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19-12-0611R2 abstract

Objective: The goal of a vaccine is to prime the immune response so the immune memory can
facilitate a rapid response to adequately control the pathogen on natural infection and prevent
disease manifestation. This article reviews the main elements that provide for the development
of safe and effective vaccines Data Sources: Literature covering target pathogen epidemiology,
the key aspects of the functioning immune response underwriting target antigen selection,
optimal vaccine formulation, preclinical and clinical trial studies necessary to deliver safe and
efficacious immunization.

Study Selections: Whole live, inactivated, attenuated or partial fractionated organism based
vaccines are discussed in respect of the balance of reactogenicity and immunogenicity. The use
of adjuvants to compensate for reduced immunogenicity is described. The requirements from
preclinical studies, including establishing a proof of principle in animal models, the design of
clinical trials with healthy volunteers that that lead to licensure and beyond are reviewed.

Results . The three vaccine development phases, preclinical, clinical and post licensure integrate
the requirements to ensure safety, immunogenicity and efficacy in the final licensed product.
Continuing monitoring of efficacy and safety in the immunized populations is essential to
sustain confidence in vaccination programs. Conclusion: In an era of increasing vaccine
hesitancy the need for a better and widespread understanding of how immunization acts to
counteract the continuing and changing risks from the pathogenic world is required. This
demands a societal responsibility for obligate education on the benefits of vaccination, which as
a medical intervention has saved more lives than any other procedure.
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Introduction

Successful vaccination strategies have alreadyigedwsignificant protection against at least
31 human diseases, an extraordinary impact on himealth’ In this article, the means for
the continuing development of safe and effectivecirees will be outlined. Firstly, key
aspects of our understanding of the molecular nreshes underlying natural immunity will
be considered. Secondly, how integrating therattth a specific knowledge of the biology
and epidemiology of the pathogenic threat can pi@¥or an appropriate antigen selection,
optimal vaccine formulation and an effective delwstrategy are discussed. The path to
vaccine licensure is then described, involving esiee preclinical studies to test
immunogenicity, followed by different stage humaimical trials to rigorously ensure safety
and provide early evidence of efficacy. The desajnvaccination strategies including
sufficiency of population immunization coveragedtgiver useful and sustained protection is
discussed. Lastly, the importance of post vacdecensure aspects, including monitoring of
efficacy and safety in the immunized populations discussed in the context of sustaining

confidence in vaccination programs in an era ofdéased vaccine hesitanty

Natural immune control of infection

Innate immunity is the first line of defense andhan-specific while the adaptive immune

response is characterized by the expansion ofteelcamd cellular effectors with specificity

and the generation of immune memory. The sequeattaVation of innate and adaptive

components is bridged by specialized antigen-ptesgiells (APCs) (e.g. dendritic cells)
providing for integration of an optimal immune respe to the specific thredt.Within 4-96
hours of an infection, the activation of local AP@&=urs through one or more of their pattern
recognition receptors (PRRs) that recognize differpathogen- or damage- associated

molecular patterns (PAMPs, DAMP5)PAMPs are molecules shared by groups of related
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microbes that are essential for the survival oséhorganisms and are not found associated
with mammalian cells. Examples of PAMPS (sources)l gheir PRRs including their
principle mode of action are summarized in TablBAMPs are uniqgue molecules displayed
on stressed, injured, infected, or transformed huo®lls which can also be recognized as a
part of innate immunity. Examples include heat-¢h@roteins and altered membrane
phospholipids. The infection delivered/induced PAdV&d/or DAMPs transduce signals
through their specific PRRs that activate the ARG a flavour which provides for the

expansion of a suitable combination of cells ofpdid@ immunity targeted to the particular

pathogen through antigen specific T cells and adigs. Antibodies can neutralize
pathogens directly (receptor blocking, toxin neligedion) or indirectly (activation of
complement and granulocytes; opsonisation to aaypbytosis) while cellular effectors can
target infected cells directly by cytotoxicity dirbugh the actions of cytokines like tumour
necrosis factor (TNF) or interferon gamma (-NThus the integrated combinations of
innate and specific immune effector mechanisms ldpvsufficiently rapidly to provide for
control and elimination of the infection. The coldation of this gain is the provision of a
legacy of immune specific memory cells. This enaldemore rapid (amnestic) adaptive
immune response, through specific antibody and [I5,cen reencounter with the same
pathogenic threat. Figure 1 summarizes the key commts and Figure 2 the general kinetics

leading to the immune control of an infection osame circumstances other outcomés.

Pathogen biology and epidemiology

A detailed knowledge of the pathogen structure|olgyp associated disease epidemiology
and its clinical characteristics is highly influgtto vaccine requirements. This information
can also help select the antigen component(s) yipatential vaccines. Challenges include

being able to distinguish commensal and pathodenms of a microorganism and the need
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to generate cross reactive and/or individual typecsic immunity to recognize the most
medically important strains or serotypes of a pgémo Serotypes may also vary in
geographic or temporal distribution and this coesation can significantly influence the
composition of vaccines, the cost effectivenestheir production and the delivery strategy
(e.g. meningococcal vacciris When variation of the target antigens is irehié as with
seasonal influenza, a new vaccine is required diynti¥accination approaches also need to
consider the route of entry and subsequent repitalocations of a pathogen (e.g.
respiratory: influenza; pneumococcus; gastroimesti salmonella; genital tract: herpes
simplex; blood stream via damage human immunodfay virus or malaria via mosquito
bite). The demographics of infection (e.g. povergpecific risk groups and age specific
infection rates all determine the populations tonumize and at what age. To determine the
impact of any vaccination program it is necessarybé able to accurately diagnose the
infection including the specific types. Equally ior@ant is the value of a clear immune
correlate of protectichsuch as is observed for measles infection wheeeifsp antibody

levels are correlated with clinical outcorife.

