteobacteria

Order:Vibrionales

Family: Vibrionaceae

GenusVibrio

Speciescholerae

Vibrio choleraeis a "comma" shaped Granegative bacterif81] with a single, polar flagellum

for movementlt is a facultative anaerobic organisihhastwo circularchromosomestogether

32



Chapter2 Review of Literature

overall 4 millionbase pair®f DNA sequence and 3,885 predictghes[31]. The genes for
cholera toxin are carried by CTXphi (®T Xd) ,
choleraegenome. CTXU0G can tr ans mi\. chadnaestranroaanotherx i n
through horizontal gene transfer. The genes for toriregulated pilus are coded by the VPI
pathogenicity island (VPI). The main reservoirs\bfcholeraeare human and aquatic sources

such as brackish water and estuaries, often in association with copepods or other zooplankton,
shellfish, and aquatic planf259]. The pimary association between humans and pathogenic
strains is through water, predominantly in economically reduced areas that do not have good
water sanitization systenj260]. Thee are two serogroups &f. cholerag O1 and 0139 can

cause the occurrence of cholera. O1 causes the majoatytlmkeaksvhile 0139 (first identified

in Bangladesh in 1992) is restricted to Southeast Asia. There are some other serogxbups of
cholerae with or without the cholera toxin gene (including the ftoxigenic strains of the O1

and O139 serogroups), can also cause a chikerdiness. Only toxigenic strains of serogroups

O1 and 0139 have been reported to cause widespread epideinatmlerae Ol has two
biotypes, classical and El Tor, and each biotype has two distinct serdtypesand Ogawa.

The symptoms of infection are indistinguishable, although more people infected with the El Tor
biotype remain asymptomatic or have only a mild illndssrecent years, infections with the
classical biotype o¥. choleraeO1 have become very rare and are limited to parts of Bangladesh
and India[261]. Recently, new variant strainsugabeen detected in several parts of Asia and
Africa. Observations suggest these strains cause more severe cholera with higher case fatality
rates.

2.15.2. Pathogenesis

V. cholerae enters the human body through ingestion of contaminated water or food. The
bacteria enter the intestinemmbeditself in the villi of intestinal absorptiveells, and releases
cholera toxin. Cholera toxin (CT) is an enterotoxin made up of fegailiRinits that form a pore

to fits one Asubunit[262]. CT is made from fil @6BeAphageas ph
gene is also responsible for another virulence fact®. gholerage which is toxin ceregulated
pilus (TCP) (a [R&dc €. mholeraecard cause yAdX@es ranging from
asymptomatic to cholergravis Symptoms include abrupt onset of watery diarrhegrég and

cloudy liquid), occasional vomiting, and abdomir@bmps[32]. Dehydration ensues, with
symptoms and signs such as thirst, decreased skin turgor, dry mucous membranes, hypotension,
sunken eyes, weak or absent radial pulse, tachypnea, tachycardia, hoarse voice, cramps, oliguria,
renal failure, somnolence, seizures, coma, and death. Dehydration can lead to death in a few

hours to days in untreated children. The disease is also parycdangerous for pregnant
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women and their fetuses during late pregnancy, as it may cause premature labor B2 fetal
[263], [264] In cases of cholergravisinvolving severe dehydration, up to 60% of patients can

die; however, less than 1% of cases treated with rehydration therapy are fatal. The disease
typically lasts 46 days[32], [265]. Worldwide, diarrhoeal disease, caused by cholera and many
other pathogens, is the secdrdding cause of death for children under the adeanfd at least
120,000 deathare estimated to be caused by cholera each (&), [266] Cholera affects an
estimated & million peopleworldwide and causes 100,0a(80,000deaths a year as of 2010

[33].

2.15.3. Prevention and control

Treatment includes rehydration and replacement of lost digeso which are important ions,

such as sodium and potassium, used in biochemical processes to keep the body alive. Because of
the low quality of water treatment in many poverty ridden countries, rehydration with clean
water can be impossible without meali aid and supplies. Oral cholera vaccines are increasingly
used as an additional tool to control cholera outbreaks in combination with the traditional
interventions to improve safe water supply, sanitation, hand washing and other means to
improve hygiene Cholera vaccines are vaccines that are effective in preventing cholera.
However, since it does not provide 100% immunity from the disease, food hygiene precautions
should also be taken into consideration when visiting an area where there is a high risk o
becoming infected with cholera. Oral vaccines provide protection in 52% of cases the first year
following vaccination and in 62% of cases the second [j&&at]. There are two variants of the

oral vaccine currently in use: W®BS and BivwC. WGBS (marketed as "Dukoral”) is a
monovalent inactivatke vaccine containing killed whole cells 9t choleraeO1 plus additional
recombinant cholera toxin B subunit. BiWWC (marketed as "Shanchol" and "mORCVAX") is a
bivalent inactivated vaccine containing killed whole cellsVofcholeraeO1 andV. cholerae

0139. mMORCVAX is only available in Vietham. Bacterial strains of both Inaba and Ogawa
serotypes and of El Tor and Classical biotypes are included in the vaccine. The vaccine acts by
inducing 2 types of antibodies; the antibacterial intestinal antibodieptbatnt the bacteria

from attaching to the intestinal wall and the dokin intestinal antibodies that prevent the
cholera toxin from binding to the intestinal mucosal surf2é8]. But still thereexistproblems

for which new strategy and research is needed in this @uwaently, cholera research more
focused for identification of Vc virulence factors and their regulation should lead to a universal
and hopefully one doseholera vaccine with high efficiend269]. It has been appreciated for
some time that Vc cells express protective antigens associated with their outer membrane (OM),
yet new subunit or KAC vaccines featurgn OM structures have not been developed as
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alternatives to the oral cholera vaccines that do not (or do not optimally) express Vc protective
antigeng37].

2.15.4. Outer membrane proteinV. cholerae

Virulencerelated outer membrane proteins (Omgo®) expressed in Granegative bacteria and

are essential to bacterial survival kit macrophages and for eukaryotic cell invasidme outer
membrane proteins of enteric pathogansone of theseveralfactors that are involved in the
interaction between the bacterium and the epithelial cell surface and confers resistance to the
bacteium to bile salts and to host defense factors such as lysozyme and leukocyte proteins

The Outer Membrane (OM) o¥. choleraeis a complex structure thahainly consists of
lipopolysaccharide (LPS), phospholipids and a group of outer membrane proteins)(Omp
High levels of transcripts for OmpU and multiple OM structures (OmpS, OmpV, OmpK, OmpC,
OmpW, and OmpA) were present along with a number of conserved hypothetical gdtgins
Apart from major virulent factors (toxiooregulated pilus; TCP and cholera toxin; CT), large
number other factors associated with the outer merabf@m), including lipopolysaccharide
(LPS), OM porins (OMPs) and flagella arainly responsible for establishing initial adherence,
modulate hostpathogeninteraction, overall survival of the organism and propagation of
virulence factof270]. The ToxR and ToxS regulatory proteins have long been considered to be
at the root of the/. choleravirulenceregulon, called the ToxR regulofioxR activates the
transcription of OmpU and represses the transcription of OmpT, outer membrane porins
important forV. choleraevirulence[271], [272] OmpU is more protective (compared to OmpT)
against the bactericidal effects of bile salts and other anionic detefg@@8isAn OmpU (a
general porinprologue vcal008, identified by IVET iseguired for mouse colonizatid@74].

OMVs are also promising immunogenic platforms andy pky important roles in bacterial
survival and pathogenes[275]. OMVs, Outer membrane vesicles function in transport of
virulence factors, adherence to and entry into host cellsnadtulation of the host response.
OMVs | argely repect the composition of -the o
negative bacterialmmunization with Vibrio cholerae outer membrane vesicles induces
protective immunity in mice by inducing spfcj high-titer immune responses of similar levels
against a variety of antigens present in the ONRZD], [276] Ompsare highly immunogenic

due to their exposed epitopes on the cell surfsoelencerelated outer membrane proteins
(Omps)are essential to bacterial survivalteim macrophages and for eukaryotic cell invasion

that could be aalternativecandidate for development of subunit vaccine againsholerae
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2.16. Challenges and futurgerspective

The rapid advancement in the field of nanomedicine might be duerfocus on developing a
whole new range afianovaccinesvith novel delivery mechanisms. However, the application of
nanoparticles in vaccine delivery is still at an early stage of development. The challenges with
nanoparticlebasedvaccineinclude many fctors, e.g. difficulty in reproducibly synthesizing
stable and nolaggregated nanoparticles having consistent and desirable properties, a lack of
fundamental understandingbout the role of physical properties of nanoparticles affecting
biodistribution, argeting and nanoparticldiosystem interactions at all levels from tbell
through tissue and to tivehole body. Again, the limitations of NPs for the delivery of vaccines
range from concerns over the toxicity of tharticlesto difficulties in produang the materials

and presenting antigens in their native form. Therefore, rational design in combination with the
reproducible synthesis of nanoparticles with desirable properties, functionalities and efficacy
becomeincreasingly important, and it is aripated that the adoption of new technologies will
speed up the development of suitable nanoparticles for pharmaceutical applications.
Furthermore, there is a need for developing novel vaccine systems by integrating some other
essential properties, such sgecific targeting, slow release, alternative administration methods
and delivery pathways to fulfil the demand of the sirdpee and neediieee delivery will

become practical near future.

36



Chapter 3

Preparation and characterization of PLA and
PLGA loaded with model protein (BSA) or drug
(Clindamycin hydrochloride) nanoparticles

3.1. Introduction

Biodegradable nanopatrticles (NPs) are gaining increased attention for their ability to serve as a
viable carrier for site specific delivery of drugs anaceine. Recently nanoparticles (NPs)
(diameter: 10 to 1000 nm) delivery system has been proposed as colloidal drug [@Tiers
which serve as excellent carriers by enhancing aqueous solubility, increasing resistance time in
the body (increasing halife for clearance/increasing specificity for its associated receptors)
and targeting drug to specific location in tredip. Moreover, polymeric NPs have been proved

to enhance the oral bioavailability of orally inactive antibiof2g8].Various polymers have

been employed in the formulation of NPs for drug delivery research to increase therapeutic
benefits. Among them, pol{D, L- lactideco-glycolide) (PLGA), polylactic acid (PLA), are
considered to be highly beneficial because of their biodegradable and biocompatible nature
[65].They are widely used for human research due to Eigk approval (The Food and Drug
Administration, U.S.A.J279].

Clindamycin hydrochloride (®€hloro-7-deoxylincomycin hydrochloride) is aemisynthetic
analogueof a natural antibiotic lincomycint is available asa white crystalline powder and
administered orallylt is commonly used itopicaltreatment folacneand infections of the

skin, soft tissue  andinfections angeritonitis [280]. In patients

with hypersensitivityto penicillin, clindamycin is used to treat infections caused by
susceptiblgpathogenic aerobicbacteria. It is widely usedor the treatment of anaerobic
infectionscaused by susceptibémaerobidacteria including dental infectiond281] and
infections of theespiratory tract skin andsoft tissuanfections andgeritontis [282].
Clindamycin is also known to be useful in treating toxic shock syndrome in combination with
vancomycin[283] and reducing the risk of premature birthsvomen diagnosed withacterial
vaginosis[284]. Antimicrobid actions of clindamycin include bBreakdownof bacterial cell
membrane and inhibition of toxin synthe§®&85]. The bacteriostatic effect of clindamycin is

37


http://en.wikipedia.org/wiki/Topical
http://en.wikipedia.org/wiki/Acne
http://en.wikipedia.org/wiki/Soft_tissue
http://en.wikipedia.org/wiki/Peritonitis
http://en.wikipedia.org/wiki/Hypersensitivity
http://en.wikipedia.org/wiki/Penicillin
http://en.wikipedia.org/wiki/Aerobic_organism
http://en.wikipedia.org/wiki/Anaerobic_infection
http://en.wikipedia.org/wiki/Anaerobic_infection
http://en.wikipedia.org/wiki/Anaerobic_organism
http://en.wikipedia.org/wiki/Bacteria
http://en.wikipedia.org/wiki/Respiratory_tract
http://en.wikipedia.org/wiki/Soft_tissue
http://en.wikipedia.org/wiki/Peritonitis
http://en.wikipedia.org/wiki/Bacterial_vaginosis
http://en.wikipedia.org/wiki/Bacterial_vaginosis

Chapter 3 Preparation and characterization odds PLA ar

due to inhibition of bacterial protein synthebisbinding to the 50S rRNA of the large bacterial
ribosome subunit that inhibits the ribosomal translocd&28s].

Clindamycin is a time&lependent antibiotic; exerts its best bactericidal effect whedrtigeis
maintained above the MIC value in tf@mulation or alone. Hence, the time at which the
therapeutic drug concentration is above the MIC (T>MIC) value is considered as the primary
parameter and should be kept asiaimum standard to achieve thesired clinical outcomes

[76]. Therefore, sustaine@lease preparation haas important primaryole in the clindamycin
delivery. There are several problems associated with conventioettlods of Clindamycin use.

The drug could not reach thappropriateamount to the site of infection due to low
bioavailability and drug loss. There are also incidences of low efficacy due to degradability. We
hypothesize that if the drug can be encapsdlavithin a biodegradable system, it would
enhance the drug efficiency to a greater extent by conserving its natural therapeutic property. It
will not only protect the drug in its native structure but also be helpful in delivering the required
amount of dug at the target site in an efficient manner. This can be monitored and compared by
analyzingthe changes in structural and physiochemical properties of the free drug and the
encapsulated drudn the current study, an attempt has been made to formulaieRCA and
CLH-PLGA NPsby a doubleemulsion solvent evaporation method with an aim to overcome
the above mentionedlemerits. Here, we propose a better delivery model to offer several
advantages over conventional administration and delivery methodsdinglthe ability for

drug delivery to a specific site such as an intracellular infeg¢#i8h [74], reducing systemic
toxicity [75] and also to falitate sustained release of an antibiotic, minimizing dosing regimens
[76]. The characterization and comparison statlthe above formulatedNPs were performed

in order to foresee pswilities to design furthean endocytablecontrolled drug release system
which would provide less alteration to the general structure of the drug and can be available in
intact form at the molecularlevel. t might be useful in théreatmentof various lacterial
infections as well as it will reduce other related side effects.

Bovine serum albumin (BSA) was used as model protein since it is one of the most stable and
extensively used proteins for evaluating novel sustained release drug delivery R&#ém
There are manytypes of researclon the development of biodegradable nanoparticles
encapsulating protein or peptide drublewever, effects of critical parameters influencing the
sizeand surface charge, proteemcapsulation, preferred protein release pattern, extending the
duration of release the stability of proteins in theformulation narrowing polydispersity of

nanoparticlegtc. are under investigation to formulate them commercially.
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So, inan anotheattempt, formulation of PLA and PLGA NPs loaded with BSA was carried out
by of double emulsion solvent evaporation and characterization studies were performed to
optimize the physical parameters such as size, charge, PDlpddiggetc.

3.2. Materials andMethods

3.2.1. Materials

The drug, Clindamycin hydrochloride (CLH), polymeglylactic acid PLA; molecular weight:
85,006 160,000 Da),poly (D,L-lactic-co-glycolic) acid (PLGA50: 5Q molecular weight:
40,00075,000 Da) andolyvinyl alcohol (PVA) wereprocured fromSigmaAldrich, USA.
DichloromethangDCM) and Acetone (analytical grade) were purchased from Merck India Pvt
Ltd. Ultrapure water from MiliQ water system (Millipore, USA) was us#aroughout the
study.

3.2.2. Preparation of PLABSA and PLGA-BSA NPs
PLA and PLGA nanoparticles were formulated by wteoil-in-water (W/O/W) multiple

emulsion method In brief, the polymer was dissolved in dichloromethane (DCM), which
constituted the organic phase (OP) at a concentration of 50 mg/mL. Primalsian was made

using sonication (40W, 80% duty cycle, 20 cycl&péon sonifier450, USA) between antigen
solution in internal aqueous phase (IAP) with that ofgblymersolution as OP. The ratio was
optimized at 1:5, 1:8 and 1: 10 for bovine serlisumin (BSA). Bovine serum albumin (2.5%
W/V), Sucrose (10% W/V) and Sodium bicarbonate (2% W/V) were added to internal aqueous
phases during primary emulsion step. The resulting primary emulsion was drdgedseto
external aqueous phase (EAP) contain{1% W/V) PVA and (10% W/V) Sucrose solution.
The secondary emulsion was prepared by homogenization technique carried out at 10,000 rpm
for 10 min (Virtis, Cyclone I. Q. USA) for nanoparticle preparation process. The ratio of
primary aqueous phase (IAR) external aqueous phase (EAP) during secondary emulsion step
was maintained at 1: 4. After secondary emulsification process, the solution was stirred
overnight at room temperature for the complete evaporation of DCM. The particles thus formed
were washedhree times with iceold MQ water and lyophilized to get free flowing powder of

BSA-encapsulated particles.
3.2.3. Preparation of CLHPLA and CLH -PLGA NPs

The CLH-PLA and CLHPLGA NPswere prepared by following double emulsion solvent
evaporation methodccording to Machado and Evangelista with little modificati@8¥]. For
organic phase (OP), 0gm of PLGA/PLA polymers weralissolved in8ml organic mixture
(dichloromethane: acetone; 85:15, v/v). For internal aqueous phase (IAP), Ciatied

concentration i.e. 20 mg (drug: polymer; 1:20), 40 mg (drug: polymer; 1:10). 80 mg (drug:
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polymer; 1:5) were dissolved in phosphate buffered saline (PBS) (67mM, pH 6.0). The two
solutions (OP and IAP) were mixed by ultrasonication (LABSONIC ® MBEwn Biotech)

for 30 sec under cooling (output 4, 40% duty cycle) to forrfOMemulsion. The WO
emulsion mixture was slowly added to 100 ml of 1% (w/v) aqueous PVA solution \itgha
speechomogenizatiorat 8500 rpm for 8 min. The resultingA/w, emulsion was stirred at 300

rpm overnightfor the maximum evaporation of tleeganicsolvent. Then the precipitated NPs
were washed three times with ultrapure water at 12000 rpm for 15 min and the supernatants
were stored for estimation of free drugnally, the pellet samples (NPs) were lyophilized and
then used for further characterization. The prepared-GlA NPs were named as CLIRLA
1(drug: polymer:20), CLH PLA 2 (drug: polymer1:10), CLH PLA 3 (drug: polymery:5).
Similarly CLH-PLGA NPswerenamed a£LH- PLGA 1(drug: polymer; 1:20), CLHPLGA 2

(drug: polymer: 10), CLH PLGA 3 (drug: polymeri:5).

3.2.4 Characterization of NPs

Particle size, zeta potential and polydispersity index measurements

The size (Hydrodynamic diameter), size dizition (Poly Dispersity Index) and zeta potential
(Surface charge) of the NPs were analyzed by Zeta siZ&©BQZ Malvern Instruments Ltd,
Malvern, UK). The lyophilized samples were made an appropriate dilution with PBS (67 mm,
pH 6.0). Aliquots from edt preparation batch were sampled in dynamic light scattering (DLS)
cuvettesand NPs were then examined for equivalent diameters, size distribution, zeta potential
andpolydispersityindex. Particles diameters were assessabahtteringangle of 90° andt a
temperature of 25°C. Then determinations for diameter,pgtmntialand polydispersityindex

were measured for each preparation (in triplicate) and the standard deviations were calculated.
3.2.5. Determination of drug loading efficiency

The loading efficiencies of CLHPLA and CLHPLGA NPs were calculated
spectrophotometrically using standard cumvethodprepared by varying concentration of CLH
[288]. For standard curve, different dilutions of tdeugin PBS (3 ml) were taken arftkated

with 3 ml of 1% KIQ, solution, 2 ml of 30% K5O, and 10 ml of cyclohexane on a water bath at
60° for 45 min thencooled and the cyclohexane layer was removed. The extraction was
repeated (x 2) with 5 ml of cyclohexane and the combined extracts were diluted to 25 ml before
the absorbance was measured at B20 A similar procedure was followed for supernatants
(containing free drugs) reserved for determination of drug. The OD value was put in the

standard curvequation to find out the total drug content.
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The amount of drug loaded in the NPs was calculageslibtracting the free drug present in the
supernatant from the totdrug added during the preparation of the NPs using the following
formula

Total amount of Drug — Free Drug

Loading Effici = 100
oading Efficiency (%) Total amount of Drug *

Similarly, the antigen loading in NP®I(A-BSA and PLGABSA) was determined from the
total amount of antigen déd in the formulation and the antigen amount that was not
encapsulated. For this, the concentration of antigen (BSA) in the supernataamakaedoy

Pi er c e EBicBdbaewiniq acid)Protein Assay Kit (Thermo Scientifidp determine free
antigen concemation[289]. The amount of BSA protein encapsulated in the NPs was calculated
by subtracting the free protein present in the supernatant from thernatieih added during the

preparation of the nanopatrticles using the following formula

. [ - %) Total amount of protein — Free protein 100
. . — *
neapsulation Lificiency Total amount of protein

3.2.6. h vitro drug release study

The rate of CLH released from NPs was measured as a function of time during incubation in 1X
PBS. Triplicate samples of 5 mg NPs were suspended in 1 ml PBSianacentrifugegube and
sonicated briefly in an ultrasonic watertithaThe samples were then incubated on an orbital
shaker (200 rpm) at 37°C. At defined tipeintsthe samples were centrifuged. The supernatant
was collected and reconstituted by adding fresh PBS. The supernataotligatedand the

pellet (NPs) was remstituted by adding fresh PBS. The drug content in the supernatant was
estimated288]Jas discussed above. The percentage of drug release was plottedtageaizsti

the cumulative release was calculated.

3.2.7. SEM Study

The morphology of the NPs was investigated by scanning electron migyo§tenl 6480LV

JSM microscope). The NPs were fixed on adequate support and coated with platinum using
platinum sputter module in a higher vacuum evaporator. Observations under different

magnifications were performed at 20kv.
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3.2.8. DSC analysis
The phical states of CLHPLA 2, CLHPLGA 2 NPs and blank polymeriblPs were

characterized by differential scanning calorimetric thermogram analysigghDSC 200 B).

The samples (~12 mg) were seale@lmminumpans and heatathdernitrogenby heatingrate

of 1°C/min, the heat flow being recorded from°@to 200C. Indium was used as standard
reference material to calibrate the temperature and energy scales of the DSC instruments. The
data wereanalyzedand DSC thermographs were plotted with hieép of Microsoft excel.

3.2.9. Fourier transformed infrared spectra

FT-IR spectra (Shimadzu FTIR spectrophotometer: Model 8400 S) of CLH;RAI2 and
CLH-PLGA 2NPs were recorded in potassium bromide pellets. The spectrum was recorded
between 4000 and 400&musing a high energy ceramic source and DLATGS detectors.
Characterization by Fourier Transform Infrared (FTIR) was specifically carried out to determine
the adsorption of the drug in the prepared NPs by studying the chemical properties of CLH
conjugated NPsAfter knowing the functional groups, its bonding nature with NP was also
characterized.

3.2.10. Antibacterial activity

The antibacterial activities of the CEPLLA 2, CLH-PLGA 2 NPs andCLH were studied
against Streptococcudaecalis and Bacillus cereus.The minimum inhibitory concentration
(MIC) values were determined by following CLSI guidelines for the broth microdilution method
[290].Br i epy, bacteri al LurfaBetanPAgar maiumdcontainihgOb¥% e d o
peptone, 0.5% yeast extract, 1% NaCl and 1.5% Agar, at pH 7.5 + 0.2). The stock solution was
prepared by suspending the NPs in 4 ml of aqueous solution (phosphate buffer 67 mM, pH 7.4,
0.05% Tween 20 and 0.02% sodium azide) containefiorosilicate vials. The NPs were
incubated at 37°QGwvith shaking for 24 h. Supernatant samples of bO®ere collected by
centrifugation and stored at 4°C until checked for antimicrobial activit@sloramphenicol (a
common antibiotic) was used as fhasitive control and PBS was used as the negative control.
Bacterial cultures were added to the sterilikdgeller-Hinton Broth (MHB) (containing 30%

beef extract, 1.75% casein acid hydrolysate and 0.15% starch, pH 7.4 + 0.2). The MIC was
determined by usg 2-fold serial dilutions in the medium (MHB) containing 119900 pg/ml

of the test compounds. To each well of 96 well microtitre plate, 150 ul of medium (MHB) was
taken in duplicate, to which 10 ul of 0.5 McFarland standard (1.5 *CFW/ml) culture
pathogens from MHB was added. The inoculated plates were incubate¥Caio824 h. After
incubation, the bacterial growth was monitored by measuring the turbidity of the culture by a
microtitre plate optical colorimeter (OD600). The MIC was determined tlas lowest
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concentration of compound at which the visible growth of the organisms was completely
inhibited.