In war the number one rule is deception (Sun Tzu) and different pathogens use a plethbra o
such strategies that can allow for an infectionptoceed relatively unhindered by the
immune system increasing the likelihood of overedisé’*? This includes some viruses
and bacteria that manage to infect individuals aithany significant alert of the innate
immune response through their stealthy life cyaldsch cause little tissue damage. The
often considerable genetic diversity of a pathogpecies can derive from the selection of

advantaged subtypes driven partly by the neednionine evasion. Such virulence factors

contribute not only to immune avoidance but cao &ilitate infectivity, transmission and

structural changes to promote intracellular seqagsh. Many pathogens produce proteins
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(e.g. enzymes) or nucleic acids (e.g. microRNAgt tban directly inhibit host-pathogen
recognition mechanisms which otherwise would atéivimnate immunity. Other evasion
strategies include production of toxins that leadigsue destruction, deployment of mimics
of host proteins or life cycles that include lat@hiases where the microorganisms remain
undetected by the immune system. The very high toataates of RNA viruses (Influenza,
human immunodeficiency virus (HIV) and Hepatitis ©@pult from their rapid replication
with relatively poor fidelity. This generates mawgriants allowing for selection of strains
with immune advantage and thus continuously comjsiom effective immune contrdf.
Understanding the impact of such immune escape angins is central to the design of
effective vaccines to prevent acute or chronic podsibly latent infection. It is worth
pointing out that most vaccines do not necessarityect against infection per se but rather
protect against the consequences of infection. gida¢ of a vaccine is to prime the immune
response so that this immune memory can be utilivedacilitate a rapid response to
adequately control the pathogen on natural infactind prevent disease manifestation. The
kinetics of the immune response and how vaccinagissentially provides the means to

prevent an infection running out of control anddieg to disease is illustrated in Figure 2.

Antigen selection and vaccine for mulation

Vaccine evolution has progressed from a largelyigogh approach exemplified by the use
of variolation with live smallpox in the ¥8century (a protection with significant risk bunte
fold reduced compared to the consequences of aahamallpox infection), through the
development of procedures for attenuation and ivetacdn of whole pathogens for use as
vaccine antigens. However, whole organism basedivas may not always be practical (e.g.
pathogen production) or reversion of infectivityft¢a attenuation) or the presence of

reactogenic components may compromise their safietglerability. Examples of vaccines
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based on whole live and attenuated pathogens iactudl poliovirus, measles-mumps-
rubella (MMR), varicella, influenza and Bacillus |@ette Guerin (BCG}* These mimic
natural infection and effectively prime durable ionmty. They can induce mild symptoms
and, albeit rarely, there can be virulence reversizvhich prevents their use in
immunosuppressed or pregnant women. In additiameea for consistency of live vaccine
stocks can present production hurdles. This appres@lso unavailable if the pathogen
cannot grown in culture or where the pathogen atent stages or variable characteristics in
its natural lifecycle (e.g. parasites) as well dsew there are effective immune evasion

mechanisms.

Whole killed pathogen vaccines include inactivapadiovirus, hepatitis A and whole-cell
pertussis and these induce broad immune responsesultiple antigens. They can be
reactogenic, some important epitopes may be destrand multiple doses are often
required. For example, acellular pertussis vacesdased on partially purified protein
components. This is not infectious, shows low megenicity and although it can induce a

highly specific response it is of lower immunogétyi¢® In other cases, the 3D structural

integrity of some important epitopes may be destdpyor multiple subunits may be are
required, with the consequence that any inducedunityy may show little cross reactivity
and thus the potential for immune escape. Cledriy &pproach is not appropriate for
pathogens with changing characteristics across tifieicycle or some chronic and latent

infections.

While partial fractionation can reduce the reactogéy but there can also be a loss of
immunogenicity potentially significantly reducingaecine effectiveness. This is now

recognized as consequence of the removal of nataraponents of whole organisms such as
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PAMPs. It is also possible to utilize recombinantleic acid and/or biochemical purification
approaches to produce subunit vaccine antigensvriglthere is a requirement to know that
such purified targets are immunologically relevanimportantly, reduced immunogenicity
can be improved by the addition of adjuvants tletta optimise the adaptive immune
response. For example, alum (aluminium hydroxidelwwsphate) is an adjuvant used by
multiple vaccines including combined diphtheriateis-acellular petussis (DTaP).It is
believed to act through a depot effect, directiegponses favouring T cell help for antibody
production. The adjuvant MF59 is an oil-in wateruson with squalene that is used with
influenza (seasonal & pandemic) vaccines and presnahtigen uptake by APC, cytokine
and chemotactic responses stimulating local immunitreasing the magnitude and breadth
of the antibody responsé Adjuvant system (AS) 01, used in malaria and zog#ecines,
combines Quillaja saponaria Molina fraction (QS)&1d deacylated monophosphoryl lipid
(MPL) with liposomes. This induces activation ofbeoad population APCs through the
synergistic action of QS-21 and MPL that enhantes adaptive immune resporieln
particular MPL is a detoxified form of bacterigbdipolysaccharide (LPS) which binds to toll-
like receptor receptor (TLR)4. Likewise, in ASO4iséd in human papillomavirus (HPV), a
particular Hepatitis B and some influenza vaccin@dlPL is adsorbed onto aluminium
hydroxide or phosphate and this leads to tran$iénkB, cytokine and chemokine responses
stimulating increased numbers of activated APC ecing antibody responsé$AS03 is
composed ofi-tocopherol, squalene and polysorbate 80 in amenater emulsion. It has
been used to boost the immunogenicity of an inatgy split-virion pandemic influenza

vaccine?®

Polysaccharide protein conjugates are used toetridg cell dependent mechanisms that

enhance immune memory to target epitopes in vascagainst Neisseria meningitis,
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Streptococcus pneumoniae and Haemophilus influetypaeb® The encapsulated strains of
these bacteria are a major virulence factor anoheefistinct serotypes within each species.
Key victims of such infections are young childrehoncannot mount an effective immune
response and are at high risk of death or serionseguences if not promptly treated by
antibiotics. Vaccines against the purified polysectles components have only a limited
short-lived protective affect and are only poortymunogenic in young children. With
vaccine conjugates, specific B cells bind the chybeoate part leading to internalization,
processing and presentation in the context of mhjstocompatibility complex (MHC)
molecules of the protein carriers like tetanusiphtheria toxoids. The B cells can then act as
APC to activate specific T cells which subsequenpisovide T cell help for the
polysaccharide specific B cells leading to immuobglin class switching yielding improved
antibody responses and provision of long lived mgn® cells. However, there are both
technical and cost limitations in their productiwith only a finite number of strains possible
in one vaccine. This is because with additiondlintt$ serotypes in the vaccine there can be
antigenic competition where increasing the conegiains of any disadvantaged components
may still not be sufficient to provide adequate iomogenicity and can significantly increase

the vaccine price.

Nucleic acid recombinant technologies for efficiananufacture of subunit antigens are
particularly appropriate where the growth of théhpgen is difficult in culture: Hepatitis B
virus (HBV), HPV and Herpes zoster. When such subusaccines utilise pathogen like
particles such as for Hepatiti$’Band the virus-like particles (VLP) of HBY/supra-normal
immune responses are induced compared to naturaumity. Using RNA replicons for
target antigen expression without infectivity isotdrer strategy in development although

antigen spread may be limited and there is thexagtia possibility of recombinant events
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leading infectivity. Various safe viral and ba@éwectors can also be used as an alternative
means for target antigen delivery but pre-existangibodies to the vehicle may limit

responses and different vectors for prime and bwastbe required’

Vaccine pre-clinical testing

The principle hurdle for any new vaccine desigmasv to measure the effectiveness in the
target populations. The use of animal models tltaumtely mimic human disease can
establish proof of principle but do not easily stte into useful immune correlates of
protection> 2 Unfortunately in many cases such correlates afeption are unknown either
for natural infections or during early vaccine depeent. In addition, such measures may
not necessarily account for all the immune mechmasithat ultimately contribute to infection
control. For example, amnestic responses primedabgination can quickly induce specific
antibodies to slow an initial infection through Ipagen neutralization while subsequent
additional (non vaccine-related) adaptive cell ezl immunity can develop to target virus
infected cells to deliver clearance of the infectioOperationally, effectiveness of
immunization against HBV surface antigen was fghbwn to correlate with continued
protection against infection. However, on longdfofe up, waning antibody levels did not
correlate with increase susceptibility with an astiteresponse still recoverable on vaccine
boosting?? The lesson here is that the antibody levels measmmunogenicity not
necessarily efficacy. Fortunately, in some casgs @eumococcal and influenza vaccines,
there is a sufficiently strong relationship betwegtcine induced protection and certain
measures of immunogenicity to allow the magnituflartibody response to be accepted for
licensure, even if the serological response iswtaile story accounting for protectiéh.?®
Such preclinical studies provide the platform fefining the vaccine design in terms of host-

pathogen interaction, the protective immune medmsiand the appropriate antigen and
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adjuvant combination to elicit the desired respobsfre entering into clinical trials. In
addition, issues of antigen production, vaccinanidation and delivery may need to be
optimized as well as the development of assays @asore immunogenicity. The final
vaccine design needs to be comprehensively testegirfigle and repeated dose toxicity,
immunogenicity, pharmacodynamics (safety), pharrkiaetics and local tolerance. For the
in vivo studies, a relevant age and physiologitalesof test animal for assessing the dose,
route and treatment regimen of the vaccine inclyidilso stability measures of the candidate
material are all necessary requirements prior ® ithtiation of clinical studies. Recent
preclinical studies in the development of vacciagainst Ebof@ and Zika virud’illustrate

some of these challenges.

Clinical trials
Further development requires the testing of vascinénhealthy volunteers to evaluate safety,

immunogenicity and clinical efficacy in three dmsti phases. When there is an effective

treatment for a human disease, challenge trialsviarch volunteers agree to pathogen
exposure after vaccination is a valuable meanssb\uaccines where no animal models are
available. (e. g. HPV and malaria). Phase 1 studre focused on safety, phase Il trials
concentrate on establishing an immunogenicity prodf concept and dose ranging
(sometimes efficacy data) while larger phase lidsts are designed to evaluate whether the
dosing and vaccination schedule can deliver the@ategmpact on the clinical problem with
an acceptable safety profileAt the same time, the vaccine’s physicochemicallzintbgical
gualities must be established for consistency leytéisting of different timed manufactured
vaccine lots$? **To enable success there is a need for specific@lrdant immunological

and clinical endpoints particularly when there @ kmown_immune correlate of protection.

Trial design requires accurate estimates of sarsjgle based on disease incidence, with
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sufficiency of subject numbers to deal with anypdout rates combined with rigorous data
management. Safety is of paramount importance gfiroall the clinical studies and
continuous monitoring procedures so that any adverents are flagged at the earliest
opportunity are obligatef. Several categories of adverse events followinmimization
need to be recorded. These include a reaction ducad event to correctly delivered
vaccination such as pain, redness, swelling orrfeveaused by vaccine properties such as
the presence of an adjuvant leading to local sitammatory reactions or a mild fever and/or
rash after immunization with attenuated viruseshsas MMR or paralytic polio after live
attenuated poliovirus vaccines. Such reactionsttaue documented during the procedures
leading to licensure and may limit or refine thecaiaation procedure and/or target
populations but overall need to be safe and tolerddereby not outweighing the benefits of
the protections of the vaccination. Other eventtuste immunization errors that occur in the
preparation, handling or maladministration of vaesi, coincidental events that can happen
shortly after immunization but are not caused lgyvaccine; immunization anxiety reactions
such as syncope and panic attack; vaccine faillnresigh for example inadequate storage;
and finally unknown events without an attributalsleuse. Inability to make a sufficient
response to a potent vaccine can also result frdmarent differences in the recipients (e.g.
genetics). Such variation is seen in some receistapdard HBV vaccination where