Theresults of experimental assaysre expressed as mean value * standard error (8HEjlent

t 6t e@neway ANOVA (analysis of variance) fomed by Duncanés mul t|
(DMRT) was performed using SPSS18 software to compare the variations in various parameters

at asignificanceevel of difference (p < 0.05).
3.3. Results

3.3.1. Physical properties

PLA-BSA and PLGA-BSA NPs

PLA and PLGA micro and nanoparticles were prepared bylauble solvent evaporation
method. Then BSA (2.5%) (PI of 4.8) was used as a model protein. The BSA encapsulated PLA
nanoparticles size was varied from 162.7+13.26 nm to 258.3+35. T2reparticle size dPLA

NPs (blank) was recorded as 43.73+ 4.77 nm. When OP: IAP (2.5% BSA) is maintained at 1:5,
1:8, 1:10, the size of the formulated PLA NPs w#58.3+35.12 nm (PLASAL), 196.8+23.22
(PLA-BSA1) and 162.7+13.26 (PL-BSA3) respectively. However, the loading ei#incy (%)

of PLA-BSA1l, PLABSAl and PLABSA3 were 61.6+5.25, 69.6+10.12 and 82.4+6.21
respectively.Similarly, The BSA encapsulated PLGA nanoparticles size was varied from
113.5£11.76 nm to 335.6+30.21 nithe particle size oPLGA NPs (blank) was recordeas
178.6£17.34nm. When OP: IAP (2.5% BSA) is maintained at 1:5, 1:8, 1:10, the size of the
formulated PLGA NPs werg35.6+30.21 nm (PLGASAL), 138.5+21.27 (PLGMASAL) and
138.5+21.27 (PLGABSA3) respectivelyThe zeta potential values of PEBSA NPs vere
ranged from-24.7+3.21mV to -32.7+5.32mV, while for PLGABSA NPs; it varied from-
19.1+£3.45V to-30.1+2.14nV. The negative charge confirmed the surface charge of both PLA
and PLGA NPsThe PDI values for all NPs were within good range. Indaseof PLA-BSA

NPs, the PDI value was lowest for PIBSA3 (0.337+.03). Similar results were also found for
PLGA-BSA NPs, where PDI value was found lowest for PL-B3A3 (0.356+0.04).The

physical properties of all the formulations are mentioned in Table 3.1.
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Table 3.1.Physical properties of BSA loaded PLA and PLGA NPs

Ratio of
Organic Phage:| Particle Size
Internal

Zeta
Potential

Formulation
code

Polymer

Sample
code

Loading
Efficiency
(%)

1 PLA blank 43.73+5.77 0.303:0.07 -24.8+6.75 =

2 PLA-BSAl 15 258.3+35.12 0.465+0.08 -32.7+#5.32 61.6+5.25
3 PLA-BSA2 1:8 196.8423.22 0.403+0.06 -20.5+4.31 69.6+10.12
4 PLA-BSAS3 1:10 162.7+13.26 0.337+.03 -24.7+3.21 82.4+6.21
5 PLGA Blank 178.6+17.34 0.324+0.06 -19.9+4.2 =

6 PLGA-BSAl 15 335.6+30.21 0.537+0.05 -19.1£3.45 65.28+5.25
7 PLGA-BSA2 1:8 138.5+21.27 0.518+0.04 -30.1+2.14 81.28+7.23
8 PLGA-BSA3 1:10 138.5421.27 0.356+0.04 -20.3+4.56 91.22+9.45

CLH-PLA and CLH-PLGA NPs

Various formulation factors wereperted to play a key role on the physiochemical properties of
polymeric nanomicroparticleformed[291]. In this study, CLH loaded iRLA and PLGA NPs

were prepared by w/o/w double emulsion evaporation technique varying the drug to polymer
ratio. The effect of the drug concentrations (1: 20, 1: 10, 1: 5) on the size of the obtained NPs
was analyzed. The physical properties of all the formulations are mentioned in Table 3.2.The
particle size ofPLA NPs (blank) was recorded as 42.93+ 1.77 nhe particle size increased

with the drug encapsulatianto the NPs. The sizes of NPs were 203.35+ 12.04, 323.5+ 16.39,
827.4 £ 10.20 nm at different drug to polymer concentration i.e. 1:20, 1:10 and 1: 5
respectively. In case of PLGA NPs (blank), thetipke size was 178.6 = 12.11 nm, while for
CLH- PLGA 1( 1:20), CLH PLGA 2 (1: 10), CLH PLGA 3 (1:5), the particle sizes were
196.45 + 8.78 , 258.3+ 11.23 and 456.5 + 12.36 nm respectiMetyzeta potential values of
CLH-PLA NPs were ranged frorl7.6+ 6.55mV to -30.5 £ 4.95mV, while for CLHPLGA

NPs; it varied from21.7 + 5.34mV to -33.5 £ 3.0 mV. The negative charge confirmed the
surface charge of both PLA and PLGA NPs. But very interestingly, the zeta potential were
highest when the drug: polyanconcentration was 1:1680.5 + 4.95mV for CLH- PLA2 and-

33.5 = 3.0mV for CLH-PLGAZ2).The size and charge distribution patterns of GRIEA2, CLH-

PLGA 2 are shown in Figure 3.1 and 3.2 respectivehe PDI values for all NPs were within
good range. Inhe caseof CLH-PLA NPs, the PDI value was lowest for CIFLA 2 (0.219 £

0.0)). Similar results were also found for CEFLGA NPs, where PDI value was found lowest

for CLH-PLGA 2 (0.176 + 0.01).
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Figure 3.1 Size (a) and charge (b) distribution patternof CLH loaded PLA NPs (PLA-CLH 2). The drug:
polymer ratio is 1:10. The average size and zeta potential were 323.5+ 16.39 nm af6.5 + 4.95mV
respectively.
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Figure 3.2 Size (a) and charge (b) distribution pattern of CLH loaded PLGA NPs (PLGACLH 2). The drug:
polymer ratio is 1:10. The average size and zeta potential were 258.3+ 11.23 nm aB8.5 + 3.0mV
respectively.
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Table 3.2. Physical properties of CLH loaded PLA and PLGA NPs

Polymer | Sample Conc. of | Ratio of Mean Zeta Poly Encapsulation
Polymer drug: Particle potential | Dispersity | efficiency (%)

(Code) (mg) size (mV) £ Index
(Diameter (PDI) =
SD

Blank - 400 - 4293+ 248+  0.454% -
(PLA) 177 7.67 0.05
CLH- 20 400 120 20335+ -19.8+  0.332+ 7.2£2.08
PLA 1 12.04 3.88 0.03
CLH- 40 400 1:10 3235+ 305+ 0219+  21.35:3.17
PLA 2 16.39 4.95 0.01
CLH- 80 400 15 8274+  -17.6+ 0423+  2454.29
PLA 3 10.20 6.55 0.04
Blank - 400 - 1786+  -327+ 0524+ -
(PLGA) 12.11 5.01 0.03
CLH- 20 400 120 19645+ 255+  0.650+ 45 +3.45
PLGA 8.78 2.88 0.05
1
CLH- 40 400 1:10 2583+  -335+ 0176+  65.69+228
PLGA 11.23 3.0 0.01
2
CLH- 80 400 15 4565+ 217+ 0353+ 7235231
PLGA 12.36 5.34 0.03
3

(CLH-PLA1-3, CLH-PLGA 1-3 were named according tahe drug: polymer ratio. The drug: polymer ratio of
CLH-PLA 1, CLH-PLA 2, CLH-PLA 3 were 1:20, 1:10, and1:5 respectively. Similarly The drug: polymer

ratio of CLH -PLGA 1, CLH-PLGA 2, CLH-PLGA 3 were 1:20, 1:10, and1:5 respecti\g). The results were
expressed ag meanz standard deviation.

3.3.2. Loadingefficiency

The loading efficiencies increased with the increase in drug concentratithve. daseof CLH-

PLA NPs, the loading efficiency (%) increased from 7.2+ 2.08 to 24429, when the drug:
polymer concentration increased from 1:20 to 1:5. Similarly in case of-RILGIA NPs, the
loading efficiencies (%) increased from 45 + 3.45 to 72.35 + 2.31, when the drug: polymer
concentration increased from 1:20 to 1:5. This studyvskothe loading efficiency of CLH to
PLGA was higher than CLH to PLA. CLH loading efficiency depended on the polymer type and

the physical state of the drug (solid form or in solution form) during processing.
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3.3.3.In vitro drug release

In vitro release of CLH was assessed from PLA and PLGA NPs into PBS (pH 7.4). The release
profile of CLH from PLA and PLGA NPs is illustrated in Figure 3.3. It is observed that CLH
release profile from CLHPLGA in a considerably slower than from CIHLA. In the caseof
CLH-PLA, 50 % of the drug was released within 4 hr. 75 % release of CLH was realized within
a period of up more than 48 hr. Buttire caseof CLH-PLGA, 50% drug was released within 8

h and 75% release of CLH was realized within a period of up more than 7

Cumulative release %

A-CLH-PLA
B- CLH-PLGA

20
10 4

0 T T T T T T T 1
0 20 40 60 B0 100 120 140 160

Time (hour)

Figure 3.3. In-vitro CLH release from CLH-PLA 2 and CLH-PLGA 2 NPs

3.3.4. SEM Study
The morphology of CLH loadeBLA and PLGA NPs were analyzed by SEM study. The NPs

were spherical structures as confirmed by scanning electron microscope (Sgie (84).
The surface morphologies of the particles were rough and rounded. Particles were found to be

regular and isolated in nature.

Figure 3.4 SEM photograph of (a) CLHPLA2 (Drug: polymer- 1:10) and (b) CLH-PLGA2 (Drug: polymer-
1:10).
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3.3.5. 5C studies

Thermal analytical studies of polymeric drug delivery systemsitaiesince the processes used

for their preparation arable tomodify the organization of the polymer cha[@92]. Figure 3.5

shows DSC data of CLH, PLA NPs, PLGA NRA_.H-PLA 2 and CLHPLGA 2. In the current

study, the blank PLA and PLGA polymer showed glass transition temperature (Tg) &t@®4.24
and 67.5°C respectively. Thermal analysis data (figure 3.5) showed that pure CLH possesses an
endothermic peak at 1%D related to the melting point. CLH melting peak was depleted in the
thermogram for the loaded PLA and PLGA NPs, indicating the presence of amorphous CLH in

the NPs. The results also showed a decrease in glass transition temperature of PLA and PLGA

polymerwith respect tamano encapsulatioof the drug.

0.0+ \, 0.0+ \\,
CLH-PLA CLH-PLGA

05+ 0.5

PLGA
PLA

DSC (mw/mg)
P
L
DSC(mw/mg)
>

CLH CLH
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20 40 60 80 100 120 140 160 180 200 220 20 40 60 80 100 120 140 160 180 200 220
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a b

Figure 3.5 DSC data: a. Thermal analysis graph of Clindamycin hydrochloride (CLH), blank PLA, CLH
conjugated with PLA (CLH-PLA?2); (b) Thermal analysis graph of Clindamycin hydrochloride (CLH), blank
PLGA, and CLH conjugated with PLGA (CLH-PLGA 2).

3.3.6. FTIR analysis

FTIR analysis measures the selective absormtiolight by the vibration modes of specific
chemical bonds the sample. The observation of vibration spectrum of encapsulated
drugpermitsevaluation ofthe typeof interaction occurring between the drug and polyrbis
interaction is due tthe vibrations of the atommsvolved (in thisinteraction)cansuffer
alterations in intensity and frequenf393]. FTIR studies of CLHPLA and CLHPLGA NPs
were performed to characterize the chemical straatfidrug conjugated NPs. Figure 3.6 shows
the FTIR spectra of CLHPLA 2 and CLHPLGA 2 NPs. Nearly similar peaks were observed in
both the prepared NPs some of which occurred at 3648@ri stretching), 3505 cih(O-H
stretching), 2946 ci{C-H stretcling), 2996 crif(C-H stretching), 1761 ct{ C=0 stretching),
1458 cm'(C-H bending), 1386 cf{N=0 bending), 1184 cth(C-N stretching), 1080 cth(C-O

stretching), 870 cihand 756 criif(N-H wagg for the CLHPLA 2 NPs whereas 3644 €nfO-
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H stretching), 999 cm' (C-H stretching), 2955 cth (C-H stretching), 1761 cth (C=0O
stretching), 1458 ci(C-H bending), 1398 cth(N=0O bending), 1183 cify 1086 cni(C-N
stretching), 866 cihand 749 crit (N-H wag$ for the CLHPLGA 2 NPs.

17.7
40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 500 4000
em-1

CLH-PLGA 2

3500 3200 2800 2400 2000 1800 1600

Figure 3.6. FTIR data analysis of CLH -PLA 2(a) and CLH -PLGA-3 (b).

As drug has a secondary amine group on its general structure whose peak is also detected by
FTIR studies. The analysis shows no alteration of secondary amine structure after conjugation
with PLA/PLGA NPs. But chnges have been fouradter conjugation with PLA/PLGA for

some functional groups like C=0, OH those which are abundant in FRIGANPS. These
functional groupsverefound very less in number in case of CLH drug alone.

3.3.7. Antimicrobial activity

The anibacterial activities were evaluated for the seleatado formulationgCLH-PLA 2,
CLH-PLGA 2) and CLH drug alone by determining their minimum inhibitory concentration
(MIC) values against pathogenic microorganisms. The MIC values are mentioned ir8Bable

In this study, MIC values of CLH were found to be 0.48 £+ 0.01pg/miSfoeptococcutaecalis
and1.95+0.04 pg/mL foBacillus cereusHowever, these MIC values were decreased when the
drug was encapsulated into PLA and PLGA NPs. U 2 showed MICvalues of 0.12+

0.05 pg/mL and 0.97+ 0.08 pg/mL, while CEHPLGA 2 showed MIC values 0.24+ 0.05 pg/mL
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and 0.48+0.06 pg/mL againStreptococcudaecalis and Bacillus cereusrespectively. MIC
values of CLH were found to hecreasedvhen the drug was loadé&ato PLA and PLGA NPs
as proved againStreptococcufaecalisandBacillus cereus

Table 3.3 Antibacterial activity of Clindamycin hydrochloride conjugated with PLA (CLH-PLA 2),
Clindamycin hydrochloride conjugated with PLGA (CLH-PLGA 2) and Clindamycin
hydrochloride, in vitro MIC in pg/mL

MIC (ug/mL) + Standard deviation

Formulations Streptococcus faecalis Bacillus cereus
Clindamycin hydrochloride 0.48+0.01 1.95+0.04
PLA-CLH 2 0.12+0.05 0.97+0.08

PLGA-CLH 2 0.24+0.05 0.48+0.06

3.4. Discussion

NPs based drug delivery system is now becoming a useful tool for controlling various acute
infectious stages, preventing complications and their relapse. Therefore, it is helpful in
overcoming the sensible disadvantages with {@mm therapieg294]. In addition, drugs
delivered through nanospheres that target particularly to the infected cells should have reduced
cytotoxicity associated with undesirebiodistribution of the free drug. Depending upon the
mode of action, NPs based drug delivery systems could perform bettenitraparticle based
delivery system due to their size and better presentation of af2i@elh [296]

The particle size increased with the increase in drug concentratibae MRs. The sizes of NPs
were 203.35+ 12.04, 323.5+ 16.39, 827.4 + 10.20 nmm atifferent drug to polymer
concentration i.e. 1:20, 1:10 and 1: 5 respectively. Similarly, for -GRHGA 1(1:20), CLH

PLGA 2 (1: 10), CLH PLGA 3 (1:5), the particle sizes ve196.45 + 8.78 , 258.3+ 11.23 and
456.5 + 12.36 nm respectivellfrom the particle size analysis repattcan be concluded that

the particle sizes were dependent on the initial concentration of the drug used tHaring
preparatiorprocess. Similar re#s were also documented earl[gB1], [297] Zeta potential is

a scientific term fothe measuremenf electrekinetic potential at the surface of the colloidal
particles, which has a great significance in comparing the stability of colloidal dispdd$6hs

The zeta potential indicates the degree of repulsion between adjacent particles and similarly
charged particles ithe dispersion For moleculesand particles that are small enough, a high
zeta potential confers stability (dispersion will resist aggregation). When the zeta potential is
low, the attraction between the particles exceeds repulsive force for which leads to flocculate.
When the drug: @lymer concentration was 1:10, the zeta potential were highest for both CLH
PLA (-30.5 + 4.95mV) and CLHPLGA (-33.5 = 3.0 mV) confirming highest stabiliffhe zeta
potential values of CLHPLA NPs and CLHPLGA NPs confirmedhat the drug: polymer
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concetration is important for the stability of drug loaded NPs. Hence, the current study
confirmed that the drug: polymer concentration is important for the stability of drug loaded
NPs.Thepolydispersityindex (PDI) is a measuremeottthe distributionof NPsand it gives the
distribution range from 0.000 to 0.5(@olydispersityindex greater than 0.5 values indicates the
aggregation of particlg298].The PDI values for all NPs were within good range. €RIEA2

and CLHPLGA-2 NPs have lowest PDialues confirmed the monodispersed nature of the
formulated NPsCLH loading efficiency depended on the polymer type and the physical state of
the drug (solid form or in solution form) during processing. The loading efficiency of CLH to
PLGA was higher tan CLH to PLA. The enhanced microencapsulatiothacaseof more
hydrophilic polymers might be ascribed to enhanced molecular interactions between the drug
and the polymef160], [299] This study showed the loading efficiency of CLH to PLGA was
higherthan CLH to PLA. This might be due to the reason that PLGA is more hydrophilic nature
than PLA.

It is observed that CLH release profile from GBHGA in a considerably slower than from
CLH-PLA. The rapid burst effect is very much delayed in case of-BLBA. That conferred

that binding ofthe drug to PLGA was stronger than to PLAn vitro release data indicated
proper drug (CLH) encapsulation that avoided the burst effect and offered an extended release
profile. A similar type of drug release studies waisserved in etodolac loaded PLGA NB60]

and minocyclindoaded PLGA NPJ301]. Thus, PLGA-drug can be a better oral delivery
system as it could withstand the drug even after 4 hr which is the standard required time for
retaining food in thestomach The surface morphologieof the particles were rough and
rounded. Particles were found to be regular and isolated in nature. These regular and isolated
forms of spherical structures were also observed earlier by Machado and Evangelstoin
cefoxitin loaded D, EPLA NP4287]. The smooth surface can also be correlated to lactide
content that adds hydrophobicity to the polymer. So, that could prevent the retentiateof

and the shrinkage could be avoided while drying. Also, paipiatéicle contact formain was
become less due to tipeesencef lactide (which causes hydrophobic) and ultimately prevents
agglomeratiorf302)].

Tg (glass transition temperature) represents the measurement of polymer chain flexibility for the
lactic acid polymers that indicates the hydrolysis pattern of the ester [828]sThe usual Tg
values reported for PLA and PLGA systems are more tha@ 3o, they are glassy in nature)

but can be clearly attributed to the presence of crystallites within the saf8pigs CLH

melting peak (at 13€C ) was depleted in the thermogram for the loaded PLA and PLGA NPs,

indicating the presence of amorphous CLH in the NPs. Similar results were aweaubin
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minocycline encapsulated PLGA NE)1] and in cefoxitin loaded DIPLA NPs[287]. With

this, it can be suggested that the drug was more uniformly dispireedhout he systemin

case of PLA and PLGA. The disappearance of the peak referred to the crystalline melting of the
drug which indicates that the drug clindamycin is uniformly dispersed throughout the polymer
matrix at a molecular levgR87], [305] The decrease in glass transition temperature of PLA
and PLGA polymer was observed with respectdoo encapsulatioof the drug. This may be

due toincreasdn the sizeof the particles whereas the glass transition temperature is inversely
related tahesize of particles in case dheamorphougpolymer[306].

From FTIRstudies,jt can be concluded #h there is not muchlteration inthe generalstructure

of CLH drug because of the presence of OH group and the drug is present in its native structure
without forming any hydrogen bond with any other functional group. As CH group is also
present in CLH dug, there is no alteration of CH group in the conjugated dru@. iond is
common to both polymers and CLH drug. Ther e
general structure. These observations confirmed that the intact form of CLH drug andot was n
involved in any chemical interactions with the polymers which were also observed for
nimesulideloaded ethylcellulose and methylcellulose NPs and microparti@d@4]. The
antibacterial activities of selectethno formulationCLH-PLA 2, Q_LH-PLGA 2) and CLH

drug alone werevaluatedy determining their minimum inhibitory concentration (MIC) values
against pathogenic microorganisms. MIC values of CLH were found tecbeasedvhen the

drug was loadethto PLA and PLGA NPs as proved agaiSsteptococcufaecalisandBacillus

cereus Therefore, this study confirmed the enhanced antibacterial activity of drug loaded NPs
than the standard free drug. Simiésnrhanced antimicrobial activities of drug loaded NPs were
also observed by many reseaers[74], [301], [307]

Hence, proving ouhypothesis successftdrmulations ofCLH loaded in PLA and PLGAIPs

were carried out. From the DLS analysis10 dilution (Drug: polymer concémation) was
proved to be the optimal ratio for the formulation of NPom CLH loading efficiency and
release profile studies, more hydrophilic PLGA offers better encapsulation as well as extended
CLH release profile confirming enhanced molecular intewas. Thermal analysis studies
suggested tha€CLH was more uniformly dispersed throughout PLA and PLGA matrix at a
molecular level. FTIR analysis confirmed the unaltered nature of drug CLH (no chemical
interaction with polymer matrix), which wasvary important parameter for better efficacy of
CLH-PLA/PLGA nano complex. Enhanced antimicrobial activities of €RIEA/ CLH-PLGA

NPs were proved againStreptococcugaecalis and Bacillus cereusmeasuredhrough MIC
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studies. Hencahe CLH drug was uniformly erapped in PLA/PLGA NPand theformulations

were proven to exhibit more effective roles usedlatver concentration.
3.5. Conclusion

The therapeutic efficacy of the drug Clindamycin Hydrochloride was significantly enhanced by
encapsulating into biodegfable polymer PLA/PLGA based nanoparticulate system when
compared with the free drug. The hypothesis with which we initiated the work has been
rightfully anticipatedand we could successfulbyercome the limitations of the drug when used
alone During the current investigation, CLHPLA and CLHPLGANPs of various sized
particles were formulated by varying the drug to polymer ratio from 1:5 to TiR#Osize, zeta
potential andpolydispersityindex values of CLHPLA NPs and CLHPLGA NPs confirmed

that the dug: polymer concentration is important for the stability of drug loaded Niesdrug

to polymer ratio 1: 10 were found to be optimal ratio for the formulation to be stable and
monodispersed CLH loaded PLA and PLGA NR#s formulation (both CLHPLA 2 and
CLH-PLGA 2) showed a significantly higher drug loading efficiency and a controlled release
profile extended up to 144 h. Higher drug loading andextendedLH releaseprofile were
observed inthe caseof CLH-PLGA NPswhich might be due to higher hydropbinature of
PLGA that causes enhanced molecular interaction. The spherical and isolated structures of both
CLH-PLA2 and CLHPLGA2 NPs were confirmed by scanning electron microscope (SEM)
study. The smooth surface and isolated nature of NPs can alsorélated to thgresencef

lactide that adds hydrophobicity to the polymer ultimately prevents agglomeration. The thermal
behavior(DSC) studies of CLHPLGANPs confirmed the disappearance of CLH endothermic
peak (156C) that indicatedthe uniform disperson of drug at a molecular level within the
system. From FTIRstudies,it was found that there was not mualieration inthe general
structure of CLH drug (due to conserved OH, CH ar@ Qroupetc.) after loading in PLA and
PLGA NPs. The antimicrobial aeities were enhanced in CLALA NPsand CLHPLGA NPs

than the standard free drug evidenckdm a decreasein MIC values tested against
Streptococcudaecalis and Bacillus cereus.Our formulations are shown to be useful and
effectiveTo maintain a susta@ release and drug concentration throughout medication process.
Hence, we can conclude that by encapsulation of CLH into PLA and PLGA NPs, the various
physiochemical properties of the drug increased satssfactoryextent. The drug was more
effective atlower concentration against pathogenic microorganisms which can be widely
applied in anumberof therapies by further designing successmtiocytablecontrolled drug

release system.
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Parenteral immunization of PLA/PLGA nanoparticle
encapsulatng outer membrane protein (Omp) from
Aeromonashydrophila; Evaluation of
Immunostimulatory action in Labeorohita (rohu)

4.1. Introduction
Todayods |l eading research on vaccine approac

acquiring immunity lg inoculation of norpathogenic but still immunogenic components of the
pathogen or closely related organisms. The growing issues of vaccine safety are in alarming rate
owing to their weak immunogenicity, poor immunizatiproceduresand failure to acquire
booster doses to potentiate prime doses. These are some of the strong reasons which have pave
the way towards research for ttievelopmenbf new generation therapeutic vaccine. Adjuvants

are used for development of new generation vaccine formulaticserte in multiple ways; to
enhance immunogenicity, providatigendosesparingto accelerate a robust immune response,
reduce the need for booster immunizations, increase the duration of protection, or improve
efficacy in immunocompromised individuals human and other live stocks. Hence, there is an
urgent need for improved and effective, with or without adjuvant based novel vaccine
formulations with minimal compositions like purified proteinsptides,etc. for particular
disease antigen in questiddecause of the chemical nature and mode of action, the safety and
efficacy of adjuvants in vaccine formulations vary to a greater extent. There are reports on
adverse effects arftyperactivatiorof theimmunesystem neurotoxicityand detrimental effects

when adjuvants are used fompeolongedperiod. Therefore, a relatively new system which is
stable with antigen combination and can provide comparable immunity to that of adjuvants
eventually can be treated as@anpletereplacement for the existing adjunta in use should take

the lead for development of advanced vaccine formulations. The strategy here is to develop such
a system.

Currently, controlled delivery systems consisting of biodegradable microsplaresphereact

as a promising vaccine carribecause it can potentially deliver the antigens to the desired
locations at predetermined rates and durations to generate an optimal immune rédp®nse.

strategies that have been tested includausi@®f polymeric carriers such as chitosan, py
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L-lactide-co-glycolide) (PLGA), and poly(lactic acid) (PLA) as adjuvant or delivery caf&r
Indeed, polymeric microand nanoparticles have been used to develop vaccines against many
infectious diseasefl33], [297] In fact, the immune response elicited by polymeric particles
might be infllenced by anumberof factors, such as thaner structure of particulate carriers,

use of amdjuvant surface charge, particle size, and surface hydrophobicity. These parameters
can also aect daerential uptake by macrophages and dendritic cells, wHaghan important

role in generating the immune resporj888]. PLGA/PLA polymers have the advantage of
being well chaacterized and commercially available for drug delivery sys{808].Among the
biodegradable microparticles, PLGA microparticles havebeeap ed as a vacci ne
[310].

The growing bacterial infections in various aquaculture systems are gaining much more concern
nowadaysbecause of increased disease modalities aifpdbod market, human health and
ultimately economic value including the added cost of controlling these diseases, recovery and
wellbeing. A. hydrophila is a pathogeniagramnegative bacterium associated with lower
vertebrates like fish, amphibiaf8]. Aeromoniasisan important fish disease is caused by this
bacterium[29]. A. hydrophilainfections in fishes have been reported from time to time in many
Asian countries including China, Philippines, Thailand, and IN@@]. Fish are frediving
organisms mainly dependent on th@nate immune system for survival. Nonspecific immunity

act as grimary defencemechanism in fish and also, it plays a key role indeeelopmenof
acquired immune respongB811]. Like mammals, humoral immunity in fish involves the
secretion of specific immunoglobulin directed to neutralize antigens and to activate complement
cascade in response to pathog@&i].

The Outer Membrane (OM) @k. hydrophilais a complex structure whiamainly consists of
lipopolysaccharide (LPS), phospholipids and a group of outer membrane proteins @mps).
OM of pathogenic gramegative bacteria is mainly responsible for establishing initial
adherence, modulatestpathogeninteraction, overall survival of the organism and propagation

of virulence factof35]. It also has protective antigenicity, because OM components are easily
recognized as foreign substances by immunological defense systems of theOhgssre
reported to be conserved among different serovars. Some of them serve asattftepiay an
important role in virulenc¢36]. Ompsare located at hadbacterial interface i\. hydrophila

and can be targeted for drug thergpg.

Ompsare highly immunogenic due to their exposgitopes on the cell surfacEhere are safety
concerns with theseof oil adjuvant (Freund’s incomplete adjuvant; FIA) in multivalent vaccine

formulations for fish due to thgenerationof adverse side effects (e.g., adhesions). Therefore,
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alternative mtecules or certain combinations of them (targeting specific cellular responses) as
adjuvants are desirable in order to enhance overall immunogenicity and efficacy without
reducing protection leve[813]. There are only gew reportsavailable on PLA/PLGA NP based
vaccine formulations with adjuvant like effects and sustained target specific release to generate
an optimal immune response for which more elabosat# conclusive studies are needed to
define the protective roles of PLA/PLGA nanoparticulate system. In the present study,
PLA/PLGA NPs encapsulatin@mp antigen fromA. hydrophilaare compared with adjuvant
formulations to develop a better antigenic marmodel in fish. The efficacy is also compared
between PLA encapsulated and PLGA encapsuld@@dpNRimmunized groups and a
correlation is established evaluating the results of innatedagtive immune response studies

in L. rohita.

4.2. Materials and nmethods

4.2.1. Materials
The polymer;polylactic acid PLA; molecular weight: 85,000L60,000 Da)poly (D, L-lactic-

co-glycolic) acid (PLGA 50: 50 molecular weight: 40,0085,000 Da),N-Lauroylsarcosine
sodium salt,trehalose dihydrateand polyvinyl alcolol (PVA) were procured fronSigma
Aldrich, USA. Chloroform was purchased from Merck India Pvd. Ultrapure water from

Milli -Q water system (Millipore, USA) was usttdoughout the study.

4.2.2. Preparation of OM proteins
In order to isolate the proteireg the OM ofA. hydrophilg the respective strain was grown to

late exponential phase. Cells were harvested from I L culture (4,500 xg, 15 min, 4°C), washed
twice in 10 mM HEPES, pH 7.5, and resuspended in 10 mM HEPES, pH 7.5, with one Sigma
FAST ™ protease inhibitor cocktail tabletEQTA free) per 20 gm cell mass. Cells were
disrupted by ultrasonication f@ min at 10wattsat an interval o80 s Unbroken cells were
removed by centrifugation (4,000xg, 15 min). The supernatant containing the OM $roésin
transferredto a new tube and centrifuged again (13,000 xg, 30 min, 4°C). The pellet was
resuspended in 0.8 ml 10 mM HEPES, pH 7.5, plus ¥aitoylsarcosine sodium salt and
incubated for 30 min. After centrifugation (13,000 xg, 30 min, 4°C), tHetpeas washed once

with 1 ml of 10 mM HEPES, pH 7.5, and resuspended in 50 pl of 10 mM HEPES, pH 7.5. The
protein concentrati on waginckoriticeacid)froteia Assay Kit Pi e r
(Thermo Scientific). P u r istgred dt80OQVfor furthertusei ns wer

4.2.3. Preparation of biodegradable and biocompatible based nanoparticles

NPs containing different antigens were formulated using a double ematdimnt evaporation

technique with little modificatiofi314]. In this method, amgueousolution of antigen dissolved
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in 500 pl of citrate buffer (pH=8)was emulsified with 100 mg of PLGA/PLA in chloroform
solution (3 ml) to get a primary emulsioBmulsification was carried out by ultrasonicator
(Sartorius LABSONIE M) at anamplitudeof 5 for 20 seconds in an iamoled battiThe
primary emulsion (w/oyvas further emulsified in an aqueous PVA solution (10 ml, 2% iv/g)
dropwise manner and then emulsified witthigh-speedhomogenizer for 2 min at 20000 rpm

The w/o/w double emulsion waslded to 80 ml double distilled water and was stiae800

rpom for 2 hours at room temperature to allow the organic solvent evaporation. The NPs were
recoveredby centrifuge at 37,500 g for 45 min and washed thrice with sterile deionized water.

Then theparticles werdyophilizedusing 2.5%rehalose dihydratas acryoprotectant

4.2.4. Characterization of nanoparticles
Particle size, zeta potential angolydispersity index measurements
The size (Hydrodynamic diameter), size distribution (Poly Dispehsdgx) and zeta potential

(Surface charge) of the NPs were analyzed by Zeta si&Z©QZ Malvern Instruments Ltd,
Malvern, UK). The lyophilized samples were made an appropriate dilution with deiordrned
purewater andsonicated at aamplitudeof 40 and 0.5sec pulsecycle for5 min. Aliquots from
each preparation batch were sampled in dynamic light scattering (Du$9ttes and
nanoparticles were then examined for equivalent diameters patgatial and polydispersity
index. Particles diameters weassessed at scatteringangle of 90° and at a temperature of
25°C. Then determinations for average mean diameter, zeta potentiblgdspersityindex
were measured for each preparation and the standard deviations were calculated.

Encapsulation efficency measurement
The antigen loading in NPRLA-Ompand PLGAOmp) was determined from the total amount

of antigen added in the formulation and the antigen amount that was not encapsulated. For this,
the concentration of antigen (Omp protein) in the sugtant wasanalgedbyPi er c e E B C A
(Bicinchoninic acid) Protein Assay Kit (Thermo Scientificjo determine free antigen
concentratiorJanes and Alonso, 2003

The amount of Omp protein encapsulated in the NPs was calculated by subtracting the free
protein present in the supernatant from the tqiedtein added during the preparation of the

nanoparticles using the following formula

Total amount of protein — Free protein
Encapsulation Efficiency (%) = , % 100
Total amount of protein

In vitro antigen release study
The rate of antigen released from NPs was measured as a function of time during incubation in

1X PBS. Triplicate samples of 50 mg of NPs were suspended in 3 mL PBSianceentrifuge
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tube and sonicateat anamplitudeof 40 and 0.5sec pulse cycle for 2 miThe samples were
then incubated on an orbital shaker (100 rpm) at 37°C. At definedotimis, the samples were
centrifuged. After centrifugation, the supernatant waléectedand NPs were reconstituted by
adding thesamevolume of fresh PBS. The protein concentration in the supernatant was
estimated by BCA methods describecarlier The pecentage of protein release was plotted
againstime and the cumulative release was calculated.

SEM Study
The surface morphology of the NPs was investigated by scanning electron microdeolpy (

6480LV JSM microscope). The NPs were fixed on adequate stgpat coated with platinum
using platinum sputter module in a higher vacuum evaporator. Observations under different

magnifications were performed at 20kv.

4.2.5. Immunization protocol
Indian major carpl.. rohita (rohu), juveniles oiveragewneight of 50+£10 g were acclimatized in

the wet laboratory 15 days prior to the start of the experini¢my were fed with a standard
diet in two divided doses dailyith constant aeration and daily etierd water exchanged
remove thavastefeed andaecalmatter)with water temperature 230°C. Fishes were separated
into 7 groups (20 fishes in each group) and they waraperitoneallyimmunized separately
with 0.1 ml of different preparations @ 50 pg@mpin PLA NPs (Group 1), 50 pg ddmpin

PLGA NPs (Group 2 50 ug ofOmpin FIA-Omp (Group 3), 50 ug free nativemp (group 4),

PLA NP (group 5), PLGA NP (group 6) and only PBS (group 7 as control). All the treated group
fish (10 fish in each group) were bled at an interval aefegks (at 21 and 42 days post

immunization) to study various immune parameters.

4.2.6. Preparation of antirohu-globulin rabbit serum
The rohu immunoglobulin serum was obtained by ammorsuiphateprecipitation method.

Polyclonal antiserum (antohu globulin) to purified rohu immunoglabn was prepared in a
oneyearold New Zealand white rabbit using standard immunization prot¢g8ak]. L. rohita

purified Ig (=200 pg) was emulsifiedith an e qu al vol ume of Freunc
(FCA) and injected ito the rabbit intramuscularly, followed by 2 booster doses t h Fr e u n ¢
incomplete adjuvant) at day 14 and 28. After 14 days of the last injection, the rabbit was bled.

The separated serum was aliquoted and preservaf 4t for future use.

4.2.7. Immune responses study
Bacterial agglutination titre
Bacterial gglutinationtitre in the serum of individual fish was determined by plate agglutination

technique316]. Briefly, theheatinactivatedsera were diluted twéold serially in PBS (pH 7.2)
(withCa*andMd”") i n a Slapedniiotitre platé$Then 50 uL oformalin-killed A.
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hydrophila(adjusted to OD 2) was added to each well. The plate wasatezibvernight at 25
°C. The bacterial agglutinatiditre was defined as the last dilution of serum showing maximal
positive agglutinin.

Haemolysin titre
Haemolyticactivity of unheated serum was determinedvag-fold serially diluting with PBS in

0 Udgbaped microtitre plates (pH 7.2) and using 1% freshly prepared rabbit RBC suspension
[317]. Haemolysintitre was defined as the last dilution of serum showing maximum positive
haemolysis

ELISA (enzymelinked immunosorbent assays)
An indirect ELISA assay was performed using 96 welicrotitre polystyrene plates (Nunc,

Denmark).The wells were separately coated with 50 pl of pur@etp (1 pg/well) diluted in
carbonatebicarbonatebuffer (pH 9.6) overnight at 4C. The wells were washed thrieéth

TBST (TBS with 0.05% Tween 20) and blocked with 5% skim milk powder for 2 hr at room
temperature. After blocking, the wells were further washed in TBST. The fish sera raised against
various antigenic treatments weveo-fold diluted from annitial dilution of 1:10 with TBS (pH

7.2) and added to antigemomated wells in duplicate (per each dilution). The plates were
incubated at 37C for 1 hr and washed thrice in TBST. Then the adsorbed rabbit antiserum to
rohu immunoglobulin (1:40,000) was added (drfaubation) followed by HRP conjugated anti
rabbit immunoglobulinantibody Gene) (1 hr incubation). The wells were then thoroughly
washed withTBST and the reaction was visualized after adding 100 pL/well of TMB/H
(Gene). The reaction was allowetd proceed for 10 min, stopped with 100 pL 1N sulphuric
acid, and absorbance was read at 450 nm with an automatic plate reader (Imax Microplate
Reader, Biorad). The antibody activity was expressed in terms of O.D value after subtracting the

values obtainedy unimmunized healthy sera.

4.2.8. Challenge study
For challenge study, the virulent strainfofhydrophilaisolate was grown in tryptone soya broth

at 30°C for 24 h.Two days after the last bleeding, all the fishes (20 fish) from each group were
injectedintraperitoneallywith a dose of 7.5x F@FU of A. hydrophilaper gram body weight of

fish. A control fish group was injected with 0.1 ml PBS. Mortality in any group was observed
until 20 days andgercent survivalwas calculated after 20 days post ldrge. The cause of
death and pathological signs were verified bysmation of bacteria from samples of from the
kidney of 10% dedthfectedfish as describedy Sahoo et a[318].

4.2.9. Statistical analysis
The results of experimental assays (for each group) were expressed as mean value + standard

error (SE). Onavay ANOVA (analysis of variance)s foll
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(DMRT) was performed using SPSS18 software to compare the variations in various immune
parameters at significancelevel of difference (p < 0.05) in different injected groups.

4.3. Results

4.3.1. Physicechemical properties ofantigen-loadednanoparticles
In this study,Omp loaded inPLA and PLGA NPs were prepared by w/o/w double emulsion

evaporation technique. Tl@mpantigen was successfully encapsulated in PLA and PLGA NPs.
All the physical properties like the size (Hydrodynamic diameter), sizeibdison (Poly
Dispersity Index) and zeta potential (Surface charge) have been characterize8 byalysis
(Table 4.1).

Table 4.1. Physical properties oOmp loaded PLA and PLGA nanoparticles. The results were expressed as
meant standard deviation.

Polymer Sample(Code) Mean Particle Zeta Poly Dispersity Encapsulation

size (Diameter in potential Index (PDI) £ efficiency (%)
nm * SD) (mV) £ SD SD

Blank (PLA) 125.23+ 23.77 -23.8+5.67 0.350+0.05

PLA
PLA-Omp 2235+13.19 -26.5+4.75 0.147:0.06 44 + 458
Blank 98.6 +12.11 -25.7 £5.01 0.424 £ 0.03
(PLGA)

PLGA

PLGA-Omp 166.4+ 21.23 -31.3+6.5  0.308%0.05 59.33+ 5.13

The particle size of blank PLA NPs were recorded as 125.23+ 23.7WhereasPLA
encapsulate@mpNPs (PLAOmp) possessed the aage size 0£23.5+ 13.19m (Figure 4.1).
Similarly, the particle size of blank PLGA NPs and PLGA encapsufatedNPs (PLGAOmMp)

were 98.6 = 12.11 nm arib6.4+ 21.23 nmespectively (Figure 4.2).

Zeta potential otherwise known #se electrokineticpotertial at the surface of the colloidal
particles has a great significance in comparing the stability of colloidal dispersions. The zeta
potential values oblank PLA NPs and PLAOmMp NPs were-23.8 £ 5.67mV and26.5 + 4.75
mVrespectively (Figure 4.1). Similg, the zeta potential values dflank PLGA NPs and
PLGA-OmpNPs were25.7 + 5.0lmVand31.3+ 6.5mVrespectively (Figure 4.2).
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Size Distribution by Intensity

Zeta Potential Distribution
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Figure 4.1 Size and charge (zeta potentialjlistribution pattern of Omp loaded PLA nanoparticles (PLA-
Omp) determined by dynamic light scattering (DLS) method The averagesize and zeta potential were 223.5+
13.19 nm and-26.5 + 4. b mV respectively.
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Figure 4.2 Size and charge (zeta potentialjlistribution pattern of Omp loaded PLGA nanopatrticles (PLGA
Omp) determined by dynamic light scattering (DLS) method The average size and zeta potential wed66.4+
21.23 nm and-31.3% 6.5mV respectively.

The PDI values oblank PLA NPs and PLAOmp NPs were 0.350 + 0.05 and 0.147%0.06
respectively. SimilarlyThe PDI values oblank PLGA NPs and PLGAOmp NPs were 0.424 +
0.03and 0.308+0.05 respectivelyence, the PDI values are within the good range confirming

the monodispersity nature of the formulateshoparticles

4.3.2. Loadingefficiency
The drug/antigen loading efficiency deywls upon the polymer naturde physicalstate of the

antigen/drug and the molecular interactions between the drug and the pol@mer.
encapsulation efficiency (%) in PLA NPs was 44 + 4.58(Mean +SD), whardasGA NPsit
was 59.33+ 5.13 (Mean £SD) (Tlabl). The encapsulation @mpin PLGA is significantly
higher (p < 0.05) than the PLA.

4.3.3.In vitro drug release
In-vitro release oDmpwas assessed from PL@mpand PLGAOmMp NPs into PBS (pH 7.4).

The release profile ddmp from PLA-Omp and PLGAOmMPNPs is illustrated in Figure 4.3. It
could be seen that NPs release the Omp protein from PLA considerably slower than from PLGA.
In the caseof PLGAI Omp NPs, 50 % of the antigen was released within 4 hr of incubation
whereadn the caseof PLA-OmpNPs, it bok almost 24 hr to release 50% of the total antigen.
The initial burst release was rapid in PL&p NPs than that of PLAOmMp NPs. The burst

release rates were; in PEBmpNPs 23% at 1hr, 25% at 2 hr, 28.17% in 3 hr, 35% at 4 hr, 42%
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in 8 hr, 48% in 12 hr52% in 24 hr, 55.67% in 48 hr; in PLEGAMpNPs 40.67% at 1hr, 43% at
2 hr, 46 % in 3 hr, 49% at 4 hr, 51% in 8 hr, 55.33% in 12 hr, 59% in 24 hr, 66.33% in 48 hr.
The rapid burst effect is very much delayed with FQApNPs.
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Figure 4.3.In vitro comparison of Omp antigen release from PLAand PLGA nanoparticles

4.3.4. SEMstudy
The morphology of PLAOmp NPs and PLGAOmp NPs were analyzed by SEM analysis

(Figure 4.4). The NPs were spherical in structures as confirmed by scanning electron microscope
(SEM). The particles were found to be round, uniform and isolated in nature.

Figure 4.4.SEM photograph of (a) PLA-Omp nanoparticles (b) PLGA-Omp nanoparticles
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4.3.5. Immune responses study
The nonspecific immune parameters of fish following the injectiwvith different antigen

preparations (PLAOmMp NPs, PLGAOmp NPs, FIAOmp Omp, PLA NPs and PLGA NPs,
control), at 21 and 42 days pestmunization are evaluated. A clear variation in few of the-non
specific immune parameters was observed. For each parartiet mean value and standard
error (Mean + SE) was calculated separately.

Bacterial agglutination titre
The effect of different antigenic formulations for generation of specific immune response was

measured through bacterial agglutinatitine on day 4 and 42 of post immunization. The
results revealed thahe titre was significantly higher (p < 0.05) in all treated groups than
control, PLA blank NPs and PLGA blank NPs (Figure 4.5). The bacterial agglutitiftionas

highest in thecaseof PLA-Omp NPs treated groups, which is significantly higher than all other
treatments (FIAOmp, Omp, PLA NPs and PLGA NPs, control), but the value was not
significantly different from PLGAOmMp NPs treatment. Also, PLG®mp NPs treated groups
showedsignificantly higher bacterial agglutination activity than F@mp, Omp PLA NPs,

PLGA NPs and PBS treated groups. These parameters did not vary much in all treated groups at
21 and 42 days peshmunization.
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Figure 4.5Variation in the bacterial agglutination adivity of sera derived from different treated groups ofL.
rohita at 21 and 42 days posimmunization. Bars represent mean® S.E. Mean value bearing same
superscript are not statistically significant (p > 0.05) at 21 and 42 days peshmunization.

Haemolysin titre
The haemolysimactivity showed similar trend like that of bacterial agglutinatitie. The mean

haemolysirtitre was highest ircaseof PLA-Omp NPs treated groups followed by PLE2mp
NPs, FIAOmp Omp, PLGA NPs, PLA NPs, PBS (control) tted groups both at 21 and 42
days posimmunization (Figure 4.6). Thigre were significantly higher (p < 0.05) in all treated
groups than the control. PLAmpNPs and PLGAOmp NPs treated groups showed significant
higherhaemolyticactivity than all othetreated groups anderecomparabldo each other. This

haemolysirtitre did not deviate much in all treated groups at 21 and 42 daysnposinization.
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Figure 4.6. Variation in haemolysinactivity of sera from different treated groups of L. rohita at 21 and 42
days postimmunization. Bars represent mean log2itre values +S.E. Mean value bearingamesuperscript
are not statistically significant (p > 0.05) at 21 and 42 days peshmunization.

Specific immune responses (Specific antibodyt re)
The serum antibody level in different antigen treated sera was measured by indirect ELISA. The

antibody level were expressed as mean OD (after subtraction the OD value obtained by
unimmunized healthy sera) = SE (Figure 4.7). The antibody level waréicantly higher (p

<0.05) in PLAOmp NPs, PLGAOmMp NPs, FIAOmptreated groups tha@mp, PLA NPsand

PLGA NPs treated groups at 21 and 42 days-postunization. The antibody level was higher

in PLA-OMP NPs treated groups than PL&MpNPs, FIAOmp treaed groups, although it

was not significant. However, no significant difference (p > 0.05) in the antibody level at 21 and

42 days posimmunization was recorded between these two groups.
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Figure 4.7 Variation in the specific antibody level of sea collected from different treated groups ofL. rohita
at 21 and 42 days posimmunization. Bars represent mean OD values +S.E. Mean value bearingame
superscript are not statistically significant (p > 0.05) at 21 and 42 days peshmunization.

4.3.6. (hallenge study
The infected fish injected witA. hydrophilashowed typical signs dfaemorrhagicepticaemia

The mortality reached its plateau after 48 hr of exposure to the bacterium. After 20 days post
challenge,the percent survival values were caétadl and expressed as Mean + SE (Figure
4.8).In challenge study, the % survivals were highgéh@caseof PLA-Omp NPs, PLGAOmMp

NPs, FIAOmptreated groups with 80, 75 and 75 respectively. Butaseof PLA NPs, PLGA

NPs, Omp and PBS (control) treatedrayups, the % survivals were 60, 55, 65 and 45
respectively. However, % survival value was significantly higher in case RD@BA NPs,
PLA-Omp NPs, FIAOmp treated groups in comparison to control (PBS treated) Gmg

treated groups.
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Figure 4.8. Challenge study: variation of % survival in different treated groups of L. rohita after 42 days
postimmunization. Bars represent mean +S.E. Mean value bearingame superscript are not statistically
significant (p > 0.(6) a 42 days postmmunization.

4.4. Discussion
Biodegradable NPs are gaining increased attention for their ability to serve as an excellent

carrier for site specific delivery of small molecular weight drugs as well as macromolecules such
as proteins, peptides or genes in the body using various addministratior{319]. Theycan

be easily taken up by the antigen presenti nq
generate a protective respoS& Among various NPs, PLA and PLGA based NPs have been
used to develop protein apeptidebasednanomedicines, nanaaccines, and genes forwivo

delivery systemg320]. In the current study, the immunological effects of PLA and PLGA NPs

as antigen carrier encapsulati@gp of A. hydrophilawere investigated.

The isolatedOmp of A. hydrophilawas encapsulated in PLA/PLGNPs and the formulated
nanospheres were characterized for evaluation of various physiochemical properties and
comparative analysis of immune response generated to that of other antigenidiprepauah

as FIAOmp Omp, PLA NPs, PLGA NPs and PBS (as contMéirious parameters; size,
physical chemical morphological properties, encapsulation efficiency and the release profile of
antigensare known to play a key function in the designing efficipalymeric nano/micro

particle basedlelivery systenthrough molecular interactidi48].There was an increase in size
observed for PLAOmpNPs (from125.23+ 23.77nm t@23.5+ 13.1%hm) and PLGAOmMpNPs
(from98.6 £ 12.11 nm t66.4+ 21.23 nM. Although nanopatrticles are considered to beano
dimensiondelow 100 nm size, but relative increase in size (size >100 nm) is generally observed
and accepted in the area of drug delivery systems when there is efficient drug loading and

especially where sufficient amount of drug may be needed to load onto the p§sii¢less the
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formulated PLAOmMmpNPs and PLGAOmMpNPs were < 500 nm size range, these particles could
be successfullendocytosedn the body[321]. Zeta potential (electrekinetic potential), is an
essential property of colloidal particles and plays a major role in the NPs stflSiiy The
stable nature was confirmed by the zeta potential values ofBthANPs ¢26.5+4.75mv) and
PLGA-OmpNPs €31.3 £ 6.5m\).The polydispersityindex (PDI) is a measuremenf the
distributionof NPs and gave a distribution range from 0.000.5®0.Polydispersityindex more

than 0.5 values indicates the aggregation of particles (poly disp§98$) The PDI value of
PLA-Omp NPs (0.147+0.06and PLGAOmp NPs (0.308+0.05¢onfirmed the monodispersity
nature.The spherical, redar and isolated nature of PE@mp NPs and PLGAOmMpNPs were
revealed by SEM analysis. Similar morphology patterns were also observed eaBedrdrg et

al. in thecaseof PLGA-ompmicroparticleqd322].