alternative formulations, for example with ASO4n@unteract this probler’t

When adverse events are recorded, it is vital taluae whether there is any causal
relationship with the vaccine administration oritifis just coincidental. The monitoring
systems need to be sensitive enough to activatieefuenquiries whenever necessary. There
are sets of clinical definitions of adverse eveartsd some standardization of processes that

help to unify the consistency of reporting worldef§>’ Such investigations need to be
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forensically analysed as the consequence can bedahing without sufficient cause as is
exemplified by the spurious associations claimedUR vaccination in 1998. As mumps,
measles and rubella all have the potential to cdaa#h, disability and death, the questioning
of the safety of the trivalent MMR vaccine led tal@p in vaccination coverage in several
countries which unfortunately has persisted infdoe of almost universal use and accepted
effectiveness. Recent work has noted that MMR wvetmn is unlikely to be associated with
autism, asthma, leukaemia, hay fever, typel diabegait disturbance, Crohn's disease,
demyelinating diseases, bacterial or viral infawsio However, there is still scope for
improvements in the design and reporting of safeiyomes in MMR vaccine studies, both

pre- and post-marketing: >

The path to licensure & beyond

Comprehensive information on the chemical and sirat properties of the vaccine, all

preclinical and clinical trial results, the data oranufacturing quality assurance are all
required to produce a regulatory dossier whichdeduto apply for product registration.

Issues relating to the filling of vials or syringesy storage conditions (e.g a cold chain)
must all be documented for quality testing conffof! It is important not to underestimate

the necessary details of packaging and distribypanticularly as individual countries often

have their own requirements for product informatisplay. This can complicate the supply
chains in times of shortage. Once a vaccine enfied it may be recommended by public
health authorities or the World Health Organizatmrt the effectiveness and safety of the
new vaccine must be continuously monitored in “thilel” conditions?*** Such monitoring

is essential for risk/benefit assessments to beogpptely vigilant. Given that most vaccines
are provided as a preventative measure in othefvaathy individuals the threshold for any

risk must be higher than for a medication useddatta disease that might otherwise cause
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harm. The provision of vaccines is generally wiatead in populations compared to
therapeutic interventions so detection of rare tsvessociated with vaccination could
possibly be clinically relevant. An important exdmpf post-licensure studies impacting on
the use of an oral rotavirus vaccine resulted ftbmobservation of a small increase in the
risk of intussusceptioff. The latter is most common in children 6-12 monitsage so

mitigation of risk was achieved by completing tleise of vaccination before 6 months of

age?®

Optimizing protection for the many
Any impact on disease reduction ultimately depamdsustained immunization coverage as
well as individual vaccine effectiveness. Thushwsufficient population coverage the

indirect effects on unimmunized individuals (hendmunity) are also provided against the

infectious agent’*® While immunizing those with the highest risk ofselise or its

consequences would be a very efficient way to delsost effective vaccination, the risk
groups for many infections like measles, rubelkxjoella and rotavirus are simply not easily
identifiable. In practice, a combination of straésgwhich are based on targeting age and/or
risk groups has often proven the best means feadesreduction. Table 2 summarizes some
examples of different vaccination stratedi®®> For any new vaccination it is necessary to
understand the population demography, the age ahwhe disease most occurs and the
biological and social factors which influence rtartsmission and replication. Knowledge of
the disease burden, incidence and prevalence ohiagection can be used in mathematical
modeling to estimate the necessary coverage farination rates in order to impact disease
spread and its reduction. Health economic analgaesthen be used to persuade funding
authorities of the cost effectiveness of such veatn programs. Figures 3 & 4 illustrate

aspects of the complexities and diversity of thgoma&vents in the development and
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implementation of vaccination against HBY’ and Figure 5 summarizes the on going
process of producing an effective malaria vaccomatistrategy againsPlasmodium

falciparum.®>’°®

Particular populations such as pregnant womengpreinfants, adolescents with chronic
medical conditions and older adults have recomnendariations in vaccine dosing
schedules to account response differeit&sr example, maternal pertussis vaccination is a
very effective way of protecting against pertussfsction in early infancy that is endemic in
much of the world when infants are especially sk tvhen maternal antibody levels wane.
Likewise specific vaccination scheduling or indesmhtraindication may be recommended
for individuals who are immune-compromised by aditon or its treatment. For example,
the use of live vaccines is not used in such immuppressed individuals. With age, there is
a decline in innate and adaptive immunity and timsnunosenescence increases the
susceptibility to vaccine preventable diseases.sTthere are recommendations for annual
vaccination programs for those over 65 years f@saeal inactivated influenza vaccine,
tetanus/diphtheria /pertussis, herpes zoster andurpococcal vaccinations. While
immunodeficient patients (genetic, transplant ezlabr disease induced) present additional
challenges for vaccination, alternative strategias been developed to provide for useful

protection®

The three vaccine development phases, preclinat@ical and post licensure can take a
considerable time (10-30 years) and some key elememe summarized in Figure 6. The
process integrates the requirement to ensure saf@tyunogenicity and efficacy in the final

licensed product.



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

14

Concluding remarks

There is no doubt that the tools available to ntbet needs of improving existing and
developing new vaccines are very powerful. Thelehgk is coordinating this potential in
the face of the diverse agendas of political, caf@and individual group lobbies. A key
goal must be to provide the available protecticwaely as possible (sufficient coverage in
all countries at risk) but this can only be achtwy global cooperation (and funding) to
help developing countries. However, vaccination osly one component of disease
prevention, and also requires the medical infrastine for successful implementation. In the
future, pandemics will occur and although the istinacture to successfully intervene in such
circumstances may theoretically exist, at leastda@veloped countries, it is yet to be
significantly tested. The recent outbreaks of Ebekemplify the processes whereby a
vaccine can be developed and tested in the midstnoépidemié®® This required a
significant international response which utilizezinbinations of state of the art technology
combined with some understanding of the diseas#eapology, pathogen biology and host
immunity. Importantly, the rapid isolation of Eballissease cases was a critical component
limiting disease spread, thereby providing a platfdor implementing a successful ring-

vaccination strategy.