Encapsulation of proteiantigens depends on series of factors like polymer nature, molecular
interaction between polymers, methodfofmulations,etc. The amount of drug bound to NP
depends on the chemical structure of the drug/polymer ratio and the conditions of drug loading
[159]. Hydrophilic polymers show higher encapsulation than hydrophobic polymer due to
enhanced molecular interactions betweenpblymer and the drufl60]. Significantly higher
encapsulation of Omprotein (p < 0.05) was achieved in tteseof PLGA-Omp NPs (59.33+

5.13 %) than PLAOMpNPs (44 + 4.58 %).

The design of PLA/PLGA based NP delivery system was mainly foousexyercoming some
limitations like high initial burst, incomplete release aindtability of the encapsulated proteins
[294], [323] In the current study, the Omp protein release profilBLA NPs is comparatively
slower thanPLGA, which could be attributed to more hydrophilic nature of PLIG24]. Also,

high initial burst release was observed in thseof PLGA-Omp NPs that might be due to the
diffusion of the protein through watélled pores (faditated water uptake from the release
medium) in the PLGA matrix324]. Higher protein loading may be another reason for high
initial burst release by creating a protein concentration gradient between the polymeric particles
and the release mediuy325]. The rapid burst effect is very much delayed (almost took 24 hr to
release 50% of total antigen) in tbaseof PLA-Omp NPs,which may bedue to higher lactide
conter [324].

Both specific and nosspecific immune parameters were evaluated in serd..ofohita
immunizedwith seven antigenic formulations (PLE&Amp NPs, PLAOmp NPs, FIAOmp

Omp PLA NPs, PLGA NPs and PBS as control) that elicited immune responses at varying
levels atboth 21 and 42 days pestmunization.PLA/PLGA particles can also act as adjuvant

[297] and their usdn humans and in veterinary medicine has been accepted by the FDA.
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Antigenloaded polymeric NPs represent an exciting approach to the enhancement of antigen
specific umoral and cellular immune responses via selective targeting of the antigen to APCs
like dendritic cells as well as macrophaggs

The nonspecific immune response offers more importance than the specific immune rdsponse
produce first line defense against all pathogens in lgverheless, specific immunity requires

a longer time for antibody to build up and specific cellular activation. Different innate
parameters such as bacterial agglutinatitne, haemolysintitre showed asimilar pattern of
response at 2daysand 42 days postnmunization. A significant higher immune response was
observed in theaseof PLA-OmpNPs and PLGAOmMpNPs than all other treatments. There is a
significant difference in immune response of RPOMmp NPS and PLGAOmMp NPs when
compared to control. These ws also confirmed that PLL®mp NPs are better delivery
systems as compared to all other treated groups, as the immune responses generated by PLA
Omp NPs were highedespiteits lower antigen loadingMany researchhave already been
carried out for the ealuation of PLA/PLGA vaccine carrier system and its role in innate immune
parameter$322], [326] However, significantly enhanced (p<0.05) immune response generated
in case of PLAOmp NPs and PLGAOmMp NPs confirmed the activation of tlenateimmune
system. This might be due to the adjuvant property of PLA/PLGA polymer itself as well as
combined cellular action with NPs. Significantly highres in the caseof PLGA-Omp NPs

and PLAOmp NPs were observed than F@mptreated groups which again confirchbetter
immunogenicity of our formulated NPs. Similar higher immune response (bacterial agglutination
titre andhaemolysiractivity) was observed in thmaseof PLGA-Omp micropatrticles over FIA
Omptreated fist{310].

The specific antibody response was significantly increased and persisted up to 42 mtests of
immunizationby either PLAOmMpPLGA-Omp NPs or FIAOmp But no significant difference

in antibodytitre was observed between PI@mpPLGA-Omp NPs treated groups and FIA

Omp treated groups. However, comparable antibody response ofGthpNPs and PLGA

Omp NPs with that of FIAOmp treated groups suggests that both PLA and PLGA could be a
compl ete replacement (finukatingrantbady redspanse)ata gvarcomen t s
many side effectf327] simultaneously offering bbng-lastingimmunity [310]. Again, enhanced
antibody level in case of PL@mp NPs, PLGAOmp NPs over respective PLA and PLGA
blank NPs was achieved confirming the combined immune action PLA/PLGA with Omp protein
antigen. Similar results were observed by using PlaSArotein/peptide vaccine carrier in fish,
mice[322], [328]
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From the challenge experiments, the survival rates calculated (as % survikiaipaseof PLA-

Omp NPs treated groups was 80%, which was significantly higher thathal treated groups.
PLGA-Omp NPs and FIAOmpimmunized groups have shown same % survival (75+5) which
was significantly higher than the control group. Herhbe betterefficacy of PLA/PLGAOmMp

NPs as increased protection system againstydrophilaby activating immune responses was
confirmed.A similar increase in protection was also observed by Behera and Swain,ciasthe

of PLGA-Omp microparticles[322]. Here we have shown that among the nanoparticulate
system, PLAompNPs shows better results than PLGAp NPs.

4.5.Conclusion
PLA/PLGA NPs were evaluated for their ability to serve as an excellent carrier for site specific

delivery of macromolecules such @np through parenteral immunization In rohita. PLA-
OmpNPs (sze: 223.5+ 13.19 nm) and PLGBmp NPs (size:166.4+ 21.23 nm) were prepared
using double emulsion method in which antigen was efficiently encapsulated reaching
encapsulation efficiency 44 + 4.58 % and 59.33+ 5.13 % respectively. The physical properties
like zeta potentiatalues angbolydispersityindex (PDI) values confirmed the stability as well as
monodisperse nature of the formulated NPs. The spherical and isolated na@umgp faded

PLA and PLGA NPs were revealed by SEM analysipon immunization inL. rohita,
PLA/PLGA-Omp NPs showedencouraging results by activating both innate and specific
immune response againédt hydrophila in fish without any side effects. Significant higher
bacterial agglutination titre, haemolytic activity and specific antibady titre confirmed the
combined immune activatior€onsidering the adverse side effects of oil adjuvant (FIA), the
current study also proved the comparable antibody response cORYPNPSs and PLGAOmMp

NPs with that of FIAOmptreated groups. Therefore, Rland PLGA may be a replacement for
Freunddés adjuvants (for stimulating anti bod)
long lastingimmunity. Again,thebetterefficacy of PLA/IPLGAOmMpNPs system was confirmed

by increased protection againat hydrophila by activating immune responses by challenge
study.In comparison to PLGAOmMp NPs, PLAOmp NPs offered a better immune response in
terms of higher bacteriagglutinationtitre, haemolyticactivity, specific antibodyitre, higher
percent survivaponA. hydrophilachallenge ir_. rohita. It can be concluded th&_A/PLGA

NPs based delivery system would be a novel antigen carrier for parenteral immunization in fish.
This is probably the first report on the delivery of RODnp and PLGAOmMp NPs agaist A.
hydrophilainL. rohita. Hence, more focused research on designing and formulation would be
attributed to PLA/PLGA NPs basexh vaccine delivery system fish model.
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Chapter 5

Evaluation of the immune responses (specific) Iin
mice after intraperiton eal immunization of Omp
antigen  (Vibrio cholerag encapsulated
PLA/PLGA nano-particles

5.1. Introduction

The advancedherapeutic approach involves vaccines as effective interventions to control
infectious diseases that were theading cause of death in theosMdwide [329]. The currat
vaccineresearchs mostly focused on the development of acquired immunity based on antigen
specific antibody and cytotoxic T lymphocytes (CTL) response by the inoculation of
immunogenic (nofpathogenic) components of the pathogen or closely relatehisngs[1],

[2].

However, the existing issues of vaccine safety sashnadequate immunogenicity, poor
immunization proceduresand failure to acquire booster doses to potentiate prime doses
necessitate the developmerit mew generation therapeutic vaccine. A safer and attractive
alternative to live attenuated vaccine, subunit vaccine have several desirable qualities, e.g. they
(1) can be produced in a highly characterized state, (2) target immune responses towards
specifc microbial epitopes, (3) enable incorporation of unnatural components and (4) can be
freeze dried, allowing nerefrigerated transport and storage. But, the inadequate ability of
subunit vaccine to stimulate potent immune responses requires the addition
immunostimulatory agents (adjuvants) to endorerterm protective immunity by serving in

many ways; to enhance immunogenicity, provatgigendosesparing to accelerate a robust
immune response, reduce the need for booster immunizations, increasturtdtion of
protection, or improve efficacy in immunocompromised individuals in human and other live
stocks[3], [4]. The recent advancemeat novel vaccine adjuvant formulations, particulate
based adjuvantsystem offers several advantages including: ability to fommultimolecular
aggregates thaargetantigenpresenting cells (APCs), protection against degradation, sustained
release of antigef830]i [332]. Polymerbased delivery systems (natural or synthetic) cbimgj

of biodegradable microspheres/nanosphere act as a promising vaccine carrier for their controlled
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target specific delivery330]. The polymeric carriers such as pdD, L-lactideco-glycolide)
(PLGA), and poly(lactic acid) (PLA) have been extensively investjads adjuvants or
delivery carrier forsubunitbasedvaccines[5], [333].The efficacy of the immune response
elicited by particlebased vaccines might be significantly influenced by a number of
physicochemical characteristics such as structures of particulate cg}i¢B34], particle size

[169], [331] surface chargf20], hydrophobicity[335], route of administratiofi336], [337]
antigen release kinetidd69], [338ktc. By regulating the antigen mosure tothe immune
system (slow and continuous antigen release kinetics), polymer based particles remarkably
influence in eliciting optimal immune respon$297], [338]

Targeted and prolonged antigen delivery to effective antigen presenting cell (APCs) like
dendritic cells (DCs) is one of the recent vaccine strategies, that have a crucial role in initiating
adaptive immune response by internalizing antigens through major histocompatibility complex
(MHC) class | to CD8+ T lymphocytes and MHC Il to CD4+ T lymphocy5s[339]. These

types of DCs mediated immune response have been successfully achieved by the use of
combined association of the antigenmith polymeric nanoparticlg840]. The immunization of
antigen with poly(lactiecco-glycolic acid) (PLGA) nanoparticledisplayed enhanced induction

of antibody mediatedmmune response as well as the improved memory T cell response that
could be attributed to targeted antigen delivery, controlled antigen release and efficient
induction of dendtic cell (DC) activation and follicular helper T cell differentiatifg#0].

Cholera, dife-threateningsecretary diarrheal disease is caused/iyio choleraetransmitted

via theoral feal routes[341]. It has the ability to causeajoroutbreaks, particularly in African

and Asian developing countries with poor sanitatidme Outer Membrane (OM) &f. cholerae

is a complex structure that consistsnadinly lipopolysaccharide (LPS), phospholipids and a
group of outer membrane pratei(Omps). Apart from major virulent factors (toxiaregulated

pilus; TCP and cholera toxin; CT), large number other factors associated with the outer
membrane (OM), including lipopolysaccharide (LPS), OM porins (OMPs) and flagella are
mainly responsiblefor establishing initial adherence, moduldtestpathogeninteraction,
overall survival of the organism and propagation of virulence fd2i0]. Immunization with

Vibrio cholerae outer membrane vesicles induces protective immunity in mice by inducing
specific, hightiter immune responses of similar levels against a variety tigeans present in

the OMVs [270]. Omps are highly immunogenic due to theirposed epitopes on the cell
surface.Virulencerelated outer membrane proteins (Omgre) essential to bacterial survival
within macrophages and for eukaryotic cell invasioat tould beananalternativeandidate for

development of subunit vaccine agaivstholerae
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Considering the advantages of polymeric nanoparticles as adjuvant and novel delivery, systems
the current study was carried out to explore the type and strength of immune responses elicited
by PLA/PLGA nanoparticles encapsulated with OMP \bfcholerae The formulation of
antigenpolymeric particles needed to be focusedhe generatiorof optimal immune response

for which more elaborate and conclusive studies are needed to define the protectivethales of
nanoparticulatesystem. Although Here are some interesting positive reports available on
PLA/PLGA NP based vaccine formulations, they still need more extensive investigation in
terms of formulation, antigen encapsulation, molecular interactiotigen exposur&inetics

and resultanantigenspecificimmune responses.

So, we hypothesized that encapsulating OMP antigen in PLA/PLGA nanoparticles would
increase the antigen persistence in vivo, improve the initial antigen exposure to immune system
after immunization. The combined action of FEAGA NPs and OMP wouldesult in the
generation of enhancexshd prolonge@djuvantinduced antigenspecificimmune responses.

Here, an attempt was made to formulate PLA/PLG#p nanoparticles with desired
physicochemical properties and evaluation of tgpd strength of immune responses elicited by
formulated NPs was elucidated by comparing all possible combinations. The efficacy is also
compared between PLA encapsulated and PLGA encaps@ateiRimmunizedgroupsand

a correlation is established evalagtthe results oantigenspecificimmune response studies in

mice The efficacy is also compared between PLA encapsulated and PLGA encapsulated
OmpNPimmunizedgroupsand a correlation was established evaluating the resuétstigfen

specificantibody esponse and cellular response studiesioe

5.2. Materials and Methods

5.2.1Materials

The polymer;polylactic acid PLA; molecular weight: 85,000L60,000 Da)poly (D, L-lactic-
co-glycolic) acid (PLGA 50: 50 molecular weight: 40,0085,000 Da),N-Lauroylsarcosine
sodium salt, trehalose dihydragend polyvinyl alcohol (PVA) were procured frorBigma
Aldrich, USA. Ethyl acetate was purchased from Merck India Pvt Liitkapure water from

Milli -Q water system (Millipore, USA) was useédroughout the study. Ehmedium for
splenocytes culture was RPMI 1640 (Himedia) with 10% fetal bovine serum (Himedia). All
ELISA antibodies were obtained fro@anta CQuz biotechnology.Fluorochrome conjugated

antrmouseantibodies were obtained frolhiltenyi Biotec Asia PacifidPvt Ltd.
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5.2.2Preparation of OM proteins

Preparation of major outer membrane proteins ©Omp)

In order to isolate the proteinmsthe OM ofV. cholerae the respective strain was grown to late
exponential phase. Cells were harvested from I L culture @x§015 min, 4°C), washed twice

in 10 mM HEPES, pH 7.5, and resuspended in 10 mM HEPES, pH 7.5, with one Sigma FAST
™ protease inhibitor cocktail tableEDTA-free) per 20 gm cell mass. Cells were suspended in

a 10 ml lysis buffer (0.1 M Tris, 10 mM EDTAand disrupted by ultrasonication for 30 min at

10 watts an interval of30s (4°C). The cell lysate was treated with DNgsel 00 & g/ ml )
RNase (100 ¢ g/ nC.The debris weBe@emavedby aentrifugafion (4,500xg, 15
min). The supernatant containing the Quvbteins were centrifuged agaih00,000 x g, 1 h,

4°C) (Sorvall Combi, USA). The crude cell pellet wasusgggended in 0.8 ml 10 mM HEPES,

pH 7.5, plus 1% MN.auroylsarcosine sodium salt for 30 min at’G7 After centrifugation
(100,000 % g, 1 h, 4°C), the pellet was washed once with 1 ml of 10 mM HEPES, pH 7.5, and
resuspended in 50 ul of 10 mM HEPES, pH 7.Be Pprotein concentration was determined by
PierceE BCA (Bicinchoninic aci dFfordetermihatonn AS
of the LPS contaminatigriotal carbohydrates in the purified protein were measured (Westphal
and Jann, 1965) . Puriyed OMO°RQfoofurteeruses wer e |

5.2.3. Preparation and characterization of PLA-Omp and PLGA-Omp

nanoparticles
Preparation of PLA-Omp and PLGA-Omp nanoparticles

NPs containing different antigens were formulated using a double ematsignt evaporation
technique with little modificatiofi314]. In this method, 50 mg of antigen dissolved in 500 pl of
citrate buffer (pH=8was emulsified with 600 mgf PLGA/PLA in ethyl acetate solution (12
ml) to get a primary emulsionEmulsification was carried out by sonication (Sartorius
LABSONIC® M) at an amplitudeof 5 for 20 seconds in an ice bathe resulting primary
emulsion (w/0) was further emulsified &am aqueous PVA solution (30 ml, 2% wia)a drop
wise manner and then emulsified wélhigh-speedhomogenizer for 2 min at 10000 rpithe
w/o/w double emulsion was added to 80 ml deionized water and was sti6a rpm for 2
hours at room temperatute allow the organic solvent evaporation. The NPs wecevered
by centrifuge at 37,500 g for 45 min and washed thrice with sterile deionized water to remove
residual PVA. Then the particles wetgophilized using 2.5% trehalose dihydrate as
cryoprotecant Blank polymeric (PLA/PLGA) NPs were prepared by using only 5Qd

deionized water agninternalaqueous phase.
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5.2.4.Characterization of PLA-Omp and PLGA-Omp nanoparticles

Particle size, zeta potential angolydispersity index measurements

The size(Hydrodynamic diameter), size distribution (Poly Dispersity Index) and zeta potential
(Surface charge) of the NPs were analyzed by Zeta siZ&0QZ Malvern Instruments Ltd,
Malvern, UK). Then determinations for average mean diameter, zeta potential and
polydispersityindex were measured for each preparation and the asthraviations were
calculated.

Morphology

The morphology of the nanoparticles was investigated by Behssionscanningelectron
microscopy (FESEM; Nova Nano SEM 450/FEl). Observatsonvere takenat different
magnifications performed at 15 kV.

Cellular uptake studies

Cellular uptake ofPLA-Omp and PLGAOmMp nanoparticles was observed by fluorescence
microscopy using a hydrophohilye Coumarin 6 preloaded #ietime of particle formuléion

step.

Encapsulation efficiency measurement

The antigen encapsulation in NPs (RDmp and PLGAOmMp was determined from the total
amount of antigen added in the formulation and the antigen amount that was not encapsulated.
For this, the concentratiorf @mp antigen in the supernatant wasalyedby Pi er ce E B
(Bicinchoninic acid) Protein Assay Kit (Thermo Scientific) to determine free antigen

concentration

. . Total amount of protein — Free protein
Encapsulation Efficiency (o0) = - * 100
Total amount of protein

In vitro antigen release study

The rate of antigen released from NPs was measured as affuoictime during incubation in

1X phosphate buffered saline (PBS). The samples (50 mg of NPs) were suspended in PBS (3
ml) and carried out for sonicatiat an amplitudeof 40 and 0.5ec pulse cycle for 2 mifhe
samples were then incubated on an ofisitaker (100 rpm) at 37°C. At defined time intervals,

the samples wereentrifugedand the supernatant was processed for the estimation of protein
(BCA method). The pelleted NPs were reconstituted by adatregjualvolumeof fresh PBS.

The percentage gbrotein release was plotted agaitiste and the cumulative release was

calculated.
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FTIR study

Fourier transformation infrared (FTIR) spectroscopy analysis was conducted to corroborate the
possibility of interaction between the antigen and the polymes.aftenuated total reflectance
(ATR)-FTIR spectrum was performed using a Bruker ALPHA spectrophotometer (Ettlinger,
Germany) with a resolution of 4 éhand scanbetween4000 and 500 chi by taking an

average of 25 scans per sample. The results were amhdhypeigh OPUS software.

5.2.5.Immunization studies

Animals

BALB/c mice were used in all experiments. Mice were housed with food and water ad libitum
and monitored under full care and in accordance with the standard rules. All animals were
acclimated fomat least 1 week before use.

Immunization protocol

Sevenweekold mice were randomlyivided intotol2 groups (n=6) rad intraperitoneally
immunized at days 0, 14, and 28 with different formulations at the rate of abtjggnsn 50

pl PBS for the initialimmunization at day 0 and 0.25 pg antigen in 50 pl PBS at days 14 and
28. The formulations are PL@mp PLGA-Omp PLA, PLGA, Omp PBS (as control).
Another same set of combinatioase used with alum (Aluminium hydroxide) to compare the
adjuvarticity of PLA and PLGA nanoparticles. Mice were anesthetized by inhalation of 2.5%
isoflurane gas prior to all immunizations. All treated groups were bled at 0, 7, 14, 21, 28, 42
and 56days after ist immunization. Sera was separated and sto@@°at for furtheranalysis.
Splenocytes were collectedagparticulartime for flow cytometric assays.

5.2.6.Determination of Omp specific IgG1 and IgG2a antibodies by ELISA

Levels of immunoglobulin 1gG1, IgG2 isotype antibodies to OMPs were determined by an
enzymelinked immunosorbent assay (ELISA) usi®$ well microtitre polystyrene plates
(Nunc, Denmark)The wells were separately coated with 50 pl of purif@ap (1 pg/well)
diluted incarbonatebicarbonatéuffer (pH 9.6) overnight at 4. The wells were washed tbe

with TBST (TBS with 0.05% Tween 20) and blocked with 5% skim milk powder for 2 hr at
room temperature. After blocking, the wells were further washed thrice in TB&&r A
washing, appropriate sevgeretwo-fold diluted fromaninitial dilution of 1:10 wth TBS (pH

7.2) and added to antigewated wells in dujzate (per each dilution) aridcubated at 37C

for 1 hr followed by washing thrice in TBST. Plates were then incubated with 100 pl HRP
conjugated goatmmunoglobulinantibody against mouse IgGgG1 or IgG2a) (Santa Cruz,
CA, USA) with standardized dilutions for 1 hr. The wells were then thoroughly washed with
TBST and the reaction was visualized after adding 100 pL/well of TMBHSigmaAldrich).
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The reaction was allowed to proceed for 10 rstopped with 100 uL 1N sulphuric acid, and
absorbance was read at 450 nm with an automatic plate reader (Imax Microplate Reader,
Biorad). The antibody activity was expressed in terms of O.D value after subtracting the values
obtained by unimmunized healtbgra.

5.2.7.Spleen cell analysis

Spleen cell analysis was performed in splenocytes collected from immunized mice after 4
weeks of 8 immunization. Cells werdarvestedaccording to standard protocSinglecell
suspensions of spleen, liver, and lung yracytes were generated for in vitro culture and flow
cytometry by standard techniques, as previously descy@#]. Cell viability was assessed by
exclusion of trypan blue and flow cytometry using a commercially available kit (Live/Dead
Staining Kit; Invitrogen). Cell surface phenotype was determined using a panetlioéroell
surface markers,: AR@ntiCD11C, FITC anti CD45RA, PerCPanti Grl, PEanti F4/80,
Biotin- anti CD49b, Biotiranti CD3 Miltenyi Biotec). After washing, multiparametanalyes

were performed using a Becton, Dickinson LSR Il flow cytometer (8ar, CA) and analyzed
using FCS Express software (DeNovo.).

5.2.8.Determination of memory T-cell responses by flow cytometry

Flow cytometry was performed to measure the percentage of memory T cells in splenocytes
collected from immunized mice 10 daydeafthe third immunization. Cells were cultured in
RPMI 1640 supplemented with 10% fetal bovine serum and restimulate@miftb0 pg/mL)

for 60 h. Cells were then stained with the following set of fluorochroomugated antimouse
antibodies: FITGanti-CD4, PerCPanttCD8a, PEant-CD44, and AP@nt-CD62L (Miltenyi

Biotec). After washing, cell samples were examined by Becton, Dickinson LSR Il flow
cytometer (San Jose, CA) and analyzed using FCS Express software (DeNovo.).

5.2.9.Expression of MHC and Caostimulatory molecules on dendritic cells in

spleen
Balb/c mice (n ¥4 3) were intraperitoneally vaccinated with different vaccine formulations (25

pg antigers in 100 pL buffer/mouse), and mice were euthanized at 1, 2, and 7 days post
immunization. Spleen dsl were harvested and processed into single cell suspension. Cells
were stained with a mixture of amtiouse antibodies (AR@nt+CD11c, FITGantr-MHC |, PE
antt-MHC IlI, and Biotinrant-CD86; all from Miltenyi Biotec). Expression of MHC I, MHC II,

and CD86on CD11c¢" DCs was determined by Becton, Dickinson LSR Il flow cytometer (San
Jose, CA) and analyzed using FCS Express software (DeNovo.).
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5.2.10.Determination of follicular helper CD4" T cells in spleen

Balb/c mice (n % 3) were intramuscularly vactethwith different vaccine formulations (25

Mg antigen/100 L buffer/ mouskalf dose at each site), and mice were euthanized 9 days after
immunization. Spleen cells were harvested and processed into single cell suspension. Cells
were stained with a mixta of anttmouse antibodies (FIT@nt-CD4, APGant-rCXCR5, and
PEanti-PD-1; all from Miltenyi Biotec). The percentage of follicular helper CD® cells
(CD4'CXCRS"PD-1") was determined by Becton, Dickinson LSR Il flow cytometer (San Jose,
CA) and analyed using FCS Express software (DeNovo.).

5.2.11.Statistical Analysis

All values obtained in the current study were expressed as the mean * standard error (SE)/
Standard deviation (SD).The values were tes
dam s howed a nor mal d i tstastron abamewaycanalysis eofl vartaree st
(ANOVA) was used to assess for statistical significance defined as P <0.05. If the data were not
normally distributed, they were analyzed using a Krudkallis test with the same
significance limit either the Kruskalvallis test with Dunn's multiple comparison post hoc tests

or by the MannWhitney test using SPSS version 20(SPSS, Surrey UK).