In most circumstances any individual who refuseciveation against an infectious pathogen
potentially threatens everyone in that societyarnera of increasing vaccine hesitancy it is a
societal need for the general public to be appabglyy educated to understand the need for

immunization to counteract the continuing and cliramgsks from the pathogenic worfd.
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Table 1. PAMPS and PRRs.

Human TLR1, 2, 4, 5, 6 are at cell surfaces; TLR3, 7, 8, 9 within endosomes. Hetero-dimerization extends the ligand spectrum recognized

PAMP

Pathogens

PRR

Innate Response

Microbial cell wall components

Streptococci, Staphylococci

Complement (C)

Opsonisation; C activation

Mannose-rich glycans

Salmonella species

Mannose binding protein

Opsonisation; C activation

Capsular polyanionic saccharides

Pneumococci, Haemophilus species

Scavenger receptor

Phagocytosis

Lipoproteins of gram positive Streptococci, Staphylococci; CMV | TLR2 Macrophage activation, secretion
bacteria; viral proteins & HSV of inflammatory cytokines
Double stranded RNA Rotavirus, other RNA/DNA viruses | TLR3 Type 1 interferon
Lipopolysaccharide of gram E. coli, Salmonella, Haemophilus, TLR4 Macrophage activation, secretion
negative bacteria Neisseria species of inflammatory cytokines
Flagellin (from bacterial flagella) | Pseudomonas species, E. Coli TLR5 Macrophage activation, secretion
of inflammatory cytokines
Uracil-rich single stranded RNA RNA virusesincluding HIV TLR7 Type 1 interferon
Replicating RNA virus TLR8




CpG motif-containing DNA

High frequency in vira & bacterial

genomes

TLR9

Macrophage activation, secretion

of inflammatory cytokines

Triacyl lipopeptides

Various bacteria, parasites

TLRY/2

Macrophage activation, secretion

of inflammatory cytokines




Vaccination strategy

Goal

Pathogen examples

Routine vaccination (sel ective immunization)

Single birth cohort

To eradicate, eliminate or contain disease

Diphtheria, Tetanus, Pertussis, Rotavirus

Double cohort (e.g. infants & adolescents)

To eradicate, eliminate or contain disease

Hepatitis B virus

Mass immunization (entire population in To rapidly limit morbidity and deathsdueto | Yellow fever

affected area or high risk priority groups); verified detection of vaccine preventable

response to emerging epidemic disease

Response to a predicted epidemic To establish population immunity beforerisk | Influenza
occurs

Response to a disease outbreak To establish population immunity & reduce HepatitisA

case numbers in monitored groups of people

Catch up vaccination

To protect unimmunized individuals

Measles, Mumps, Rubella

Specific campaigns for particular

vaccinations

To eradicate, eiminate or contain disease

when not delivered by routine vaccination

Oral poliovirus

Table 2: Strategies of vaccination for disease reduction goals. After, Hardt et al. Vaccine 34 (2016) 6691-6699.




The immune control of infection (The Art of war by Sun Tzu)

Innate APC Drives Induction Effector Mechanisms

Immune |of Adaptive Response
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Inadequate Control Cofactors

Host Genetics

Pathogen Variation
Pathogen Immune Escape
Host Immunosuppression

The race to control infection
(The Art of war by Sun Tzu)

Knowing when to reduce the deployment
Providing the defensive organization to
prevent/limit future attack

The war is not won in a day

There are always more potential enemies

Vaccination Control

* Immune priming allows for a rapid
secondary immune response on
productive infection by a pathogen

* Early infection control prevents threats
from acute or chronic infection

Infection Control
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Vaccine strategies to prevent HPV associated disease

Burden of Disease

Cancer risk is through persistent infection with oncogenic HPV types 16,
18,31,33,39,45,51,52,56,58,59 (70% caused by HPV 16 &18). The virus
is DS-DNA with an 8kb genome & 55nm particle of 72 capsomeres
made of L1 (major) & L2 (minor) capsid proteins. HPV 6/11 cause genital
warts (GW).

Anogenital & oral pharyngeal cancer: Cervical cancer most is prevalent
with 230K deaths and >0.5 million cases per annum. Yearly cases in
female and/or males (respectively) at oral (2900, 5200) , oropharynx
(1100, 5100), anus 14300, 13000, vulva/vagina (16000) and penis
(10500) sites add to the disease burden. Cervical screening can detect
pre-cancers( cervical intraepithelial neoplasia (CIN) but this is mostly
unavailable in the developing world where most deaths occur.

Viral infection occurs at specific basal epithelia through minor trauma,
with epithelial differentiation required for completion of the lifecycle.
There is no cell death & no viraemia. After sexual debut, this stealthy
life history provides the risk of an undetected high risk HPV persistent
infection where viral E6 & E7 drive immortalization, genetic instability
leading cancer.

Vaccine Design & strategy
To prevent infection by induction of type specific neutralising antibodies
(nAb) requires a suitable antigen & vaccine immunogenicity to improve
on natural serological immunity which does not guarantee protection &
optimally delivered before sexual debut. Vaccines to prevent cancer by
HPV 16/18 are the highest priority & then the other most prevalent high
risk types. Inclusion of VLPs to HPV6/11 can also prevent GW.

Genetically engineered production of high risk HPV L1 capsids form
virus like particles (VLP) which mimic the structure of native virions that
cannot be produced easily in vitro. VLPs vaccines need to induce high
levels of nAbs for protective levels at the infection sites & for transfer to
mucosal secretions plus to maintain protection throughout a sexually
active life as natural infection may not boost local responses. Adjuvants
required to boost the magnitude & longevity of the induced immunity .
Figure 4 shows production & characteristics of the current licensed
vaccines (V) bivalent (bV), quadrivalent (qV) and nonavalent (nV)

Vaccine Immunogenicity & efficacy

Surrogate assays for neutralization developed as virus cannot be
easily grown in vitro and is not cytopathic. There is no known
immune correlate of protection. 2 or 3 immunizations in volunteers
gave 100% sero-conversion at many fold higher than natural
exposure. Two immunizations have non-inferior immunogenicity.

Efficacy was tested in sexually active young women who were
regularly screened for cervical neoplasia with an endpoint of CIN2/3
(requires treatment but which is very effective). gV and bV give
virtually 100% protection against vaccine —included types of CIN2/3
as trialed in women naive to the corresponding type at vaccination.
Follow up & modeling studies suggest high levels of Abs may be
sustained for decades. Justification for delivery to adolescents
derives from bridging studies in the latter showing excellent safety
& stronger immune responses. The bV had greater impact against
CIN3 than expected from the vaccine type lesion prevalence
indicating significant cross protection versus related non-vaccine
types possibly through the action of ASO4 (overall 93% CIN3
protection). The nV protects against infection & disease associated
with the HPV types covered by the vaccine including the excellent
efficacy against the GWs associated HPV 6, 11 also seen with the qV.

Impact & future

In Australia, the national vaccination with the qV of adolescent girls
(from 2007) & boys (from 2013) plus some initial catch up
operations has delivered 77% female and 66% male coverage in
2015. There has been a 92% reduction in GWs with significant
herd protection. Measuring any direct impact on cancer will take
several decades. There are measurable affects on HPV prevalence &
CIN. For example, in Scotland national vaccination of 12-13 year old
girls with the bV (2008-2012) plus an initial catch up (13-17 years)
delivered 90% and 66% coverage respectively. HPV 16/18
prevalence was reduced from 30% to 14% and CIN1, -2, -3 reduced
by 29%, 50% & 55% respectively. Unfortunately, there is poor
coverage of vaccination in the developing world where most cancer
deaths occur. Recent data suggest a single immunization may be
sufficient. This might help together with cheaper vaccines &
potentially delivery as a part of a multi-target paediatric vaccine.



Native virus
Papillomavirus capsids, 55nM in diameter, are composed
of 72 pentameric capsomeres arranged in a T=7
icosahedral. Each capsomere has five monomers of L1, the
major capsid protein, which self-assemble with 12 copies
of the L2 minor capsid protein, to form the particles that
encapsulate the 8kb ds-DNA viral genome.

L1 proteins Viral
— enome
V“ ) ,; L,‘ g

Vad «
4 K V.,
N ::471 DF :}r_‘
4 “ L; 14 e
LN} P
Pentameric ¢
Capsomeres L2 proteins

Licenced vaccines bivalent (bV), baculovirus produced
HPV16 & 18 L1 VLPs with adjuvant ASO4; yeast produced
VLPs & amorphous aluminium hydroxy-phosphate
sulphate (AAHS) adjuvant with HPV 16, 18, 6 & 11
(quadrivalent,qV) or plus also HPV 31,33,45,52,58
(nonavalent,nV). All vaccines are safe with virtually 100%
efficacy in protection against vaccine —targeted types of
CIN2/3. Immunization with qV & nV also provides
effective protection against GWs.

Likely mechanisms L1 VLP-induced nAb blocks
of protection binding to basement
membrane, the intial step
required for infection

L1 VLP induced nAb blocks
infection post-binding to
basement membrane

nV

Production

qVv

Yeast Baculovirus
(qV & nV) \ / (bV)
V‘dvb‘
L1 monomers 4‘1"4‘,‘
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Non-infectious L1
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(5x1L1) Y
VLP
(72 capsomeres)
I 90% genital
warts

70% cervical
cancer

20% cervical
cancer




Vaccine Strategies to help prevent malaria

Burden of Disease

Human malaria is caused by 5 species, the most virulent by P.
falciparum ( 98% mortality, most drug resistant). The parasite
haploid genome is 23mb & encodes 5500 proteins. Transmission
is by female anophelene mosquito with a 3 phase lifecycle. 1)
Pre-erythrocytic ( invasive sporozoites give large schizonts in the
liver); 2) Asexual blood merozoite invasion & replication in
erythrocytes leading to significant parasitaemia & clinical
symptoms; 3) Sexual stage with male & female gametocytes in
blood ingested by mosquito.

198 million clinical illnesses & 584000 deaths mostly in sub-
Saharan Africa. Natural immunity ( antibody and/or cell
mediated) depends on the stage & the intra- or extracellular
status of the parasite. The parasite employs abundant genetic
polymorphism which significantly compromises immune control.

Vaccine Design & Strategy

Most advanced vaccine strategy targets the pre-erythrocyte
stages of the parasite cycle seeking to exploit circum-sporozoite
protein (CSP) immunity. CSP is on the sporozoite surface &
expressed by early liver forms & exported to hepatocyte
cytoplasm. CSP conformation is important in parasite binding,
movement, cell biochemistry & penetration.

Building on experience with Hepatitis B (HB) vaccines, a fusion
construct of a repetitive immuno-dominant B cell epitope in the
middle region (R) & a T cell epitope (T) from the C-terminal
flanking region of CSP were cloned with HB surface (S) Ag. When
expressed together with free HBs antigen in yeast the proteins
assemble into VLPs similar to HBs Ag proteins.

There is limited value in testing in animals. RTS,S was tested with
different adjuvants & ASO1 showed the best immunogenicity &
efficacy against controlled human malarial infection. ASO1 is a
liposomal suspension of immune enhancers MPL & QS21, a
natural saponin molecule. The hypothesized vaccine mode of
action is to induce specific anti-CSP immune responses that can
prevent initiation of blood-stage infection by killing parasites at
the pre-erythrocyte stage. There is no immune correlate of
protection known. Anti-CSP antibody & CDA4 T cell activation
have been correlated in humans.