5.3Results

5.3.1.Formulation and Physicachemical properties ofantigen-loaded NPs

In this study, PLAOmp, PLGA-Omp, PLA and PLGA NPs were prepared by w/o/w double
emulsion evaporation technique with successful encapsulato@mepfantigen. All the physical
properties likethe size (Hydrodynamic diameter), size distribution (Hipersity Index) and
zeta potential (Surface chargbaive been characterized BLS analysis (Tables.1).The
particle size oblank PLA NPs were recorded 8%6.34+ 15.23 nppwhereas’LA encapsulated
OmpNPs (PLAOmp) possessed the average sizd @6.24- 34.25nm (Figure5l). Similarly,
the patrticle size of blank PLGA NPs and PLGA encapsul@megh NPs (PLGAOmMp were
107.36% 23.15m and165.34+ 3.5nm respectively (Fig. ZJhe zeta potential values bfank
PLA NPs and PLAOmMp NPs were-21.3 + 6.5 mV and-25.2 + 5.4 mVrespectively (Figure
5.1). Similarly,the zeta potential values blank PLGA NPs and PLGA®mpNPs were25.3 +
5.15 mVand-32.5 £ 6.5 mVrespectively (Figure 3). Thepolydispersityindex (PDI) values

of formulated NPs were within theogd rangeconfirming the monodispersity nature of the
formulated NPsScanning electron micrographs (SEM) revealed the spherical in structures of

formulated NPs. The particles were very much isolated and uniformly distributed
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Table 5.1. Physical propertes of Omp loaded PLA and PLGA nanoparticles. Theresults were

expressed asneanzstandard deviation.

Polymer Sample(Code) Mean Zeta Poly Encapsulation
Particle potential Dispersity efficiency (%)
size (MV) £ Index

(IEEIGT SD (PDI) £
in nm + SD
SD)

Blank (PLA) 116.34+ -21.3+ 0.350+

15.23 6.75 0.05

PLA-Omp 196.24+ 252 % 0.14740.06 57.85 + 4.15
34.25 5.45
Blank 107.36+ 253+ 0.424 +
(PLGA) 23.15 5.15 0.03
PLGA-Omp 165.34+ 325+ 0.30840.05 69.18+ 1.68
3.5 6.15

The antigen conténin PLA-Omp and PLGAOmMp nanoparticles varied as antigen loading
dependent upon the polymer natutes physicalstate of the antigen/drug and the molecular
interactions between the antigen and the poly®enp encapsulation efficiency (%) in PLA
NPs wasc7.85 + 4.15 (MearSD), whereasn PLGA NPsit was 69.18+ 1.68 (MeatSD)
(Table5.1). The antigerencapsulation in PLGA NPs is significantly higlger< 0.05)than the
PLA NPs.

In vitro release profile oOmp from PLA-Omp and PIGA-OmpNPs is illustratechi Figure3
that revealed the sustained releaséOaip antigen from both PLA and PLGALt could be
confirmed that the antigen release from PDAnp was in a considerably slower than from
PLGA. In caseof PLGAIiOmp NPs, 50 % of the antigen was released withimr8 of
incubationwhereasn caseof PLA-Omp NPs, it took almost 24 hrs to release 50% of the total
antigen. The initial burst release was rapid in PEG@p NPs in comparison to of PL-L@mp
NPs.
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Figure 5.1. Physicochemical properties of antigenloaded NPs. Size and charge (zeta potential)
distribution pattern of (A) PLA-OmpNp(size: 196.24+ 34.25 nm; zeta potential25.2 + 5.4 mV) and(B)
PLGA-OmpNp(size: 165.34+ 3.5 nm; zeta potential:32.5 + 6.5 mV)determined by dynamic light
scattering (DLS) methodThe morphology of PLA-Omp NPs (C) and PGAOmp NPs (D) were
investigated by field emissionscanning electron microscopy.(E)Comparison of Omp release (in vitro)
from PLA and PLGA nanoparticles.The burst release rates were; in PLAOmp NPs 22.07% at 1hr,
25% at 2 hr, 27.67% in 3 hr, 33.53% at 4 hr, 44.23% in 8 hr, 47.84% in 12 hr, 50.84% in 24 hr, 59.28 %
in 48 hr; in PLGA-Omp NPs 35.06% at 1hr, 39.67 % at 2 hr, 44.01% in 3 hr, 48.02 % at 4 hr, 51.87 %
in 8 hr, 54.83% in 12 hr, 58.04% in 24 hr, 64.25% in 48 h The rapid burst effect is very much delayed
with PLA -Omp NPs.(F) Fluorescence microscopymagesof HEK cells after 4 h of incubation with the
coumarin 6-loaded PLA/PLGA-Omp nanoparticles. The coumarin 6loaded nanoparticles were green
(x100). a. HEK cdis incubated with coumarin 6- PLA-Omp NPs for 12 hours;b. HEK cells incubated
with coumarin 6- PLA-Omp NPs for 24 hours;c. HEK cells incubated with coumarin 6 PLGA-Omp
NPs for 12 hours;d. HEK cells incubated with coumarin 6 PLGA-Omp NPs for 24 hours.

From the FTIR spectrum; it was also observed that upon encapsulation of OMP to PLA and
PLGA, the characteristic peaks associated with OMP, PLA and PLGA remiaiaet so
therewasno loss of any functional peaks between the absorbance spectra of ONIR&nd
encapsulated NP3hus it can be stated that there is no occurrence of molecular interactions
that could alter the chemical structure of the Odithe time ofstudy(Figure 5.2)
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Figure 5.2. ATR-FTIR spectrum of formulated NPs. Similar spectral bands were observed at 2337 c+h

( CI' N st +peesende iofnnigriles), 1712 cai(C=0 stretching presence of carboxylic acid), 1529
cm-1(N-H bending- presence of Amidell), 1068 cm-1(C-H stretching- presence of aliphatic amines),
891 cm1 (C-H bending) for OMP, blank PLA and PLGA NPs. Apart from common bands observed in
OMP and blank NPS some additional peaks were also observeddaseof encapsulated PLAOMP and
PLGA-OMP nanoparticles at 2936 cml (C-H stretching, the presenceof alkanes), 1680 cril(C=0
stretching, presenceof amide -I). The characteristic peaks of PLA and PLGA were observed at 1710
cm-1 and 1060 cml that correspondto t he presence of
and ethers. The common peak at 1064 cth resulted from the overlapping of several bands including
the absorption due to vibration modes of CHOH and C-O stretching vibrations coupled to GO
bending. It was also observed that upon encapsulation of OMP to PLA and PLGA the characteristic
peaks associated with OMP, PLA and PLGA remained intact with no loss of any functional peaks
between the absorbance spectra of OMP and OMP encapsulated PIFA/GA NPs.

5.3.2.Immune response study
Antigen-specificantibody response in vaccinated mice

t he

U ’

b

unsatur

The serum antibody level (IgG1, IgG2a) in different antijghtreated sera was measured by

ELISA. The antibody level were expressed as mean OD (after subtraction theal@® v

obtained by unimmunized healthy setapE (Figure ). Theoverall antibody titers (IgG1,

IgG2a) increased during the vaccination period (from 7 days to 56 daysyenspecific

IgG1, 1gG2a titers were above control levels fotrapertoneally immunized mice for all

groups (756 days). Both IgG1 and IgG2 titers in vaccinated mice followed the similar pattern,

butthelgG1response is higher than IgG2 response.
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Figure 5.3. Antibody immune response induced after vaccination of BALB/c mice with ditrent
antigenic formulations (PLA-Omp, PLGA-Omp, Pmp, PLA, PLGA, PBS) atdifferent time. A and B
represents grum IgG1 levels in vaccinated mice (n=5/group)C and D representsSerum IgG2alevels in
vaccinated mice (n=5/group) Data are the mean value p<0.05) for immunized micevs control groups.

All vaccinated mice had comparable Ig titers at all points excepfys, which were
significantly higher than those for the control (PBS group) mice (P< 0.05; Kr\¢hidik test
and post hoc Dunn multiple comns). The antibody level were significantly higher (p <
0.05) in PLAOmpNPs, PLGAOmMpNPs treated groups than respecfilsA and PLGA NPs
treated groups from days to 56 days. PLAOmp NPs and PLGAOmp NPs induced
significantly higher (p < 0.05antigenspecificlgG titers thanOmp antigen treated groups at
all-time intervals except @ays. In comparison between PLdmp and PLGAOmMp NPs, the
later one showed highantigenspecificlgG immune response although it is not significantly
different (p >0.05) Another set of experiment that deals with immune response of all selected
antigenic groups (PLAmp, PLGA-Omp, PLA, PLGA,Omp, PBS as control) was performed
in presence of alum (adjuvant) to compareatieancityof PLA and PLGA withAlum-treated
groupsshowed similar pattern @ntigenspecificlgG titer like alum untreated groups. Again
PLA-Omp NPsalum and PLGAOmp NPsalum showed slight higher antibody titer, but not
significantly different (p >0.05).
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IgG2a antibody leveleveat a Thl polarized immunresponse, and the ratio of IgG2a/lgG1 is
indicative of Thl biased immune response. Both Rap and PLGAOmp NPs induced
stronger 1gG1 and IgG2a responses t@anp antigen (p < 0.05)However IgG2a responses

are less robust than 1gG1 response. Takeathay, PLGAOmMp NPs developed more potent
antigenspecificantibody with high titers among all antigenic formulations.

5.3.3 Splenocyte proliferation Assay

In vitro proliferation of splenocytes was carried out to observe the influence of different
antigenc formulations on splenocyte proliferatioBoth PLA-Omp and PLGAOmp NPs
causes more efficient splenocyte proliferatiocamparison to Omp antigen alone (p < 0.05),
which confirmed more potent induction arfitigenspecificimmune responses.

5.3.4Splee cell analysis

A detailed analysis of spleen cell population after immunization sh@wedcreasein the
number of innate immune cells, such as myeloid DC and granuldéytgse 5.4) There was

also an elevation in macrophage cell numbers, B cellpaegtoid DC.Interestingly, among

the cell populations analyzed, the effector cells of the adaptive immune response (B cell)
showedthe highestexpanson. Also PLAOmp, PLGA-Omp NPs induced significantly higher
cellular expansbn than respective PLA and BIA NPs. Again, a significant higher cellular
activation was observed the caseof PLA-Ompand PLGAOmMp NPs incomparsonto Omp
antigen aloneHowever no such significant difference was observed between-®o#p NPS

and PLGAOmMpNPs except in the granwyte cell subtypes.
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Figure 5.4 Mice were injectedintraperitoneally with PBS (control), PLA NPs, PLGA NPs, PLAOmp

NPs, PLGA-Omp NPs,Omp. Splenocytes were isolated after 0 andtday post immunization. Splenocytes

were stained with various surfacemarkers, as indicated, and analyzed by flow cytometry. The gating

logic was as follows: plasmacytoid dendritic cells (CD11c+, B220+), myeloid dendritic cells (CD11c+,
B22071 ) , B cells (CD11lci-1+,B2RD/MH+§QT1 )g,r amlaid,ro chydt /e &) GRG
numbers were normalized to day O values. Data are expressed as the mean £SEM (n =3). *p < 0.05.

5.3.5Memory T cell responses

Generation of Memory T cell response playgucialrole inthe caseof successful vaccination

to combat the reinfectiorMemory T cells are major components of the memory immune
responses. There are 2 important types of memory T cell: effector memory T cells"(CD44
CD62L°") and central memory T cells (CD¥@D62L™) [340]. For both CD4 and CD8 T

cells, the frequency of effector memory T cells and central memory T cells were similar among
splenocytes harvested fromice immunized with all different antigenic formulatiofisgure

5.5). PLA-Omp and PLGAOmp NPs induced higher (p < 0.05) percentage of Cb44
CD62L°" (effector memory T cellgjells in comparison t®mpas well as control (PBS). Also
PLA-OmpNPs and PGA-Omp NPs inducedsignificanty higher (p < 0.05) response of
CD44" CD62L"°" (effector memory T cellsgells than respective PLA and PLGA NRdso,

the percentage of effector memory cells (CH@D62"°%) was higher than central memory T
cells (CD44'CD62L™) in case all immunized groups. The FACS plots of the mean percentages
were shown in figureX. As a conclusion both PLAOmp and PLGAOmp induced stronger
effector memory T cell response among all formulation and ROB#p NPs induced

significantly hgher response (p < 0.05).
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Figure 55. Frequency of central (CD44'CD62L")/effector (CD44"CD62L"") memory CD4" and CD8' T cells. Mice (n =6) were immunizedthree times
as described in themethodssection Splenocytes were harvested 10 days after thigird immunization and restimulated ex vivo with antigen for 60 h. The
frequency of CD44'CD62L" CD4" T cellsCD44"CD62L"°" CD4" T cells, CD44'CD62L" CD8" T cells, and CD44CD62L"™" CD8" T cells (A) were
measured byflow cytometry. FACS plots in B andC are representative ofthe meanpercentages of 6 mice in each groufata in (A) are expressed as the
mean £SEM (n =6). *p < 0.05
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Figure 5.6. The frequency of follicular helper CD4" T cells in the splenocyte®f immunized mice. Balb/c nice (n = 3) were intraperitoneally vaccinated
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5.3.6 Expression of MHC and theco-stimulatory molecule CD86 on DCs
Targeted and prolged antigen delivery to effective antigen presenting cellG&)Hike
dendritic cells (DCshave a crucial role in initiatingn adaptiveimmune response by
internalizing and presenting antigens throbgfHC-1 to CD8+ T lymphocytes and MHC I
to CD4+ T lymphocytes. In this casen attemptwas made to find out the mechanism of
DCs activation inthe spleen So, the expression of MHC | and MHC Il costimulatory
molecules (CD86) on DCs in spleen were measimeflow cytometry. PLAOmp and
PLGA-Omp NPs induced ignificantly higher MHC |, MHC II, CD 86 expression than
Omp However no such significant difference found time caseof alumNPs formulations.
Again PLAOmp and PLGAOmp showed little bit differentbehavior towards MHC
expressions. PLAOmMp NPs elicitedsignificantly higher (p < 0.05) MHC I, MHC II, CD86
expression than PLGAOmp.

5.3.7. Frequency of follicular CD4+ T cells in spleen

Fdllicular CD4 T cells arean important part of the generation dbnglived humoral
immunity mediated by B cells. In thigusly, the activation of follicular CD4+ T cells by
different antigenic formulations to favor the antibody production was elucid&tgdre
5.6). The frequency of follicular CDAT helper cells (CDZCXCR5"PD-1") was measured
by flow cytometry. The fregency of CDACXCRS"PD-1" cells in the splenocytes of PEA
Omp and PLGAOmMpNRimmunizedmice was significantly highefp < 0.05)than other
antigenic formulation immunized micAlso PLA-OmpNPs and PLGAmp NPs induced
significanty higher (p < 0.05CD4"CXCR5"PD-1" cellsthan respective PLA and PLGA
NPs.Also, the percentage dbllicular CD4" T helper cellsvas significantlyhigherin case

theof PLA-Ompand PLGAOmMpNpsin compaison to Omp.
5.4. Discussion

Disease control or elimination requires the induttf protective immunity in a sufficient
proportion of the population, which can be accomplished by efficient vaccination: Long
term immunity, a hallmark of adaptative immunity is conferred by the maintenance of
antigenspecificimmune effectors and/or bihe induction of memory cells that may be
capable of reactivating the immune effectorthimcaseof pathogen exposure. By playing a
crucial role in vaccine development, NPs formulation allamvproved not onlyantigen
stability and adjuvanticity (lead® betterimmunogenicity)but alsospecifially targeted

and sustained releas§208]. Novel delivery system and adjuvants that boost
immunogenicity are very much essential while designingaaded and sophisticated
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vaccines[3]. Polymeric NPs have been increasingly investigated in current vaccine
research as promising adjuvant and ideal delivery system that could activate both humoral
and cellular immune respongsd, [340], [343]

Fabrication procedure and sevegpalysicochemicapropertiessuch aghe type of polymer,
molecular interaction (polymentigen),antigen exposur&inetics significantly affect the
combination ofadjuvarticity of the polymeras well as immunogenicity dlie antigen The
current study was focused with an aim to ®late the formulation of polymeric
(PLA/PLGA)-Omp NPs and to evaluate the immune response (humoral and cellular) in
terms of antigen processing and generatiom oésponse The antigen was a conserved
antigenic outer membrar@otein (Omp) fromV. cholerae keepingin mind to develop a
novel subunit vaccine and its better efficacy through polymeric NPs mediated delivery to
the specific immune system. Our proposed hypothesis was proved by observation of
successfly enhancedantigenspecific antibody respores and increased generation of
memory T cell in the PLA/PLGAmpNPs immunized mice.

Although particles of dimension below 100 nm are considered as nanopatrticles, still
relative increase in size (size~ 1800 nm) can be essential in the area of drug esliv
system for the efficient drug loadirj§7], [340]. Also, as the formulated PL®mp NPs

and PLGAOmp NPs were < 500 nm size range, these particles could be successfully
endocybsdin the body.The lower size was observethiecaseof fabricated PLGAOmMp

NPs than PLAOmpnanopartles which might be due taseof low molecular weight
PLGA (50:50; 3660 KDa). Surface charge density; zeta potential is essential to predict the
fate of the NPs in vivo and to assess the stability of colloidal sy#teough strong
electrostatic repulsion of particles with each off#2i4]. PLA and PLGA being negatively
charged polymers impacts anionic nature to formulated NPs (PLA;®hp PLGA, and
PLGA-Omp). Also zeta potential values more negative after successful encapsulation of
Ompin both PLA and PLGA (PLAOmMpNPs:-25.2 + 5.4 mV; PLGA-OmpNPs:-32.5 +

6.15 mV), that proves more stabilityAgain the formulated NPs were confirmed their
monodisperse nature gslydispersityindex was maintained below 0.5 even after antigen
encapsulation that prevents particle aggregd288].Higher antigen loading is one of the
most desired qualities of successful desigiNBtbasedvaccine delivery that reducése
amount ofpolymersand the loading of drug depends on the chemical structure (both
polymer and drug) as well as theondition of loading[159]. Significantly higher
encapsulation of Omp protein (p < 0.05) was achievethéncaseof PLGA-Omp NPs

(69.18+% 1.68 %) than PLOmMpNPs (57.85 * 4.15%) like our previous studig33] that
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might be due to morkydrophilicity of PLGA causing enhanced intermolecular interaction.
However,the Omp protein release profile in PY@mp NPs is comparatively slower than
PLGA-Omp that could also be attributed to hydrophilic naturd*fGA (diffusion of the
protein through watefilled pores)and higher antigen loading (create a concentration
gradient with release medium). Higher lactide content in PLA might be an another cause in
delaying the rapid burst effect as we observeth@case of PLA-Omp NPs (50% antigen

rel eas e Sarfacg morphalody. of the PLA and PLGA nanoparticles loaded with
Omp were studied using a scanning electron microscope (SEM). The smooth surface can
also be correlated to lactide content that adds hydrogitypbs the polymer. So, that could
prevent the retention ofvater and the shrinkage could be avoided while drying. Also,
particleparticle contact formation was become less duthégpresenceof lactide (which
causes hydrophobic) and ultimately prevexgglomeratior302].

From the FTIR spectrum, it was also observed that upon encapsula@wnpddb PLA and

PLGA the charactestic peaks associated wibmp, PLA and PLGA remainethtact so
therewasno loss of any functional peaks between the absorbance speCmap@ndOmp
encapsulated nanoparticlddus it can be stated that there is no occurrence of molecular
interactionsthat could alte the chemical structure of antigen encapsulationPLA and

PLGA nanoparticlg845], [346]
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Chapter 6

Development of DNA vaccines to boost
antigenic  outer membrane  protein
antigenicity

6.1. Introduction

Genetic/DNA immunization is a novel technique usedtimulate efficientlyhumoral and
cellular immune responses to @ains[25], [202]i [204]. It involves the direct introduction
into living host of a plasmidontaining the DNA sequence encoding the antigen(s) against
which an immune response is wanted, and relies orninttetu production of the target
antigen. Ultimately, it results in the specific immune activation of the host against the
delivered gene (aigen) [347]. This approach (the third vaccine revolution) provides a
number of potential advantages over other traditional approaches, like generation of both
humoral anccell-mediatedmmune responses, improved vaccatability, the absence of any
infectious agent and the relative ease of lagme manufacture with high purif§], [200],
[201]. The safety, simplicity, versatility, stability, ease of production, nontoxicity, and broad
of immunity andlong-lasting cytotoxic T lymphocyte responses make DNA vaccines very
attractive for antiviral/antibacterial/anticancer immunization stratg@p¢q202]i [204].
DNA vaccines are composed of bacterial expression plasmids that normally contain two units:
the antigen expressionnit that includes the promoter, antigemcoding and @yadenylation
sequences and the production unit including the bacterial sequences necessary for plasmid
amplification and selectiorj348]. After successful catruction, the vaccine plasmid is
transformed intdEscherichia colito produce multiple plasmid copies. The plasmid DNA is
then purified in large scale from the bacteria, by separating the circular plasmid from genomic
DNA, RNAs, proteins and other impues. This purified DNA acts as the vaccine.
Regardingthe clinical application of DNA vaccines, the difficulty for the vaccine to move
through the cell membranes (aft@mtramuscularadministration) must be considered.
Frequently, only small amounts of e reachthe antigen presenting cells (APC) to elicit
immune response®10], [349] Hence, the current focus in molecular therapy has been to
disclosure the reasons for the lack of poterfbalDNA vaccines. There is a clear need to
improve the transfection efficienag vivo to reduce the vaccination dose of plasmid DNA.
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Novel deliverysystems for administration of pDNA vaccines are central to addresbdive
discussednecessities[5], [205], [350] This delivery system should be a modern and
sophisticated form of an adjuvant with engineered immunological propektremng possible
delivery systems nanoparticles NP) based delivery of DNA vaccines to APCs, is an
emerging and promising approach used for optimizing DNA vaccine formulation for
immunotherapy[5], [350]. The biocompatible nanopolymers suchpady-(D,L-lactideco-
glycolidePLGA) and chitosan are attractive for DNA delivery applicatif@js[61], [207],

[208]. Chitosan NPs hold promise because of their ability to protect encapsulated nucleic
acidbased antigenfom nuclease degradatiaand promote delivery of adsorbed DNA to
APCs[209], [210] In the caseof synthetic polymers likPLGA, besides DNA protection, the
encapsulation permits a controlled DNA delivery system to be designed with controllable
degradation times and release kinetics of DNA for prolonged gene expression over a required
time. For example, PLGA undergoes estgdrblysis in the physiological environment with

the formation of biocompatible monomerf®211]. Nanopatrticles based delivery systems for
plasmid DNA pDNA) (which encode target gene of interest) administration beakeysto
improvethe transfection effiency in vivo even alower dose

A. hydrophilais a pathogenigramnegativebacterium associated with lower vertebrates like
fish, amphibiang28]. Aeromoniasis an important fish disease is caused by this bacterium
[29]. The Outer Memlame (OM) ofA. hydrophilais a complex structure which consists of
mainly lipopolysaccharide (LPS), phospholipids and a group of outer membrane proteins
(Omps)The OM of pathogenic grammegative bacteria is mainly responsible for establishing
initial adheence, modulatéostpathogeninteraction, overall survival of the organism and
propagation of virulence factof351]. It also has protective antigenicity, because OM
components are easitgcognized as foreign substances by immunological defense systems of
the hosts.Omps are reported to be conserved among different serovarsasndighly
immunogenic due to their exposed epitopes on the steface.Some of them serve as
adhesins and plagn important role in virulencf851]. Ompsare located at hddbacterial
interface inA. hydrophilaand can be targeted for drug therapy

The research described herein was undertaken to develop a pDNA vaccine to boost antigenic
outer membrane proteifOMP) antigenicity and develop a vaccine candidaté&momonas
hydrophilaThe current investigation aimed developing a DNA vaccine as well as
delivery system to boost antigenic outer membrane protein (Omp) that would &t as
potentialvaccine candidate. Nanoparticles based delivery systems for plasmid [RENMA]

(which encode target gene of interest) administration rbaykeyed to improve the
vl
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transfection efficiency in vivo even atlower dose.Two conserved protein sequences and
their codon optimized sequences of antigenic outer membrane pre@ cloned
intopVAX-GFPexpression vector and successfully transforineaE.coli( DH5U) . The | ¢
scale pDNA purification with high purity was achievbdsed on membrane hydrophobic
interactionchromatographyHIC). The purified plasmid solutions were characterized in terms
of final quality, physical properties (charge and size) eff®DNA molecule and its ability to
transfectmammaliancells (CHO;Chinese hamster ovgrgultured in vitro. An attempt was
made to formulate chitosan/PLG#EONA complex and the formulated polyplex were
characterized in termsf size size distribution and zeta potential bythe dynamic light
scattering (DLS) methodThe effect of physicochemical properties of the polyplex
nanoparticles on biologic stability, transfection efficiency ayidtoxicity was investigated.

6.2. Materials & Methods

6.2.1. Design ofjene constructs for pVAXGFP expression vector

Design ofomp DNA vaccines

pVAX-GFP expression vect@852] was used for preparing the pVAGFP-basedcompgene
constructs. The vector consists of a pUC backbone, the CMV promoter, theeB@iHator,

and a kanamycin resistance gelbe OMP sequences of &l hydrophila serotypeswvere
collected from NCBI database (GenBank; KF938895, JQ946882, JQ94&88%3)ligned to

find out the conserved regions. These regions were analyzed for asitigéryi following
bioinformatics tool VaxiJen v2.0 antigen prediction server. Among the conserved sequences,
one was (KF93889%%.33,) selected on the basis of maximum VaxiJen score (higher
predictable antigenicity). Another (KF93888599 Was selectedor comparison purposes.

Two conserved outer membrane protein coding gene sequestog®11-382), om703

999)] were successfully designed in preparing the gene constriepiAX -GFPexpression

vector. The pVax-GFP expression vector was used for prépgrhe pVAX-GFR-basedomp
geneconstructs. Start (ATG) and stop codons were added to the two antigen gene sequences.
A ribosomal binding site (ACC) was added upstream of the start codon. Two restrictions sites
(Kpnl and EcoRl) in the pVAX1 multiple clongsites were chosen that did not cut within the

t wo antigen gene sequences. Those restricti
end ofthesequencand then checked for being in frame with GFP.

The designed sequences were further optimizedfifdr in the databaseusing codon

optimization software (Entelechonhttp://www.entelechon.com/bttool/bttool.hijmland

another one optimized sequence was generated. The four designed sequan2é4;382),
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omp(211-382)opt, ompy703999) and ompr03-999)opt were synthesized (NZYTech,
Portugal). All four synthesized sequences were clonedhipitAX -GFP expression vector as
specified below, leading to plasmids pVASFPRomp211-382) pVAX-GFRomp211-
382)ppt, pVAX-GFRomp(703-999)and pVAX-GFRomg703-:999)pt, respectively.

The vectors containing the synthesizedp gene fragments and the pVARFP vector were
double digested with EcoRI and Kpnl (Promega). The purified linearized vector fragment
(366bp)and theomp gene sequences were recovered from agarose gel after electrophoresis
and using the QIAquick Gel Extraction Kit (Qiagen). The ligationtled vector to each
antigen fragment was set up at a molar ratio of 3:1. The ligations were performsitdp\ 4

DNA |l igase (Promega), foll owing the manuf ac
reaction, each ligation mixture containing the ligated molecules was used to transform
competent DHa& cells previously prepared by the heat shock method. Theftraned cells

were therafter plated onto kanamycin (@@/mL) LB agar plates. The plates were incubated
overnight at 37°C. Eactvell-isolatedcolony collectedafterwardfrom each Petri dish was
inoculated into 5 mL LB broth with-kanamycin (30 pg/mL). Té plasmids from every 5 mL
overnight cultures were isolated using High Pure Plasmid isolation Kit (Roche) and screened
for the positive clones by restriction digestion with EcoRI and Kpnl (Promega). The selected
positive clones from gel electrophoresislgsisa were further confirmed by sequence analysis
(STAB Vida, Portugal). Positive clones were further cultured in LB with kanamycin for cell
banking at80°C.

6.2.2. Plasmid DNA production in E. coli DH%@ transformants

Aliquots from positiveE. coli clonesharboringomp211-382), omp211-382)opt,om703

999) andomp703-999)pt were withdrawn from the cell banks and inoculated in 5 mL LB
broth for overnight culture. On the next day, these seed cultures were ugsattdationof

30 mL of LB medium with 8 mg/ mL kanamycin in 100 mL s
overnight at 37°C and 250 rpm. Larger culture volumes (250 mL in 2 L shake flasks) were
inoculated with the appropriate amount of overnight culture to an optical denis#g@@ nm

(ODggg) of 0.2 and inabated under the same conditions for 8 h to harvest the cells in late
exponential growth phase; an @pof 3.2 was recorded at this stage.coiDH5 U wi t h
pVAX-GFP was also grown under the sarnaditions Cells were harvested in a refrigerated
centrifuge at 3500q, 4°C, for 15 min.
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6.2.3. Plasmid DNA recovery and purification

Recovery and purification of plasmidsere performed by alkaline lysis, followed by
precipitation/solubilization, membrane hydrophobic interaction chromatography (HIC) and
final pdishing steps, as described elsewhg383].The harvestedells in the pellet were
resuspendeth 8 mL P1 solution (50 mM glucose, 25 mMTHCI, pH 8.0, 10 mM EDTA).

After completeresuspensignthe total volume was transferred to smaller centrifuge tubes.
Then, 8 mLP2 solutions (0.2N NaOH, 1% (w/v) SDSyereadded to perform alkaline lysis
followed by gentle homogenization. The tubes were incubated at room temperature for 10
min. After incubation, 8 mL P3 solutig®M potassium acetate, 6.8M glacial acetic awd$

addel to stop lysis followed by gentleomogenizatiorand the mixture was placed on ice for

10 min. The neutralized alkaline lysate was centrifuged at 20,200xg for 30 min at 4°C to
remove cell debris and part of genomic DNA and proteins. The supernatantweed ipl new
tubes and again centrifuged to remove more debris. The resulting gDiNAining lysate

was stored at20 °C until further processing.

To each defrosted pPDNAont ai ning | ysate (a24 mL with
(100% v/v) were added dncarefully mixed. The tubes were left at 4°C for at least 2 h to
precipitate all nucleic acids (pDNARNA and traces of gDNA). The above mixture was
centrifuged at 20,200xg and 4°C for 30 min and the supernatant was discharged. The pellet
was washed wit2 mL of ethanol 70% (v/v) and centrifuged again with the same procedures
as before. The supernatant wiischargedand the tubes were inverted on toghefabsorbent
paper to remove traces of ethanol. The final pellet containing pDNA was resuspendéd in 6m
of TrissHCI (10 mM, pH 8.0) containing 1.52 g ammoniwnlphate The mixture was
homogenized properly and lefin ice for 2 h. Then the mixture was centrifuged at
20,200xgand 4°C for 3@in and thesuperntéant( 86 mL) was used for fu
A membrane adsorberSartobind® Phenyl Nano unit (3mL bed volume; Sartorius AG) was
connected toa k tPariter 10 FPLC system from GE Healthcare (Sweden), which
continuously monitored the conductivity and UV absorbance at 260 nm. Previously to the
chromabgraphic runghe membrane adsorber was washed with 288anol,andthenwith

MilliQ H 0O and then equilibrated with a binding buffer (BB).8 M ammoniunsulphatein

10 mMTrisHCI, pH 8.0. Runsvere performed at a constant flow rate of 1 mit/A volume

of 5 mL of a preliminarily purified pVaxtGFP sol uti on(>200ng/ L),
above, was injected into the membrane adsorber at 1 mt.amd allowed to flow through

for 15 min, leading to the clearance of unbound solutes. Then a 20 mL longn(R@radient
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from O to 40 % EB (elution buffer; 10 mMT¥I4CI, pH 8.0) was applied followed by a step

change in conductivity from 40 % to 100 % EB that also runs through for 20 mL. Membrane
chromatography was therefore usectlute the plasmid isoformslectivelyFractions of 0.5

mL taken from the supercoilatth pDNA elution peak wereollectedand pooled (2mL),

analyzedby horizontal agarose gel electrophoresis (AGE) to confirm purity and then kept at

- 20°C for further use. Electrophoreses wereinud5 cm 1% (w/v) agarose gels at 90 V for 2

h with TAE buffer (40mM Tris base, 20mM acetic acid andlmM EDTA, pH 8.0), and stained

with ethidium bromide(0.5g/mL).

Pooled HIC fractions were concentrated to a final volume oflL3and desalted during
centrifugation in a swing bucket rotor for 5min at 3,200xg and 4°C im& 2micon® Ultra

centrifugal filters Millipore, Ireland) bearing a SkDaUltracel® cellulose membrane. The
diafiltration was performed stepwise by adding 10mM -H@I pH 8.0 in 5 difiltration

vol umes (Vail. 5 mdnfifugdtionuding the samebsettings as bef{@s4].

Recovery of concentrated pVatdaFRderived plasmids was achieved by turning the
respective Amicon upside dovamd centrifuging it again under the same conditions.

The final plasmid DNA concentration in purified solution was assessed imhns&@nples by
spectrophotometry oa NanoVuePlus equipment (General Electric Healthcare, UK), after
equil i br at iMliQHyD. AGE was pdrforrmeld to confirm the quality of purified

pDNA, although the overall purification and polishihgve been demonstrated to permit

efficient CHO cells transfectioj354].

6.2.4. In vitro culture and transfection of CHO cells

In vitro expansion of CHO cells was performed by inoculating at a concentration of &.5x10
cells/mL in a F75 culture flask with 10 mL of Dulbecco’s Modified Eagle Medium (GIBCO)
supplemented with 10% Fetal Bovine Sar(gFBS from GIBCO, heat inactivated) and 1%
penicillin and streptomycin (PenStrep from GIBO®%5].CHO cells were seeded 24 h prior

to transfection into a 2dv e | | ti ssue cul tur 8cels/mi toobtainta a de
confluence of 7880% on the day of transfection (within 24 h). Aettime of transfection, the
cells were washed with 500 €L of PBS to rem
pVAX-GFP, pVAX-GFRomp211-382) pVAX-GFRompg211-382ppt, pVAX-GFP
omQ703999) and pVAX-GFRomg703999ppt, was c ompl ekpofdctamiiet h 1 . ¢
2000 (seklassembling) and added to each well. DMEM without FBS and antibiotics was
added to a final volume of 500elL and ihncubat
and 6 h). After incubation, the medium was changed, the cellswaseedwith PBS, and
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500 €L of the complete medium (DMEM supplen
were added to each well. The transfection experiments were performed in duplicate. Cells
incubated without pDNA lipoplexes or pDNA biopolymer NP were usedegative control.

Cells transfected wit h-GFPIDNA domplekes mére @esed 29€ 0 0 E /
positive controls of the transfection. The transfection efficiency was evaluated using flow
cytometry analysis after 24h or 48h of transgene expression.

6.25. Flow cytometry analysis

After 24h or 48h o f transgene expression, the cell s
trypsinized for 5 min at 37°QAfterward complete medium was added to stop the action of

trypsin, the cell suspension pouredo Falcontubesand the cells were centuged in a
conventional bench top centrifugertbn, 1,500xg, room temperature). Then, the supernatant
wasdiscardecdand the cell pellet carefully washed with a small amount of PBS, to remove any
traces of trypsin, and r esdesPbA fredhdygpregaredh500 ¢ L
FACScanScaliburflow cytometer (BectotDickinson, NJ, USA) recorded the forward scatter

(FSC), side scatter (SSC) and green fluorescence (FL1) while running each sample of
transfected CHO cells. Green fluorescence intensiigresponding to GFP expression level,

FSCand SSC data wesmalyzedand histograms and dot plots were generated with CellQuest

Pro Software © (Becton Dickinson, NJ, USA). The data were expressaneant standard

deviation.

6.2.6. Chi/PLGA-pDNA Complex

PLGA NPs were formulated using a double emulsiolvent evaporation technique. The
organic phase was prepared by dissolving 200 mg PLGA in 10 ml ethyl acetate’G)t 25
with constant stirring at 400 rpm (2hr). Agueousphase was made by dissolving RY100

mg) in 10 ml water (with 0.1 mM ethyl acetate wateryd@a UC f or 5 min, wunder
cooling 30 mg chitosan chloride was added to the PVA solution, and the mixture was stirred
for 30 min at 1000 rpm. The solution was allowed to degas at room temperature until clear.
2.5 ml ofthe organicphase was emsified with 10 ml aqueous phase under stirring at 14,000
rpm using high-speed homogenizer. Then, the emulsion sonicated for 10 min at 40%
amplitude, 2 seconds on and 2 seconds off using ultrasonicator (Sartorius LAESRINIC

an ice bath. The emulsion watirredat 500 rpm for 2 hours at room temperature to allow the
organic solvent evaporation. The NPs wexeoveredby centrifuge at 37,500 g for 45 min

and washed thrice with sterile deionized water. The sample was purified by dialysis, using
100,000 MWCO, 1.8 ml/cm dialysis membrane (HIMEDIA, India), against distilled water.
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Dialysis was run for 8 hours, changitite waterevery 2 hours. The particle solution was
recovered from inside the tube and place added with 2.5% trehalose dihydrate as
cryoprotecant prior to freezelrying. For Chi/PLGA-pDNA Complex Formation, 0.5 mg of
dried NPs was 0.5 ml of deionized water. The solution was vortexed for 15 minutes at 1000
rpm. NPs and pDNA were combined in Millipore water, vortexed for 30 seconds, and allowed
to complex at pPDNA/NP ratios of 1:50 by weight at room temperature undisturbed for 1 hour.
6.2.7. Particle Size, Size Distribution, and Zeta Potential

The size (Hydrodynamic diameter), size distribution (Poly Dispersity Index) and zeta
potential (Surface cige) of the pDNANP complexes were analyzed by Zeta sizeé3 91,
Malvern Instruments Ltd, Malvern, UK). The lyophilized samples were made an appropriate
dilution with deionizechanepurewater and sonicated ahamplitudeof 40 and 0.5ec pulse

cycle fa 5 min. Aliquots from each preparation batch were sampled in dynamic light
scattering (DLS)cuvettesand nanoparticles were then examined for equivalent diameters,
zetapotentialandpolydispersityindex. Particles diameters were assessadseatteringangle

of 90° and at a temperature of 25°C. Then determinations for average mean diameter, zeta
potential andpolydispersityindex were measured for each preparation and the standard
deviations were calculated.

6.2.8. DNA Entrapment

To each sample, 25 pl @liGreen (OG) fluorescent nucleic acid stain (1X) was added to
complexes containing a total ofrgy of pDNA and incubated at room temperature in a dark
for 5 minutes. After incubation, the total volume was raised to 500 pl using Millipore water.
The relaive fluorescence was determined using 490 nm excitation and 520 nm emission
wavelengths i Luminescenc8pectrophotometer.

6.2.9. Enzymatic Digestion Assays

DNase | (1U) (HIMEDIA) was added to free pDNA and pDiN#R complexes 1 50
pDNA/NP) in the suppg d DNase buffer, foll owed by incu
Plasmid digestion was analyzed via 1% agarose gel electrophoresis as described above.
6.2.10. SEM Study

The surface morphology of the pDNAP complexes was investigated by scanning electron
microscopy (Jeol 6480LMSM microscope). The NPs were fixed on adequate support and
coated with platinum using platinum sputter module in a higher vacuum evaporator.

Observations under different magnifications were performed at 20kv.
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6.2.11. Data analysis

The results of experimental assays (for each group) were expressed as mean value + standard
deviation (SD)/ standard error. Om&ay ANOVA (analysis of variance) followed by
Duncandéds multiple range tests (DMRT)stswas per
< 0.05 was considered statistically significant.

6.3. Results

6.3.1. Design obmp geneconstructsin pVAX -GFP expression vector
The successful design of the selected construotsp211-382), omg703999) was
performed as mentioned in figure 1.THesigned sequences were further optimizethe

databaseusing codon optimization softwarét{p://www.entelechon.com/bttool/bttool.himl

and another two sequencesnp211-382)opt, andomp703-999)optwere generated (and
from now on deThe designeédeopptimified pequenogsre aligned with
respective nonoptimized sequencesf211-382), omy703-999)) to observe the nucleotide
differences (Figuré.1).

Matches(|):171

a Mismatches (#) :33
Gaps( ):4
Unattempted(.):0

* *
1 ACTGATGGTACCGAGCICATGIGG- AGATIGCICTGAACARCACCTGGICCGGTATCGCCAAGACCGAGTGGCARGTTTICIGCTGARRACIC 98

peecreerereerereeecr o OB BoBo B nBoooc @ oo BB

1 ACTGATGGTACCGAGCTCATGIGGAGT--GGAARARTCGCCCTGAACARTACCTGGAGCGGTATCGCARAGACGGARTGGCAGGTGTCCGCTGAGAACTIC 98
* * * * * * * *

*
99 CGCCAACAAGTTTGACTCCCGICACATCTACGTIGGITT CGGCACCCAATACGGCAAGATCATCTICGGTCAGACCGATACCGCE TICTACGGGAAT 198

Ul\ﬂmnnmmnmD||H|D\|\1xﬂlxm\|HD\|n||1|xﬂx\|t\||||;|H|ﬂ1iﬂlrﬂmnﬂuﬂnﬂllﬂnmmnn

99 AGCARACA TII\.'\"T"T AGACACA TITnCCTCG’.‘v"TTCGaTCCAACC"l"T "’""“""‘TCAITTT'.\'""':""'E-"T" ACACA "CATTC‘IACSGGAAI 198
* * * * * *

*
199 TCGCTACG 206
(ARRRRRNI
199 TCGCTACG 206

*

b Matches(|):268
Mismatches (#) :52
Gaps( ):30
Unattempted(.):0

* * * * * * * * *
1 ATCGATGGTACCGAGCTCATGGACAATAA-ATTAGGACTT-AATAAGATGAACAAGACTCTGATTIGCICTITGC--TGTAT-CAGCTGCTGCAGTGGCTAC 95

(ARRNRRNRRRNNRRARNNRRANNNNl [Nl <01 [N-[H0 OO0 INWANRRRNNNT - [N NRUNNNI- [Nl [0 (W[ CNMW [0 [ CNANNI:[X

1 ATCGATGGTACCGAGCTCATGGACAACAAGCT--GGGCTIGAACAAGATGAACAAAACCCTGATTGCACTCGCAGTGTCTGCAGC--C-GCTGTGGCCAC 95
* * * * * * * * *

* * * * * * * * *
96 TGGCGCITACGCTGACGGAATCAACCARAGCGGTGACAARGCAGGTTCAACCGTTITACAGCGCG-ARA-GGTACTICICTAGARGTTGGTGGCCGIGCIG 193

1G
ﬂlInlInll\HﬂlKII!ﬂl\IHIllnllI\IHInllllIﬂl\ﬂlllllnlln\llnl |I|\1|\|El||||ﬂ||ﬂ|||||n|\mmDnm
R eray A : 2

" . * * .
287 ACGGTGTIGG-TTTCTACGAAGGCGAGTTIACTTACGGGAATTCGTTACC 335
tccn oo o oBoBooooBoBoooon

287 ACGGIGTCGGATTIT-TACGAGGGGGAGTTCACCTACGGGAATTCGTTACC 335
* * * * *

Figure 6.1. Alignment of designed pVAX-GFP-omp(211-382) and pVAX-GFP-omp(703-999) sequence
with their respective optimized sequences pVAX-GFP-omp(211-382)opt and pVAX-GFP-omp(703
999)opt showing the nucleotide differences.
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Both the 2 designed sequences were crosschecked foctiestsites after inserting into
pVAX-GFP plasmid sequence map. All above bioinformatics work was carriedheitielp

of ApE (A Plasmid Editor software). All four designed sequences were synthesized
(NZYTech, Portugal).

6.3.2. Cloning

In order to constret the corrected vectors pVABFP andOmpinsert were double digested

with Kpnl and EcoRlI in order to create compatible cohesive ends in both structures. Due to
the difference of activity of restriction enzymes, digestion conditions had to be optimized
throughout a series of cloning experiments. Finally, the digestion procedures were
accomplishedy sequential digestion with Kpnl at 37 for 2hr followed by EcoRI at 3T

for 2hr.

Following restriction digestions, the base vectors were purified by 1% aggebsdhe
agarose extracts containing the linearized vectors were subsequently purified with the Qiagen
Gel Extraction Kit (Qiagen)The successful ligation of gelurified pVAX-GFP vector to
desired antigenic insert was done by using T4 DNA ligase (Pmmag3:1 molar ratios
(Insert:Vector)for 3h at room temperature followed by an overnight period®@t ®n the

other hand, lower temperatures are responsible for bringing the DNA molecules together (due
to lower mobility of molecules). The two temp meds used are therefore a balance between
contradicting ideal temperatures. Too low temperatures would affect DNA layisaty

while too high temperatures would affect the cloning efficiency by melting the annealed DNA
ends and by increasing molecular vement in the reactiofi356], so room temperature
incubation (28C) followed by an overnight incubation aP@ would favor the reaction. Both
ligation mixtures and negative controls were transformed by heat shocE.ic@iDH5 U
competent cells and plated in kanamysupplemented LB agar platdhe selected plasmids
were isolated using High Pure Plasmid Isolation Kit (Roche) and screened for the positive
clones by restriction digestion with EcoRl and Kpnl by compadampare the fragment

sizes in 1% agarose dgéligure6.2).

6.3.3. Sequence analysis

All the positive clones (confirmed from gel photographs) were processed for sequencing. The
obtained sequences were aligned with original sequences to observe the sequ&ardg. simi
From the sequence analysis, the successful cloningmuf211-382), omp(211-382) opt,
omp(703-999) andomp703-999)optsequences were confirmed.
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Figure 6.2. Screening of positive clones based on pVAGFP for pVAX-GFP-omp(211-382) (a), pVAX -
GFP-omp(211-382)opt (b),pVAX -GFP-omp(703-999) (c),pVAX -GFP-omp(703-:999)opt (d). Lanes 1: DNA
ladder (200 bp-10,000bp) and other lanes; 5 (a), 27 (b), 27 (c), 27 (d): RE digestion (Eco R1 and Kpn

1) of corresponding cloned plasmids.

6.3.4. Plasmid DNA prodiction and its up-scaled purification by

hydrophobic interaction chromatography (HIC)
The upscaled production of plasmids was performed by culturing the four strains in larger

culture volumes (250 mL in fir flask) for 8 h (ORw~3.2), harvesting the dslin late
exponential growth phase. For threvitro assays, the chosen pDNA purification approach
was the hydrophobic interaction chromatography that correlated with more stable lipoplexes,
higher plasmidransfectiorand GFP expressid53], [354] Separation was accomplished in
bind and elute mode using an optimized stepwise elution prf#8d]. Plasmidcontaining
samples preonditioned with 1.8 M ammonium sulfate were injected at 1 mL/min imd. 3

bed volume preequilibrated with 1.8 M ammonium sulfate in 10 mM THECI pH 8.0. The
weakly retained molecules were washed with the equilibrdtidfer and the ionic strength

was decreased stepwise by changing gradually to 10 mMHICispH 8.0 inorder to elute

the bound impurities<Chromatography is performed using 1.8 M ammonium sulfate in10 mM
Tris at pH 8 as running buffer (conducti vit
interaction of the solutes present (pDNA, RNGDNA, and endotoxing with the phenyl
matrix. Relevant chromatographic fractions, for bdiibw throughand eluted peaks, were
analyed by horizontal gel electrophoresis using 15 cm, 1% agarose gels run at 90 V for 2 h
with TAE buffer (Figuret.3).
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X PS1

AT IR SR

24 PS1

Figure 6.3. Chromatogram and Gel photograph of sample pulls athe different peak in the chromatogram
(a. pVAX-GFP-omp(211-382), b. pVAX-GFP-omp(211-382)opt, c. pVAX-GFP-omp(703999), d. pVAX-
GFP-omp(703-999)opt. M-Molecular weight marker, F- feed, FT- (A3-A4), PSt (A9-Al12), PR (B3-B7),
PS2 (B12-C6), PI- (C7-C10).

The pure pDNA fractions collected from the eluted peaks were concentrated. The diafiltration
step was performed by adding 10mM THEI pH 8.0 in 5 times the volume present in the
Amicon (Vail.5mL) faidnistepsing théd sameasettngs ms bg854]. u g
After purification, the final plasmid DNA concentration was measured on nanodrop (Thermo
Fisher) and analyzed for purity by agarose electrophoréhis.quality parameters of the
pDNA pool obtained (at 1 mL/miftow rate) are comparable with those reportedRgyeira et

al., 2014for an identical systef54]. The final concentrated pDNA content wé@/ ng/pL,

574 ng/ul, 417.5 ng/ul and 375 ng/pl fomp(211-382),0mp(211-382)opt,ompy703-999) and
omp(703-999)opt respectively.

6.3.5.In vitro Assays

Transfection Efficiency

The biological activity of purified plasmid fractions was evaluated by preparing lipegplex
complexation with the cationic liposort@sed reagent (Lipofectamine) and used to transfect
CHO cells cultured in vitro. Higher percentages of transfected CHO cells were from the
enhanced expression of GFP in the cell nuda&s].

Positively charged liposome/DNA complexes (lipoplexesymiulated with the reagent
Lipofectamine 2000TM, have been widely used as a safe transfection methodology. In vitro
transfection assays have demonstrated to be improved by the use of cationic liposomes, due to

its protective role of pDNA357], [358] against nuclease attack, also enhancing cellular
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uptake via endocytosi855]. The outcome of the transfection was evaluated on the basis of
two parameters: (i) the percentage of cells transfected and (ii) the mean intensity of individual
cell fluorescence. After flow cytometgnalysis, the mean value for % gated CHO cells (%
Transfection) and fluorescence MI (Mean Intensity) of positive control (p\GFR),pVAX-
GFPRomp211-382), pVAX-GFPRomp211-382ppt, pVAX-GFRom703-999) and pVAX-
GFPRomp703999)pt were calculated, aftesubtraction of respective negative control (only

nonttransfected CHO cells) values (Tablé).