Vaccine Immunogenicity & efficacy

A licensed vaccine that is greater than 50% efficacious for a
least one year against severe disease & death is the initial
goal. The focus is on reducing the burden of P.falciparum in
infants & children in sub-Saharan Africa. A phase Il study
confirmed that the vaccine was safe & gave partial
protection in conditions of natural exposure. A Phase |
performed in 11 centres within seven countries showing
differing patterns of malarial transmission confirmed the
protection against severe malaria in a proportion of infants.
The vaccination protocol of 4 immunizations in children (5-17
months) & infants ( 6-12 weeks) had an efficacy against
fever & parasitaemia at 20 months of respectively 50% and
30%. Lower antibody levels were found in the infants which
might reflect immune immaturity. Children given 4
immunizations between 5-17months showed 39% and 29%
protection against malaria or severe malaria respectively
after 4 years with added value through a reduction in
hospitalizations .

Impact & future

The vaccine was recommended by WHO for a pilot
introduction in selected areas of Ghana, Malawi, & Kenya.
This started in 2019 with provision to young children through
the routine immunization programs. It is being evaluated as a
complementary malaria control tool.

Necessary components to the successful progression of this
this activity are the collaboration agreement between the
vaccine manufacturer (GSK), PATH and the WHO; that the
participating countries have sufficient infrastructure &
national commitment and that there is funding for this
malarial vaccine implementation program(MVIP) through
Gavi, the Vaccine Alliance, the Global Fund to Fight Aids,
Tuberculosis & Malaria & Unitaid until end of 2020.

Clearly vaccines to prevent important infectious diseases
need not be 100% effective but still have an important part
to play in reducing the deaths & disease in combination with

other strategies. A life threatening infection near you can
justify the time, collaboration & finance required to produce
a safe vaccine & override any vaccine hesitancy



Technical Approach Preclinical Development Investigational New Drug

(IND) submission
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Figure1l: Theimmune control of infection (The Art of war by Sun Tzu)

In the left panel, particular PAMPS/DAMPS of infiect stimulate immature dendritic cells
to mature differentiate and process pathogen dé&awtigen, while migrating to the lymph
nodes. In the centre panel, these APCs inducedidyatize immune response including
activation of T cells into effector cells and di#atiation of T cells into memory cells. Naive
B cells differentiate into antibody-secreting plasoells and memory B cells following
activation by helper CD4T cells. Activated tissue-resident macrophagesis® stimulated
by the CD4 T cells. In the right panel, various effector mamisms are shown. Antibodies
can enhance the effector functions of various micatls as well as also neutralise pathogens
directly. Cytotoxic T cells can directly kill inféed tissue/cells via molecular and chemical
signalling and also induce infected cells/phagacybekill intracellular pathogens, or inhibit
pathogen replication. Not all T-cell subsets aprasented in this illustratiohTo the left of
the illustration is a summary of the key eventthmimmune control of an infection with

parallels toThe Art of War by SunTzu.

Figure 2: The kinetics of theimmuneresponse & how vaccination prevents an infection

out running control & leading to overt disease

Figure3: Vaccinestrategiesto prevent HPV associated disease

Figure4: Virus-like particlesin the formulation of HPV vaccines

Figure5: A vaccine strategy to help prevent malaria. World Health Organization. Q&A on

the malaria vaccine implementation programme (MVWRyw.who.int.malaria; 8 November

2019
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Figure 6: Vaccine Development Phases
The preclinical, clinical and post licensure phasastake a considerable time (10-30 years).
The process integrates the requirement to enstety semmunogenicity and efficacy in the

final licensed product.



L earning Objectives: At the conclusion of this activity, participantsosild be able to:

» Describe the key steps in the development of ainado prevent an infectious disease
» Discuss the formulation of a vaccine to ensure imogenicity, efficacy and safety in
prevention of infectious diseases

Q1. Which of the following statements is true of vaxation against a particular pathogen:

A. Protects against all subsequent infection with pladhogen
Limits the consequence of the infection and thesritk of disease
Requires a precise knowledge of the natural imnoamérol of the pathogen

Is mediated by the innate immune response

mo o w

Prevents infection through sterilising immunity

Q1 ANS: B. Limits the consequence of the infection andsttine risk of disease

Rationale:

For most viral (pathogen) infections, there isrgubation period, a prodromal stage leading to
invasion and the peak of infection which coincidath the intensity of symptoms. Natural
immune control, starts with innate immune activatiobat communicates the specific qualities of
the pathogen to the adaptive immune system. Timergées specific antibodies that can
neutralise the free virus and cellular immunityttt@an destroy the virus infected cells. This
activation process typically takes a couple of veeekh the control and virus elimination
delivered during a convalescent period. With somtt@gyens, through specific immune evasion
strategies or particular circumstances, optimaVvatbn of natural immunity does not occur.
Failure to control an acute infection like influenar Ebola is immediately life threatening while
persistent infections or latency can provide faoselary consequences manifest in additional
disease complications (e.g. cancer). Vaccinatu® t® prime the immune response with a
memory component that can allow for rapid expansioth deployment of specific immunity to
provide adequate pathogen control reducing the o$klisease.

References:

1. Leo O, Cunningham A, Stern PL. Vaccine Immogygl Chapter 2 pages 25-29. In:
Understanding modern vaccines. Eds. Garcon N, $e@unningham T and Stanberry L.
(2011) Elsevier http://www.sciencedirect.com/scefjaurnal/22107622

2. Cunningham AL, Garcon N, Leo O, et al. Vacaee&elopment: From concept to early
clinical testing. Vaccine. 2016;34:6655-6664

Q2. Which of the following statements is true in reatto vaccine adjuvants:

A. Are always added to vaccines to generally boostunenresponses



B. Are selected to induce the desired level & typarofiune response against a specific
antigen

C. Are never intrinsically reactogenic.

D. Are all aluminium based

E. Work through specific damage associated pattemptecs

Q2 ANS: B. Are selected to induce the desired level & tgbanmune response against a
specific antigen

Rationale:

Adjuvants enhance & modulate immune responsestigems; this is particularly important

when the antigens are purified & lack intrinsicat@immune triggers. Adjuvants differ in the
types and magnitude of immune responses they eagdmehce they must be selected in view of
the immune response required to induce immunity goven pathogen or antigen. Combinations
of adjuvants can take advantage of the properfieach individual component. Adjuvants are a
key tool to developing efficacious vaccines to nmaahy vaccine challenges.