Table 6.1. Transfection study results (% Transfection, Mean Intensity and %T x MI values of positive
control (pVAX-GFP), pVAX-GFP-omp(211-382) pVAX-GFP-omp(211-382)pt, pVAX-GFP-omp(703
999)and pVAX-GFP-omp(703-999)pt transfected CHO cells) after 24 h and 48 h incubation

Incubation % Gated Ml %Tx Ml
Time

(% T) (Mean
Intensity)
101.855 + 5.190

11.39+.092

1160.128 + 49.753

- 48 hr 11.17 £ 0.827 70.9 +£11.816 791.953 + 73.325
Positive control
24 hr 17.655+2.022 184.595 + 25.088 3259.025 + 816.242
Omp1 nonopt 48 hr 44.46 + 0.290 433.94 +21.871 19292.97 + 1098.182
PVAX -GFP
24 hr 12.09+0.290 93.695 +19.322 1132.773 + 260.8D
48 hr 15.03 £ 4.363 59.91 + 3.415 900.447 + 312.182
Ompl opt-pVAX -
GFP
Omp2 nonopt 24 hr 10.357+ 1.213 82.11+ 28.235 850.413 +392.059
U 48 hr 15.04 + 1.365 33.43 + 3.076 502.787 + 0.639
Omp2 opt-pVAX - 24 hr 20.125+ 0.410 131.47 £ 23.568 2645.834 + 528.222
GFP 48 hr 7.945 + 0.792 31.27 £ 7.347 248.440 + 33.606

After 24 h incubation, transfection efficiency was highespdAX-GFPRomp211-382) (%T

x MI: 3259.025 + 816.242) among all the designed plasmids. After 48 h incubation, the
transfection efficiency wasncreased only forppVAX-GFPRomp211-382) (%T x MI:
19292.97 + 1098.182) (Figure 4). In other cases, overall transfection efficiency decreased due
to adecreasén mean intensity (although thereaslightincrease in %T), meaning that there

was less ammt of expressed green fluorescent protein in the cells atpé&tiransfection
although there was a higher percentagietell with expressed proteiCellslosefaster the

ability to express the protein codegthe plasmid, except f@VAX-GFRompy211-382).
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Figure 6.4. Transfection efficiency (% TxMI) of positive control (pVAX -GFP), pVAX -GFP-omp(211-382),
pVAX -GFP-omp(211-382)opt, pVAX-GFP-omp(703-999) and pVAX-GFP-omp(703-999)pt transfected
CHO cells after 24 hr and 48 hr of incubation

The resits obtained forpVAX-GFPRompg211-382) was again verifiedby a separate
experiment, wheren vitro transfection was carried out withVAX-GFRompy211-382),
pVAX-GFRomp211-382opt and pVAXGFP (as control) andransfectedcells were
incubated for 24 hr, & hr, 3day, 6day, 8 days (table 2). In both the casepNAX-GFP
omp(211-382), pVAX-GFRomp211-382)pf], the transfection efficiency was increased up

to 24h incubation. Subsequently, the transfection efficiency was decreased from Bfay to
day incubaton. From the current experiment, it can be concluded that optimum incubation
time for transfection is 24 hr (1 day). Therefore, the behavior of transfect pDNA constructs
harboring all four geneonstructswere testedor GFP expression, in order to acheea
guantitative understanding of the effect of such sequences in intracellular trafficking and
protein expressiornlhe dfferencein the transfectiomeliesupon the gene expression and the
efficient gene expression dependent on several factors, sutasasdouptake, degradation

rate of plasmid copies inside the cell, efficient delivery to the nucleus through successful
intracellular trafficking and, finally, transcription and translation efficiencidse ultimate

goal of transfection is gene expressigifficient gene expression, one of the setbacks of non
viral vectors, is dependent on several factors, such as plasmid uptattegradatiorate of
plasmid copies inside the cell, plasmid access to the nucleus through successful intracellular

trafficking and, finally, transcription and translation efficiencies. In the context of DNA
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vaccination, one of the principal setbacks is the efficient delivery of pDNA to cell nucleus
[359]. The analysis ofGFRpositive cells, compared with control ndransfected cells
exposed to the same amount of lipofectamine, confirmed the expected results regarding the
mod efficient plasmid uptakePlasmid size is an important role in transfection, as in the
number of cells presenting fluorescence, and plasmid copy ny8%4r Significant smaller

sizes are correlated with higher transfection efficien383], [360] The significant higher
(pO0. 05) e pvVpX-@Ffamy@14-382) might be due to the smaller antigenic
insert. Regarding the percentage of transfection, the value was low for the positive control
where pDNA is complexed with the transfection reagepbiectamine 2000. This is an
established complex with transfection normally higher than 30% when GFP is used as
reportergene[361]. The results obtained are probably related with the 100% cell confluency
used for control assay. Too many cells mighgsultin contact inhibition making cells
resistant tahe uptakeof foreign DNA or due to pH variation as the ideal pH for CHO cell

culture varies between 6.8 and 1362].

Table 6.2. Transfection study results (% Transfection, Mean Intensity & %T x MI values of pVAX-
GFP-omp(211-382), pVAX -GFP-omp(211-382)opt trandected CHO cells) after 1day, 2day, 3 day, 6 day, 8
day incubation.

e R RSSSSSSSSDEDDEESESSSSS—==

pVAX -GFP-omp(211-382) pVAX -GFP-omp(211-382)opt
%Transfection Mean % TxMI %Transfection Mean %TxMI
(%T) Intensity (%T) Intensity
(M) (M)

1 21.275+ 0.417 251.725+ 40.432  5363.88+ 96.216 13.465+ 1.675 96.462+ 5.957  1293.876+ 81.439
day

2 22.78+ 0.226 184.205+ 21.913 4193.711+ 457.503 15.8+ 0.735 74.325+8.690  1171.14+ 82.649
day

] 20.62+ 4.652 113.915+ 33.396 2271.234+ 158.619 9.88+ 1.824 77.095+5.635 766.839+ 196.327
day

6 17.08+ 0.866 71.95+ 12,077  1234.317+ 268.635 4.56+ 0.233 21.32+ 6.590 97.988+ 35.026
day

8 15.855+ 5.451 45.23+ 8.626 740.637+ 383.361 3.025+ 0.190 5.695+ 1.774 17.057+ 4.281
day

6.3.6. Physicechemical properties of pPDNANP complex

Size and charge (zeta potalit distribution pattern of pDNANP complex have been
characterizedby dynamic light scattering (DLS) method. The average size and zeta potential
of pVAX-GFRomp211-382»NP complex were 199.25 + 22.29nm and 23.25+ 33.59 mV
respectively. Similarly, The &vage size and zeta potentialppdAX-GFRomy211-382)opt

NP complex were 205.25 + 3.59 nm and 26.35+ 2.38 mV respectively (Fdg)r&eta
potential otherwise known athe electrokinetic potential at the surface of the colloidal
particles has a greaignificance in comparing the stability of colloidal dispersif383]. The

high positive charge of formulatedano complex confirmed the complete exposure of
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chitosan towardshe surfacein the complex and higher stabilityhe polydispersityindex
(PDI) is a measuremenf particle distribution and gave a distribution rarigem 0.000 to
0.500[298]. The PDI value of pVAXGFRomp211-382)NP complex(0.152+0.0¢ and
pVAX-GFRomp211-382)optNP complex (0.216+0.0% confirmed the monodispersity
nature.
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Figure 6.5. Size and charge (zeta potentialdistribution p attern of pDNAloaded Chi/PLGA NPs by
dynamic light scattering (DLS) method. The averagesize of pVAX-GFP-omp(211-382)}NP complexwas
199.25 + 22.2%9m (a) and zeta potential was23.25+ 2.25 mV. Similarly, The averageize ofthepVAX-
GFP-omp(211-382)}NP complex was205.25 + 33.5%m (c) and zeta potential wa26.35+ 2.38nV.
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Figure 6.6: DNA entrapment assay: The relative fluorescence of pDNA and pDNAIP complex (n = 5;
mean * standard error). Maximum fluorescence is exhibited by free pDNAQVAX-GFP-omp(211-382)
and pVAX-GFP-omp(211-382)opt]. Decreasing pDNA/NP ratios yield decreasing fluorescence intensities.
The value corresponding to fluorescence of water (negative control) indicates complete complexation of all
free pDNA with NPs.
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6.3.7. DNA entrapment asay

The complex formation of pDNA and NPs was confirmed by fluorescence and gel
electrophoresis. The relative fluorescence from the OliGreen nucleic acid stain is an
indication of free, or incompletel}complexed DNA within the sample. Maximum
fluorescences exhibited by the sample that contained only free plasmid in wsdeseen in
Figure 6, a decrease in the fluorescence intensity was observed in-NBNAmplex in
compaison to the only pDNA. Such a decrease in fluorescence indicates that the pDNA is
complexed to the point that DNA dye association and fluorescence are prevethtedase

of pVAX-GFRomp211-382)NP complex (pDNA/NP:0.02), a 91% decrease in fluorescence
intensity is observed compared to that of the free pDNA. Similarlyhercaseof pVAX-
GFPomp211-382)optNP complex,a 88%decrease in fluorescence intensity is observed
compared to that of the free pDNA. The value corresponding to fluorescence of water
(negative control) was same as complete complexation of all free pDNA with NEs. T
complete uptake of all of the pDNA in pDNKWP complex indicates the ideal ratio (1:50) for
protection and delivery of the entire DNA load. Similar results regarding successful
complexation of pDNA with Chi/PLGA NPs was confirmed by comparison of ttagivel
fluorescence of samples containing pDINWR complexes (0.02 ratio) to a pure water sample
that indicates the absence of free pD[883].

6.3.8. Enzymatic Degradation of pDNA and Complexes

The protection from enzymatic digestion that NP complexes afford to pDNA was confirmed
by gel eletrophoresis after treatment with DNg863]. In the caseof free pDNA, no bands

were observed after incubation with DNase | except a faint band of high mobility at the
bottom of the gel (Figur6.7). The smeared pattern in lane 5 is an indication that some of the
pDNA in the complex waavailable for digestion, as fragments of various sizes with higher
mobility than those of undigested plasmid are visible. A lesser degree of digestion occurs for
complexes, athesmearedand does not contain fragments as small as those in lane 4. In the
pDNA-NP sample exposed to DNase, there is still a large amount of remaining complexes
that exhibit no electrophoretic mobility and are thus seen as bands in the gel well, suggesting
protection from endonuclease digestidine complete protection of pDNA ipDNA-NP
complex was alsoobseved through enzymatic degradation study (DNAse [B63].
Complexes treated with the nuclease exhibit limited electrophoretic mobility, indicating that
within the complex, some of the pDNA must be exposed to the introduced enzyme and the
degraded DNA is locatkon the outside of the complex.
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Such approaches could also prove useful in studying the delivery of the biological agents into
cells via nanoparticle platforms and the release of the active therapeutics from polymeric

nanosurfaces.

Figure 6.7. Plasmid and pDNA/NP complexes after nuclease digestion using DNase I: lane A: 1 kb
Molecular weight marker; lane B: 100 ng plasmid pVAX-GFP-omp(211-382)]; lane C: pVAX-GFP-
omp(211-382}NP complex; lane D: 100 ngpVAX -GFP-omp(211-382) with DNase I; lane E:pVAX-GFP-
omp(211-382)}NP complex with DNase |I.

6.3.9.SEM study

The morphology ofpVAX-GFRomp211-382)NP complex andpVAX-GFRomp211-
382)optNP complex were analyzed by SEM analysis (Figu8¢. The NPs were spherical in
structures as confirmed by scanningotfon microscope (SEM). The particles were found to

be round, uniform and isolated in nature.

Figure 6.8. SEM photograph of (a) pVAX-GFP-omp(211-382}NP complex (b) pVAX -GFP-omp(211-
382)optNP complex
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Figure 6.9. Transfection efficiency (%TxMI) patterns of control (pVAX-GFP), pVAX-GFP-omp(211-
382)+ Lipofectamine 2000pVAX -GFP-omp(211-382)NP complex andpVAX -GFP-omp(211-382)optNP
complex after 24 hr incubation.

6.3.10 In vitro transfection study with pDNA-NPs complex

The selection of those nanapeles (Chi/PLGA), to be used in transfection assays, was made

in order to obtain the maximum efficiency of this delivery process, i.e. high percentages of

transfected CHO cells, resulting from the expression of GFRhéncell nucleus.The
formulatednan@omple)pVAX-GFRomp211-382)NP complex angpVAX-GFRomp211-

382)optNP complex were transfected in the similar fashioto CHO cellsand transfection

efficiency was evaluated and compared witinsfectiorefficiency ofOmp-pVAX-GFP plus

transfection gent Lipofectamine 2000. The comparable transfection efficiency was observed

in case ofpVAX-GFPRomp211-382)»NP complex andpVAX-GFPRomp211-382)optNP
complex withpVAX-GFRomQ211-382) Lipofectamine complex.

6.4. Discussion

The main goal of this studis to develop a DNA vaccine candidate, based on the outer

membrane protein oA.hydrophilg for immunization along with characterization of self

assembled polymeHgDNA nanoparticles for improved vaccine delivery. The two antigenic

coding sequencesKF9388951.3s:and KF938895,03999) Were successfully inserted in

pVAX-GFP expression vector. Codon optimization was performed for Bshrerio) to

generate two other optimized sequences. Thus, the four conserved protein sequences
[ahal(211-381),ahal(211-381)opt, ahal(703-999) andahal(703-999)opt] of antigenic outer
membrane protein were cloned into pVASFP expression vector and successfully

transformed intcE. coliDH5 U.

Then,

| arger

productions

mL culture volumes) and pDNAsere purified by HIC membrane chromatography with high
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purity and high concentration. The purified plasmids [pV\&KRahal211-381), pVAX-
GFPRahal(211-381)opt, pVAXGFRahal703999), pVAX-GFRahal(211381)opt] were
transfected with Lipofectamine into CHCGhinese hamster ovary) cells.

Positively charged liposome/DNA complexes (lipoplexes) were obtained by complexation of
purified pVAX-GFP (control) and of pVAXGFP-ahalderivative plasmids with the cationic
liposomebased reagent Li podctantne aationiolgopl2xesoh@ve beenl i p o f
widely used as a safe transfection methodology with ithevitro transfection assays
demonstrating improved efficiencies due to its ability to protect pDNA against nuclease
attack[357], [358]and to enhance cellular uptake via endocyt{&i5].

Transient transfection efficiency was evaluated by fluorescence intensity measurement
corresponding to GFP reporter expression level at different time intervals. The transfection
with designedahalpVAX-GFP showed transfection efficienciestmeg than the obtained for

the positive control (pVAXGFP), but in the same order of magnitude. Values of 850+392 to
3,259+816 (Tables.1) obtained with all of the four constructs points that these putative
antigenic proteins can be easily expressed inrgaka cells.

An independent experiment of transfection of CHO cells with1(211-381)}pVAX-GFP

(Table 2) confirmed the highest transfection efficiency after 24 h incubation with a regular
decrease of expresséthal-GFP from the 1st to the 8th day postnsfection (to 1.3% of the

24 h expression level). However, the pVASERahal(211-381)opt clearly gives less fusion
antigenic protein than the pVA%FRahal(211-381). There is a confirmed impact of the
nucleotide composition on the transfection efficien€yhe pVAX-GFRahal(703-999) and
pVAX-GFPahal(703-999)opt. In this case, however, the plasmid containing the optimized
sequence was the more expresséd pVAX-GFPahal(211-381) and pVAXGFP
ahal(211-381)opt have the same size, the lower expression at @11381)GFP protein is
probably due to the different nucleotide composition that may increase the susceptibility of
the plasmid to nucleases or decrease the levels of the transcripts due to a lower transcription
and/or a higher degradation. Althouglgrsficant smaller plasmid sizes are correlated with
higher transfection efficiencief357], [360] the size differences between pVAGFR
ahal(41-381) (3,850 bp) and pVAXGFRahal(703999) (3,976 bpare not relevant in this
system

Based on the transfection efficien@hal(211-381) andahal(211-381)opt were selected for
nanoparticlebased pDNA vaccine delivery studies. PL@Wtosan nanopartielplasmid

DNA complexes were formulated and characterized in terms of size, size distribution and

zeta potential by dynamic light scattering. The formulated nanocomplexes {BFX
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ahal(211-381}NP complex, d=171+73 nm and pVA&FRahal(211-381)optNP compex,
d=153+54 nm) had overall positive charges, as confirmed from zeta potential measurements,
which anticipates verytable nature. SEM analysis (Figused) revealed a spherical shape of

the formulated nanocomplexes and sizes that lederevith DLS measrements (Figuré.5).

The ability of PLGAchitosan nanoparticles to form complexes with pDNA was evaluated by
using the fluorescent intercalating d@# Greento label free plasmid DNA. Fluorescence
from the Oil Green nucleic acid staining is an indwatof free, or incompletely complexed,
DNA within a sample. Maximum fluorescence is exhibited by the sample that contained only
free phsmid in water. As seen in Figure 6& decrease in the fluorescence intensity was
observed in pDNANP complexes in congpison to naked pDNA. Such decrease in
fluorescence indicates that the pDNA is complexed to the point that DNA dye association and
fluorescence are prevented. In case of p¥BKP-ahal(211-381)}NP complexes (pDNA/NP

mass ratio of 1:50), a 91% decrease uofescence intensity is observed compared to that of
the free pDNA. Similarly, pVAXGFPahal(211-381)optNP complexes showed a 88%
decrease in fluorescence intensity when compared to that of the free pDNA. The value
corresponding to fluorescence of wateedative control) mimics the complete complexation

of all pDNA within NPs. The complete uptake of all of the pDNA in pBNR complexes is

ideal for protection and delivery of the entire DNA load. Bordelon and coworkers (2011) also
verified a 94% decrease ifluorescence intensity upon Chi/PLGA NP complexation of
plasmid for the same pDNA/NP ratio of 1:50, by comparison of the fluorescence of samples
towards that of pure water, proving that such successful complexation of plasmids is
achievablg363].

The protection from enzymatic digestion that NP complexes confer to pDNA wasresshf

by gel electrophoresiafter treatment with DNase (Figuée?) [363]. In case of free pDNA,
typical bands of open circular and supercoiled pDNA isoforms (lane B) were no longer
observed after incubation with DNase | (lane D). Regarding the protection of plasmid pVAX
GFPahal(211-381)within NPs (lane C), the smeared pattern that could be seen when DNase
digestion was implemented (lane E) is an indication that some of the pDNA in the complexes
was still freely available, as fragments of various sizes with higher mobility than those of
undigested plasmid are visible. A lesser degree of digestion occurs for complexes. In the
pDNA-NP sample exposed to DNase (lane E), there is still a large amount of remaining
complexes that exhibit no electrophoretic mobility and are thus seen as bamelgah well,
suggesting protection from endonuclease digestion. The density of the stained pDNA in the

well is very strong and comparable to that of lane C. A higher level of protection of pDNA in
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pDNA-NP complex was observed through the same enzymagi@adiztion study by363]
who suggsted that within a NP complex, some of the pDNA must be exposed to the
introduced enzyme and the consequent degraded DNA is located on the outside of the

complex.

6.5. Conclusion

The selection of those nanopatrticles (Chi/PLGA), to be used in transfestiaysawas made

in order to obtain the maximum efficiency of this delivery processhigh percentages of
transfected CHO cells, resulting from the expression of GFP in cell nucleus. In CHO cells,
the formulated nanocomplexes (pVAZFRahal(211-381}NP complex and pVAXGFR
ahal(211-381)optNP complex) showed transfection efficiencies comparable with those
found when using same plasmid with lipofection. This study will aid in designing and
optimizing formulations of DNA therapeutics with major transfatidficiency and minimal

degradation.
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Chapter 7

In silico identification of outer membrane
protein (Omp) and subunit vaccine design
against pathogenicVibrio cholerae

7.1. Introduction
Vaccines have beedemonstrated to be successful and effectivedical strategiedor

preventing infectious diseases, reducirige incidence of diseases and mortality
significantl.In recentyearsvaccinedevelopment exploration acceleratbe new strategies
based on genomics, proteomics, functional genoraing synihetic chemistry With the
advancement of vaccine technologeversevaccinology (RV)has provided a change ireth
perspective of vaccine design by targetigpteins either exposed on the surface of the
pathogen or secreted into the extracellular mi[i864].This approacthasbeentermed as
Arever se v ac theproodsofggcdine discoveryc starts in siliagsing genetic
information rather than the pathogéself to visualize all possiblemolecularinteractions
based on th@athogengenome and any promising moleculggbcesseshen selected folin
vitro/in vivo studies It reduces the timand costrequired for the identification of vaccine
candidatesind provides new solutions for thasisease$or which vaccines are not available.
The demad and role of proteins and peptide specially designed for pharmacotherapeutics
purposeareincreasing in clinical practice to solve many of therenty untreatable diseases.
Proteins are large molecular weight polypeptides which are susceptible tolywiste
chemical modification, and denaturation during storage and administratiowadays
peptidebasedvaccine are getting more importance due their nyadesirable properties.
Peptidemediated molecular therapeutic delivery systems have recently emesyean
alternative mean$o address effectivelyo current vaccine forms. Owing to their excellent
specificity, low toxicity, rich chemical diversity and availability from natural sources, FDA
has successfully approved a number of pegimeed drugs anskveral are in various stages
of drug developmen{365]. The relative ease of construction and production, chemical
stability, and lack of oncogenic or infectious potential has made the peptides attractives

candidate$366]. Subunit peptide vaccines can be designed to contain the minimal microbial
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component necessary to stimulate an appropriate immune resgdns has the advantage of
removing unnecessary components, thus decreasing the risk of stimulating an autoimmune
response or other adverse effects. Synthetic vaccines can also be tailored to stimulate a
targeted immune respondakewise, peptidebasedvaccines can also be used as safer ways of
inducingallergenspecifictolerancg367].

Vaccines work by inducing profound changes in the cellular components of adaptive
immunity, comprising T and B-cells. The concept of peptide vaccines is based on
identification and chemical synthesis of-cBll and TFcell epitopes which are
immunodominant and can induce specific immune resporj8é8]. Our increased
understanding of antigen recognitiontta¢ molecularlevel has rsulted in the development of
rationally designed peptide vaccines.

Consequently, focusesn vaccine design shifted to explore surfaegosed antigens
susceptible to antibody recognition anecdll induction through comparativeangenome
reverse vaccinolgy [369]. Peptides complexed with major histocompatibility complex class |
molecules in the endoplasmic reticulum are then transported to the cell surface for recognition
by cytotoxic T lymphocytes (CTLgB70]. Since activation of CD4+ help@krcells is essential

for the development of adaptive immunity against pathod&m4], T-cell promiscuous
peptides becameprimetarget for vacine and immunotherad@72].

Vibrio choleraeis a "comma" shaped Granegative pathogenic bacteria mostly associated
with humans thainfect the intestine and increas mucous production causing diarrhea and
vomiting which result in extreme dehydratiand if not treated mayeadto deathCholera
affects an estimated3 million peopleworldwide and causes 100,0a(80,000 deaths a year

as of 201(33]. Cholera remains both epidemic and endemic in many areas of theHigirld.
levels of transcriptsor OmpU and multiple OM structurd®mpV, OmpS, OmpC, OmpA,
OmpK and OmpW) were present W. cholerae ToxR activates the transcription ofn@pU

and represses the transcription omPT, outer membrane porins important ¥rcholerae
virulence[272].

Thus, identifcation of Fcell epitopes would sigficantly add tothe developmenif novel
stbunit vaccines foW. cholerae In the present study, computational analysés performed

to predict novel vaccine candidates of HLADRBost prevalent HLA, among ghathogenic

strains ofV. choleraeto avoidbarriers ofcrossprotectionagainstifferentserovars
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7.2.Materials and Methods

7.2.1.In silico epitope vaccine design

To identify epitopesa classical strategy was taken where the identified epitopes should be

antigenic and have the ability to unck both the Icell and Bcell mediated immunity.

7.2.2.Sequence etrieval and Bi cell antigenic site prediction

Briefly, amino acid sequence of Outer Membrane Proteibrio cholerag was retrieved

from SwissProt protein database (http://us.expasysmgt) and subsequentiyas analyzed

for antigenicity using B el | antigenic site predicti
(http://bio.dfci.harvard.edu/ Tools/antigenic.pl).

7.2.3.B-cell epitope prediction

Using the default parameters of both the BCPred and A&Rigiron modules of BCPreds
[373], B-cell nonoverlapping epitopesvere identified from protein sequences. Primary
selectionsof the predicted Rell epitopesvere done based on the scores. In the next step,
overl apping epitope seque nweresseldctedoand séghemdes g e n i
werealigned to get a continuous stretch of amino acid sequence that possess petiicanti
sequences asell-as the Bcell binding sites.

7.2.4.T-cell epitope prediction

This continuous stretch of the antigeniec@l| epitopewas then analyzed using ProPré&d
[374] and ProPred375] with default parameters to identiiHC class | and MHC class I
binding epitopes respectivelelected numbers of MHC binding allelegre 47 and 51
respectively for MHC class | and IProteasomalcleavage sites of identified epitopegre
analyzed. Epitopes that can bind both the MHC claaselsmaximum MHC alleles were
selected.

7.2.5.Selecton of epitopes

The final selections of epitope sequenvexe done based on the criteria that the epitope
sequence should have antigenicdl epitope binding sequenceswasll-as both the MHC
classes binding sequences. Therefore, the selected sequertbesway, have the ability to
generate both the-Bell and Fcell mediated immune responses. The strategy of the epitope
prediction is represented in Figure 1.

To confirm the parameters of epitopesich epitopevasfurther analyzed with VaxiJen v2.0
antigen prediction servgB76] for antigenicity. To verify MHC binding properties, less than
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1000 nM IC50 scores for DRB1*0101 based on  MHCPred v.2
(http://193.133.255.13/mhoga/) [377] was used. Exomembrane localization and fold level
topology of epitopes  were confirmed using TMHMM 2.0
(http://www.cbs.dtu.dk/servicess TMHMM.0/) [378]. The finally selected epitopegereused

for structural characterization.