References:

1. Garcon N, Di Pasquale A. From discovery tolgee, the Adjuvant System story. Hum
Vaccin Immunother. 2017;13:19-33.

2. Di Pasquale A, Preiss S, Tavares Da Silva Fgd@paN. Vaccine Adjuvants: from 1920 to
2015 and Beyond. Vaccines (Basel). 2015;3:320-43.

Q3. Which of the following statements is true in redatto HPV VLP based vaccines:

A. Are 100% protective against oncogenic HPVs
Are prophylactic & therapeutic
Primarily target adolescent girls

Induce protective cell mediated immunity

mo o w

Are delivered without adjuvants

Q3 ANS: C. Primarily target adolescent girls

Rationale:

The available HPV VLP adjuvanted vaccines have shavtually 100% protection against the
cervical cancer surrogate endpoint of CIN3 assediatith the types included in vaccine
formulation. Through type inclusion and/or crosstpction this can achieve an overall
protection against over 90% of oncogenic HPV asdedicancer. The vaccines are believed to
work in preventing infection through the inductiohneutralising antibodies at much higher
levels than those found naturally. There is asigeknown immune correlate of protection but



the antibody levels induced are predicted to bg-lored. There is no evidence of any
therapeutic activity. The principle risk group ismven who can get an undetected high risk HPV
infection through sexual transmission that can egbently lead to anogenital cancer.
Adolescent girls, pre-sexual debut and with highenmune responses than induced in adults, are
an accessible and optimal group to immunise forimising the impact on reducing the risk of
anogenital neoplasia. With high population coverhgee are added herd affects including on
the male population.

References:

1. Roden RBS, Stern PL. Opportunities and cha#ierigr human papillomavirus vaccination in
cancer. Nat Rev Cancer. 2018;18:240-254.

2. Pouyanfard S, Muller M. Human papillomavirustfiand second-generation vaccines-current
status and future directions. Biol Chem. 2017;398:889.

Q4. Which of these adjuvants function through TLR4:

3-deacylated monophosphoryl lipid (MPL)
Peptidoglycan

Double stranded RNA

cCpG motif containing DNA

HIV

moow2>

Q4 ANS: A3-deacylated monophosphoryl lipid (MPL)

Rationale:

An important group of PRRs are the TLRs that orinig of ligands on APCs, mainly dendritic
cells, lead to APC maturation, induction of inflamory cytokines and the priming of naive T
cells to drive acquired immunity. Therefore, adiiva of TLRs promotes both innate
inflammatory responses and the induction of adaptivmunity. Human TLRs recognize distinct
PAMPs derived from various microorganisms broadlyhiree groups: those that recognize lipids
and lipopeptides (TLR1, 2, 4 and 6), proteins (TLB&d nucleic acids (TLR3, 7, 8 and 9).

TLR1 forms heterodimers with TLR2 (TLR1/2) and rgoizes triacyl lipopeptides. TLR2
together with TLR1 or TLR6 recognizes a wide variet PAMPS, including peptidoglycan,
lipopeptides and lipoproteins of gram-positive leaet mycoplasma lipopeptides and fungal
zymosan. TLR4, together with its extracellular camgnts such as MD-2 and CD14, recognizes
LPS, a constituent of cell walls of gram negatiaetkria. TLRs recognizing nucleic acids are
localized in cytoplasmic compartments where thegaeDNA and RNA derived from viruses
and bacteria. TLR3 recognizes double-strand RNATRI7 and TLR8 are responsive to the
single-strand RNA found during viral replicationLR9 recognizes unmethylated deoxycytidyl-
phosphate-deoxyguanosine (CpG) motifs commonlygoteis bacterial and viral genomes.
TLR5 recognizes bacterial flagellin. Heterodimatian of TLRs extends the spectrum of
ligands recognized. MPL adjuvant is a chemicallydified derivative of lipopolysaccharide that
displays greatly reduced toxicity while maintainimgst of the immunostimulatory activity of



lipopolysaccharide through TLR4. MPL acts as aposéimulator of T cell and antibody
responses and was the first TLR ligand in licerfa@dan vaccines, in the form of AS0O4.

References:

1. Yul,WangL, ChenS. Endogenous toll-likeetor ligands and their biological
significance. J Cell Mol Med. 2010;14:2592-603.

2. Baldridge JR, McGowan P, Evans JT, et al. T@kimoll on human disease: Toll-like
receptor 4 agonists as vaccine adjuvants and meragautic agents. Expert Opin Biol Ther.
2004;4:1129-38.

Q5. What is the goal of a vaccination strategy usedkt with a predicted influenza epidemic?

A. To rapidly limit morbidity and deaths due to vegdidetection of vaccine preventable
disease

To eradicate, eliminate or contain disease

To establish population immunity before risk occurs

To protect unimmunized individuals

mo o w

To establish population immunity & reduce case nerslin monitored groups of

people

Q5ANS: C: To establish population immunity before riskuis

Rationale:

An example of a pandemic alert due to an outbréakvime-origin influenza A virus HIN1 was
declared by the WHO in the summer of 2009. One kaar more than 200 countries had
reported over 18000 cases. Global surveillancesyswere put in place to assess the safety
profiles of the new pandemic vaccines which allowresr licensing under a fast track procedure
incorporating comprehensive and stringent safetgsmnents plus immunogenicity and efficacy
requirements ensuring a satisfactory benefit-risfile. In the last 4 months of 2009, tens of
millions of pandemic H1IN1 2009 vaccine doses gdrdrdata that underwrote their safe use.

In the pandemic situation, the goal is to providdespread vaccination of populations to
generate immunity prior to the arrival of the threBroduction of sufficient doses to deliver
worldwide vaccination can be helped by the useedficed antigen content while sustaining
immunogenicity by the addition adjuvants.

References:
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