7.2.6.Homology modeling and model validation

To carry out homology modelingutomatedAlignment, and Projeanodesof Swiss model
sener [379] was used. The resultant models wegptimized using SwisBdbViewer[380]

and Accelrys Discovery Studio (http://accelrys.com/). Best moadak selected based on
reliability assessment thatas carried out using Prochec|381] tools at SAVS server
(http://nihserver.mbi.ucla.edu/SAVS/). ProFuf382] was used to predict domains, motifs,
ligand binding clefts, and variswther functional parameters of 3D structures.
7.2.7.Characterization of epitopes

Due to the short sequenceZ0 marg of epitopes, iwasdifficult to find the template from
PDB database and to make a homology model using $madgel server. Therefor@itially

drug discovey studio wasused to identify and determine the native site and the structure of
epitopes within the protein. In another effort, the DISTILL sef888] that can predicthe 3-

D structure of small fragments of proteins based on the similarity with PDB ter\@atdso

be used for epitope modeling. Resultant epitopese then validated with ProS&veb and
PROCHECK. ProFunc, Motif Scan (http://myhits-sib.ch/cgibin/motif _scan), and Inter
ProScan{384] wasused for domain, motif, and functionality assignment of epitopes. Protein
Digest (http://db.gstemsbiology.net:8080/proteomics Toolkit/proteinDigest.html) will be used
to determine molecular weight, pl, and enzymatic degradation site (s) of epitopes.

7.3.Results
7.3.1.Antigen Selection

One outer membrane protdi@enebankdD: H8JSM7)wasretrieved from Genebanldatabase

and confirmed as antigenic (VaxiJen score §.528)TMHMM 2.0 based exanembrane
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localization and topology ofOMP shows thatit is fully exposél to outside the cell

TMHMM result
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Figure 7.1. TMHMM 2.0 based examembrane localization and topology of OMP

7.3.2. Identifiedantigenic B-cell epitopes

The common antigenic & e | | epitopes for each transport el
and BCPreds. It was fourtlatthe predicted-cell epitope sequences by BCPred and AAP
predictionmodules of BCPreds highly varie@iherefore the common sequencpsgedictedby

these two algorithms of BCPredvere consideretb select Bcell epitopes. The variable

l engths of antigenic sequenooerslengteBralemopee d by
sequences predicted by BCPreds were #malyedto find common Bcell antigenic epitope
sequences thosee listed in Table 1. The commorcBll epitopes were identified using AAP

and BCPreds method of BCPREDS Server 1.0. This majbodrates atretch of 26mers
sequence (RTRSNSGLLTWGDKQTITLEYGDPAL) (amino acid position -396) and 31

mer sequence (FFAGGDNNLRGYGYKSISPQDASGALTGAKY) (amino acid position-464

494) that meets all selection criteria for the antigerteBepitope.

Table 7.1: Antigenic B-cell epitopes ofV. cholerae OMP Epitopes are identified by B-cell epitope
prediction with BCPreds (BCPred algorithm and AAP Prediction algorithm)

Sequence | Amino acid position |  Length (mers)

B-cell epitope prediction with BCPreds

BCPred algorithm

DVGDAFNDNPEWKKGVGTGI 517 20
LKWKKPWVNSQGHSFDSSFS 280 20
IRGEAEGDRDFQRLIRRSGL 108 20
GLLTWGDKQTITLEYGDPAL 397 20
FFAGGDNNLRGYGYKSISPQ 464 20
ISPVGPIRLDFAWGLDAAPG 539 20
QTITAGYKIPLEDALNEYYR 305 20
RPFKQGEPYLVSQVGEFNQN 206 20
DNSQFLLPGMTYTRTRTRSN 376 20
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ATSSIEYQYRLTGNWWAAMF \ 496 \ 20
AAP Prediction algorithm
SPVGPIRLDFAWGLDAAPGD 540 20
RTRSNSGLLTWGDKQTITLE 391 20
VTRLSEVDIVIRGEAEGDRD 98 20
GSLKWKKPWVNSQGHSFDSS 278 20
ATSSIEYQYRLTGNWWAAMF 496 20
GDPALLSETRVLRLQTGSSW 412 20
EQTITAGYKIPLEDALNEYY 3 20
RQGLQDDNSQFLLPGMTYTR 370 20
VGDAFNDNPEWKKGVGTGIR 518 20
YGYKSISPQDASGALTGAKY 475 20
QRLIRRSGLRVDAPLNHSLY 119 20
Common antigenic Bcell epitope (s)
RTRSNSGLLTWGDKQTITLEYGDPAL 391-416 26
FFAGGDNNLRGYGYKSISPQDASGALTG/ 464-494 31

7.3.3.Identified candidate peptide vaccines

Selected antigenic -Bell epitope sequences wemaalyed with ProPred 1 and ProPred to

identify respectively MHC | and MHC 1l binding -Cell epitopes The common Tcell

epitope sequences those bind to both the MHC moleewdes selected.Predicted peptides

that would be considered for vaccine development based on MHC allele binding ability are
listed in Table 2VIHC binding T-cell epitopesvere identified using ProPred(for MHC 1)

and ProPred (for MC 1) with default pararaters.Thetwo B-cell epitopesequences (2@er

and3-men were analyzednd the commuo epitope (s) that can bind bate MHC classes

and covers maximum MHC alleles weselected.In this way only one 9mer sequence
(YKSISPQDA) spanningat amino acid poson 477 to 485 of the OMP protein was
selected.YKSISPQDA was found to birdMHC | and 41 MHCII alleles.VaxiJen and
MHCPredv.2 analysis of the epitope (YKSISPQD#Irther confirm thatthe epitope is
antigenic (VaxiJen score 8.528) and can bintb DRB1*0101 allele (MHCPred nM IC50
score 104.23 (Table 3). Another peptide LRGYGYKSI was able to binMBIC | and 28

MHCII alleles But it was not antigenic as predicted WgxiJen v2.0antigen prediction

server(VaxiJen score 0.232).
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Table 7.2. T-cell epitopes of OMP ¥. cholerag. The common antigenic Bcell epitope
AFFAGGDNNLRGYGYKSI SPQDASGALTGAKYO0 was analyzed for i
MHC Il molecules using Propred | and Propred. A common epitopemed¥YHaS| SPQDAC¢
generates both TCLand HCL mediated immune response was selected.

ProPred 1 (MHC I)

TCL epitope sequences Amino acid position No of MHC -I binding alleles
GGDNNLRGY 467 5
ASGALTGAK 485 6
YKSISPQDA 477 5
FFAGGDNNL 464 10
ISPQDASGA 480 6
SPQDASGAL 481 23
NNLRGYGYK 470 4
FAGGDNNLR 465 6
NLRGYGYKS 471 4
LRGYGYKSI 472 9
SGALTGAKY 486 5
KSISPQDAS 478 3
DASGALTGA 484 4
RGYGYKSIS 473 3
ProPred (MHC 1I)

HCL epitope sequences Amino acid position No of MHC Il binding alleles
YKSISPQDA 41
ISPQDASGA 480 7
YGYKSISPQ 475 33
FAGGDNNLR 465 4
FFAGGDNNL 464 5
LRGYGYKSI 472 28

Table 7.3.MHCPred Result of sequencerKSISPQDA

The HLA allele used in the test isSDRB0101
The query sequence
YKSISPQDA
Amino acid Predicted - Predicted Confidence of
groups loglCsp (M) IC 50 Value prediction (Max =
(nM) 1)
YKSISPQDA 6.982 104.23 0.89
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7.3.4. 3D modeling ofV. choleraeOMP

The 3D structure o¥. choleraeOMP is not available and in thisusly, we have focused 3D
modeling of OMP using homologymodeling Based on blast parameters, with highest
similarity (PDB id: 2HUE) having 35% sequence identity with anvBlue of 2e69 was
selected asthe template The X-Ray diffraction structure has 1.78 resolutions. The
optimized 3D model of. choleraeOMP consists of 9 helices, 15 strands and 23 t{ifigsire

7.2). The molecular weight and PI of the model were estimated to be 26.74kDa and 4.95

respectively.

Figure 7.2 The 3D modelV. CholeraeOMP from various angles

7.3.5. Validation of the model

To validatethe model,initially ProSAweb was used that compares and analyzes the energy
distribution in protein structure as a function of sequence position to determine a structure as
nativelike or fault. As shown in Figure 3 and thesgores, the model is of good quality of
structure(Figure 7.3) The Procheck of SAVA master server was used for assessmiat of
stereochemicafjuality of the model. According to trRanmachandranplot, residues in st
favoredregions, residues in additional allowed regions residues in generously allowed regions,
and residues in disallowed regions were respectively, 79.2%, 14.6%, 4.2%, and 1.9% that

ensures the geometrically acceptable quality of the model (Figtye
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Figure 7.3 Validation of the 3-D model of V. choleraeOMP with ProSa-web. The upper panel igemplate
(PDB id: 2HUE) and lower is OMP. (a) Overall model quality of 2HUE (Z=5.77). (b)Local model quality
of 2HUE. (c) Overall model quality of OMP (Z=-5.28). (d) Local model quality of OMP.
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PRULHECE

Ramachandran Plot
Model 6

180

| Plot statistics

Residues in most favoured regions [AB.L] 168 79.2%
Residues in additional allowed regions [a.b.lp] 31 14.6%
F Residues in generously allowed regions [~a.~b.~L~p] 9 42%
5 Residues in disallowed regions 4 1.9%
k] —
= Number of non-glycine and non-proline residues 212 100.0%
- s s
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 16
— Number of proline residues 8
Total mumber of residues 238
BGF X
L . .
. Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
135 140 and B-factor no greater than 20%, a good quality model would be expected

Fhi (desrees) to have over 90% in the most favoured regions.
Figure 7.4. The Ramachandran plot forV. choleraeOMP. The plot shows the acceptability of the model

7.3.6. Characterization of the epitope

The epitope position within th¥. cholerae OMP protein was determinedsing Accelrys
Discovery Studio Visualizer (v1.7xCombining the resultsf the 3D model and TMHMM 2.0
based topology analysis, it is evident that the epitope is exposed to the surfacprofeime
and therefordt also supports that the predicted seqaers a potential candidate peptide
vaccine. Due to the very short lengthn@rs) of the epitope, instead of Swiss model server,
the DISTILL server was used to generat® 3tructure (Figurer.5). Calculated molecular
weight and pl of the ®nersepitope ae respectively1008.10and5.83. As the focus of this
study is onV.choleraeOMP, we have excluded 3D characterization of epitopes from other
pathogens. But based on sequence homology and topology analysis, it is fougpittiys
identified from otter pathogens are also antigenic, MHC Il (DRB1*0101) binding, located at
nearly same accessible region, and exposed to cell surface similar Yo theleraeOMP.

Thereforethey are also potential vaccine candidates.
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Figure 7.5. 3-D structures of 9mers (YKSISPQDA) epitopes created by DISTILL.

7.4. Discussion

Virulencerelated outer membrane proteif@mps)are expressed in Granegative bacteria

such asV. cholerae and are essential to bacterial survival within macrophages and for
eukaryotic cell inasionThe kW-C cholera vaccine stimulates good immunity in people living

in endemic cholerareas, proving protective Vc OM immunogens ef33. OmpU is more
protective (compared to OmpT) against the bactericidal effects of bile salts and other anionic
detergentg[273]. An OmpU (a general porinprologue vcal008, identified by IVET is
required for mouse cotization[274]. Ompsare also conserved in nature so tBatp based
vaccine therapeuticsauld bebeneficialfor different serovars o¥. cholerae In this study,

we developed and characteriz8D model of V. choleraeOmp for in order to understand
structural identity which can be employed for the design of therapeutic molg8f#és

In general, eaidr studies have reported eithexc@ll or B-cell based epitope designing for a pathogen
[386]i [388]. Similarly, some vaccines can only activate helper T lymphocytes (HTL)/CD4+ / MHC II.
But activation of CD8+ cytotoxic -Tlymphocytes (CTLs)/ MHC | is als@quired in many cas¢389].
Therefore, an epitope that can produce both treelBand Fcell (MHC | and MHC Il) mediated
immunity is highly useful in developing peptitbased vaccines.

In the current experiment, VaxiJen and MHCPred were used to support the efficacy of
epitopes. Similarly, using subtractive genomics and homology analysis, a single epitope was
designed within a nearly same accessible region of correspo@dipgroteins in variouy.
choleraeserovars. So, the identified epitope may be useful againglearangeV. cholerae
strains. Thadentified peptide (YKSISPQDA) fronv. choleraeOmp may induce Bcell and

both CD4+ andCD8+ T-cell mediated immunity. The sequence homology analysis
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demonstrates that this epitope sequence is consern@dpsof V. cholerae at the nearly
same accessible region. Therefore, this peptide might be useful in desigricgjneagainst

all cholerapathogensy developingroadspectrunpeptide vaccine.
7.5. Conclusion

Immunoinformatics study ddmp from V. choleraeconfirmedits antigenicity, hence plays a
measureolein virulence. So it could be targetedagaccine The siccessfudesign of3D model of
Omp leads togive more information abouthe structuralinteraction that can be employed for drug
design. Similarly, theidentified epitope(YKSISPQDA) require proper design and subsequent

validation for their uses dxroadspectrunpeptide vaccine against cholerae
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Chapter 8

Summary & Conclusion

8.1. Summary

In the present study, various NPs formulation®bA and PLGA loaded with model protein
(BSA) or drug (clindamycin hydrochloride) were prepared by solvent evaporation method
varying drug/protein: polymer concentration and optimized for size, encapsulation efficiency,
drug loading, morphology,etc. ThenPLA/PLGA NPs encapsulatin@mp antigen fromA.
hydrophilawereformulatedand their efficacy were compared with adjuvant formulations to
develop a better antigenic carrier model in fish. Similarly, the efficacy is also compared
between PLA encapsulated cafPLGA encapsulatedmpNRimmunized groups and a
correlation is established evaluating the results of innate and adaptive immune response
studies inL. rohita. In another attempt, PLA/PLGAOmMp (Omp from V. cholerag
nanoparticles were formulated with desirphysicochemical properties and evaluation of
type and strength of immune responses (Humoral and cellular) elicited by formulated NPs

was elucidated by comparing all possible combinatiomsice

Thus the specific objectives of the current study are

1. Preparation and characterization of PLA and PLGA loaded with model protein (BSA)
or drug (Clindamycin hydrochloride) NPs varyidgug/protein:polymeconcentration

2. Preparation, Characterization almdvitro study of biodegradable and biocompatible
based PLAand PLGAnanoparticlesvith encapsulation of OMP antigens.

3. Parenteral immunization of PLA/PLGA nanoparticle encapsulating outer membrane
protein (Omp) fromA. hydrophilg Evaluation of immunostimulatory action lower
vertebrate (fish).

4. Evaluation of themmune responses (specific) mice modelafter intraperitoneal
immunization ofOmpantigen V. cholerag encapsulated PLA/PLGAanoparticles

5. Development of DNA vaccines to boost antigenic OMP (outer membrane protein)
antigenicity

6. In glico identification of outer membrane protein (Omp) and subunit vaccine design
against pathogenh. cholerae
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The salient results have been presented below:

Formulation and characterization of PLA and PLGA loaded with model

protein (BSA) or drug (Clindamycin hydrochloride) nanoparticles
CLH-PLA and CLHPLGANPs of various sized particles were formulated by varying the

drug to polymer ratio from 1:5 to 1:20he size, zeta potential amqblydispersityindex
values of CLHPLA NPs and CLHPLGA NPs confirmedthat the drug: polyer
concentration is important for the stability of drug loaded N&. drug to polymer ratio 1:

10 were found to be optimal ratio for the formulation to be stable and monodispersed CLH
loaded PLA and PLGA NP#&IPs formulation (both CLHPLA 2 and CLHPLGA 2) showed

a significantly higher drug loading efficiency and a controlled release profile extended up to
144 h. Higher drug loading arach extendeLH releaseorofile wereobserved irthe caseof
CLH-PLGA NPswhich might be due to higher hydrophilic neguof PLGA that causes
enhanced molecular interaction. The spherical and isolated structures of botRL@GPH

and CLHPLGA2 NPs were confirmed by scanning electron microscope (SEM) study. The
smooth surface and isolated nature of NPs can also be correlatezjpresenceof lactide

that adds hydrophobicity to the polymer ultimately prevents agglomeration. The thermal
behavior (DSC) studies of CLHPLGANPs confirmed the disappearance of CLH
endothermic peak (180) that indicateahe uniform dispersionof drug at a molecular level
within the system. From FTIRtudies,t was found that there was not mualkeration inthe
generalstructure of CLH drug (due to conserved OH, CH an@ Qroupetc.) after loading

in PLA and PLGA NPs. The antimicrobial activitieeere enhanced in CL4RLA NPsand
CLH-PLGA NPs than the standard free drug evidericad a decreasén MIC values tested

againstStreptococcufaecalisandBacillus cereus.

Evaluation of immunostimulatory action in L. rohita (rohu) upon parenteral
immunization of PLA/PLGA nanoparticle encapsulating outer membrane protein
(Omp) from A. hydrophila

PLA/PLGA NPs were evaluated for their ability to serve as an excellent carrier for site

specific delivery of macromolecules such @mp through parenteral immuragon in L.

rohita. PLA-OmpNPs (size: 223.5+ 13.19 nm) and PL&mp NPs (size:166.4+ 21.23 nm)

were prepared using double emulsion method in which antigen was efficiently encapsulated
reaching encapsulation efficiency 44 + 4.58 % and 59.33+ 5.13 % respecthe physical
properties likezeta potentiavalues andpolydispersityindex (PDI) values confirmed the
stability as well as monodisperse nature of the formulated NPs. The spherical and isolated
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nature of Omp loaded PLA and PLGA NPs were revealed ByEM analysis.Upon
immunization inL. rohita, PLA/PLGA-Omp NPs showedncouraging results by activating
both innate and specific immune response aganstydrophilain fish without any side
effects. Significant higher bacteriagglutination titre, haemdytic activity and specific
antibody titre confirmed the combined immune activatioBionsidering the adverse side
effects of oil adjuvant (FIA), the current study also proved the comparable antibody response
of PLA-Omp NPs and PLGAOmp NPs with that of FIAOmp treated groupsAgain, the
better efficacy of PLA/PLGAOmMp NPs system was confirmed by increased protection
againstA. hydrophilaby activating immune responses by challenge stirdgomparison to
PLGA-Omp NPs, PLAOmp NPs offered a better immune pesise in terms of higher
bacterial agglutination titre, haemolytic activity, specific antibodytitre, higher percent
survival uponA. hydrophilachallenge irL. rohita. It can be concluded th&LA/PLGA NPs
based delivery system would be a novel antigenerafor parenteral immunization in fish.
This is probably the first report on the delivery of ROpand PLGAOmMpNPs againsA.
hydrophilain L. rohita. Hence, more focused research on designing and formulation would
be attributed to PLA/PLGA NPs basedvaccine delivery system fish model.

Evaluation of the immune responses (specific) imice after intraperitoneal
immunization of Omp antigen (V. cholerag encapsulated PLA/PLGA
nano-particles

This study was focused with an aim to elucidate the foathuh of polymeric (PLA/PLGA)

Omp NPs and to evaluate the immune response (humoral and cellular) in terms of antigen
processing and generation afresponse The formulated PLAOmMp NPs and PLGAOmp

NPs were < 500 nm sizange these particles could be sessfullyendocybsedin the body.

The lower size was observed the caseof fabricated PLGAOmMp NPs than PLAOmp
nanopaitles PLA and PLGA being negatively charged polymers impacts anionic nature to
formulated NPs (PLA, PLAOmp, PLGA, and PLGAOmp). Also, zeta potential valuesere

more negative after successful encapsulatio®@wip in both PLA and PLGA (PLAOmp

NPs: -25.2 £ 545 v; PLGA-Omp NPs: -32.5 + 6.15mV), that proves more stability.
Significantly higher encapsulation of Omp protein (p < 0@as achieved irthe caseof
PLGA-OmpNPs (69.18+ 1.68 %) than PEAmp NPs (57.85 * 4.15%). Howevehe Omp
protein release profile in PLOmpNPs is comparatively slower than PL&mpthat could

also be attributed to hydrophilic nature of PL@Ad higherantigen loadingHigher lactide
content in PLA might be an another cause in delaying the rapid burst effect as we observed in

126



Chapter 8 Summary & Conclusion

the caseof PLA-OmpNPs (50% ant i geS$urfaceenomplolegy ofdhe RLA hr ) .
and PLGA nanoparticles loaded witbmp were sudied using a scanning electron
microscope (SEM). From the FTIR spectrum, it was also observed that upon encapsulation of
Omp to PLA and PLGA the characteristic peaks associated @itip, PLA and PLGA
remainedntact so therewasno loss of any functionigeaks between the absorbance spectra

of OmpandOmpencapsulated nanopatrticles.

The serum antibody level (IgG1, 1gG2a) in different antith treated sera was measured

by ELISA. AntigenspecificlgG1l, IlgG2a titers were above control levelsifdarapertoneally
immunized mice for all groups {6 days). Both IgG1 and IgG2 titers in vaccinated mice
followed the similar pattern, buihelgG1 response is higher than 1gG2 resporizath PLA-

Omp and PLGAOmp NPs causes more efficient splenocpteliferation in comparison to

Omp antigen alone (p < 0.05), which confirmed more potent inductioanagenspecific
immune responseégain, a significant higher cellular activation was observethercaseof
PLA-Omp and PLGAOmp NPs incompaison to Omp antigen aloe. PLA-OmpNPs and
PLGA-Omp NPs inducedsignificanty higher (p < 0.05)CD4'CXCR5"PD-1" cells than
respective PLA and PLGA NPAIso, the percentage dbllicular CD4 ™ T helper cellsvas
significantlyhigherin the caseof PLA-Ompand PLGAOmMpNpsin comparison to Omp.
Development of DNA vaccines to boost antigenic outer membrane protein

antigenicity
The current investigation aimeddagveloping a DNA vaccine as well asleliverysystem to

boost antigenic outer membrane protein (Omp) that would ach pstential vaccine
candidate.The conserved protein sequencesnf(211-382), ompy211-382)opt, omyx 703
999) andompr03-999)opt]of antigenic outer membrane protein was clomto pVAX-GFP
expression vector and successfully transformménl E. coli( D H5 U@ large Bdale pDNA
production was achieved witlshake flask cultures and the pDNA was purified by
hydrophobic interaction chromatography (HIC). The purified pDNA was transfected (with or
without Li pof eintd @HOi (Bhinese taddeE pvary) cellmdatransient
transfection efficiency was evaluated fhyorescence intensity measurement corresponding
to GFP expression level at different time interval. The transfection of CHO cell©wifh
pVAX-GFP confirmed the highest transfection efficiency aftér 2 incubation.PLGA-
chitosan nanoparticle/plasmid DNA complerere formulated and characterized in terms of
size, size distribution and zeta potential by dynamic light scattering (DLS) method. The
formulated nano complex of ~200 nm (199.25 + 22.29 nm ar2D5.25 £33.59) was
transfected in the similar fashionto CHO cells that confirmed improved transfection
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efficiency at a lower dose. The DNA entrapment assay demonstrated the possible protection
of pDNA insidethe pDNA-nanoparticlecomplex.The protectiorfrom enzymatic digestion

that NP complexes afford to pDNA was evaluated by gel electrophoresis after treatment with
DNase.However, morephysicochemicatharacterization of formulatedanocomplexand
extensive transfection studies are to be focwsedtservingthe expression pattern of antigen

that will facilitate future investigations into the functionality of the systemitro andin

vivo.

In Silico identification of outer membrane protein (Omp) and subunit

vaccine design
Using in silico approacheshe 3D model of theOmp was developed using Swiss model

server and validated by ProSA and Procheck web server. B cell epitopes were identified by
BCPredand AAP prediction modules of BCPreds and sequences were aligned to get a
continuous stretch of anon acid sequence (26 mer
RTRSNSGLLTWGDKQTITLEYGDPAL and 31 mer.
FFAGGDNNLRGYGYKSISPQDASGALTGAKY) that and #8ell binding sites. Further,
Selected antigenic -Bell epitope sequences were analyzed with ProPred 1 and ProPred to
identify MHC | and MHC Il birding T-cell epitopes respectively and the common epitope (9
mer. YKSISPQDA) that can bind both the MHC classes (MHC | and MHC II) and covers
maximum MHC alleles were identified. The identified epitopes can be useful in designing
broadspectrumpeptide vacine development againdt. choleraeby inducing an optimal
immune response (both B cell andéll-mediatedmmune response).

8.2.Future investigation

The successful formulations diP-based antigen delivery system with all suitable
physcochemical charateristics were achievedvith highly controlled conditions and
reproducibility. The immunological evaluation studmgggest that PLA/PLGA NPs based
delivery system could be a novel antigemrier for fish and micensuring its application for
commercial alue and vaccine development. Further work based on present optimized results
can be taken forward for next level vaccine design and appréi@vever, more
physicochemical characterization of formulated nal@NA complex and extensive
transfection studieare to be focusedn observinghe expression pattern of antigen that will
facilitate future investigations into the functionality of the systanvitro andin vivo. In

Silico identification of outer membrane protein (Omp) and subunit vaccine desigrstagain
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pathogenicdVibrio choleraerequire proper design and subsequent validation for their uses as

broadspectrunpeptide vaccine against cholerae
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