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Preface

Vaccines are quintessential for humankind as a preventive approach to eradicate the
burden of infectious diseases. For example, certain sexually transmitted diseases
(syphilis, gonorrhea, HIV-1 infection or acquired immunodeficiency syndrome,
and trichomoniasis (a parasitic infection of the reproductive tract)), tuberculo-

sis, acute respiratory infections, diarrheal diseases, certain parasitic infections
(malaria, leishmaniasis, schistosomiasis, etc.), infections such as influenza, Ebola,
Hanta, and Zika virus infections, and reemergence of certain infections, including
measles, pertussis, or whooping cough, are possible global threats to human-

kind. The only possible preventive way to control these infections is through the
development of effective vaccines. In addition to infectious diseases, these days
development of vaccines as a tool to target cancer has also become an essential
immunotherapeutic approach. Thus, vaccines are crucial tools to prevent these
diseases all over the world. This book is an attempt to provide updated information
required by researchers in the field of vaccinology. Following the Introduction
section, the second chapter provides information regarding the scenario of innova-
tion and development of new vaccines in developing countries. The third chapter is
intended to provide updated information on types of vaccine and their development
and role to target different infectious diseases. Furthermore, the fourth chapter is
an informative chapter on regulatory aspects of genetically modified viral vectors
and genetically modified organism-based vaccines. The fifth chapter gives emphasis
to developing vaccination strategies against wildlife reservoirs for zoonotic viral
infections (rabies, Hantavirus infection, and hepatitis E virus) in humans. The sixth
and last chapter describes the development of vaccinia virus vectors to develop vac-
cines against leishmaniasis, a major health problem in developing countries. Thus,
this book is a collection of well-written chapters by authors known in the field of
vaccinology and immunology. However, the field of vaccinology and immunology
is continuously changing and certain viewpoints expressed by the writers in this
book may differ from other established scientists in the field. Therefore, I will ask
readers to take this into consideration and follow developments and advancements
in the field of vaccinology and immunology at both basic and clinical science levels.

Dr. Vijay Kumar, PhD

Research Fellow/Lecturer

Children Health Clinical Unit Queensland,
Faculty of Medicine,

The University of Queensland,

Brisbane, Australia






Section 1

History and Introduction
of Vaccines







Chapter1

Introductory Chapter: The Journey
of Vaccines - The Past and the
Present

Kumar Vijay

1. Introduction

The history of the process of vaccination and the concept to vaccinate is 1000 of
year old (>3000 years) that originated in the ancient Indian peninsula (Northern
and Eastern India) as a practice of variolation/inoculation (the immunization
of individuals from the materials taken from the infected person) by “Woodiah”
(Oriya) Brahmans since “time immemorial” due to its unidentifiable time of origin
[1]. The evidence of protective measures of the process of variolation/inoculation
is greatly described in the ancient Sanskrit text called Sacteya, mainly devoted to
Dhanwantari, the physician [2]. Thereafter that technique may have spread to the
China due to the transfer of education and knowledge as Chinese scholars were
visiting the world’s oldest Universities (Nalanda and Takshashila Vishwavidyalaya
or University). Hence the technique of variolation moved from ancient India to the
China around 1000 CE. Thereafter, the technique of variolation traveled to Africa
and Turkey before its arrival to the European and American continents. Before the
introduction of variolation there was no protective measure to counter the attack
of smallpox and the observation was made by the Greek historian Thucydides
(430 BC) that the attack of smallpox provides protection to the person surviving the
attack of the smallpox. Evidence indicate the first existence of smallpox as a disease
in ancient Egypt that reveled to ancient India through Egyptian traders visiting
India during first millennia BC [3]. From India then it traveled to China in first cen-
tury AD and reached in Japan in the sixth century AD [3]. It spread to Europe in the
eleventh and twelfth centuries from there to North America (seventeenth century)
and Australia (eighteenth century).

It is well established that smallpox is neither described in the Old and New
Testaments nor in the classical Greek (including the Hippocratic and Galanus writ-
ings) and Roman literatures [2]. It was Abu Bakr Muhammad Ibn Zakariya al-Razi
(864-930 CE), a Tehran (Iran) born Muslim physician who first differentiated
between smallpox and the measles based on their symptoms and clinical examina-
tion of the patients [4]. However, the term smallpox is an English term for the
disease, introduced first in India during the British rule and before it was known as
the Masurika (For about 2000 years as mentioned in Charak and Sushruta Sambhita
before the Christian era) Basanta roga (Paproga, Sitalika, Sitala, Gunri, and Guli) or
the spring disease in Eastern India. The concept of variolation or inoculation moved
from India to the England in the early eighteenth century or 1721 by the British
Lady Mary Wortley Montagu, who was living in Ottoman Empire (1716-1718) and
communicated to her friend in Britain (Miss Sarah Chiswell, who died of smallpox
9 years later) about this technique by letters [2, 5]. Even in 1731 one British called
Robert Coult in Bengal wrote a letter to Dr. Oliver Coult in England describing the
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procedure of variolation used in India to protect the local population from smallpox
[6]. Dr. Edward Ives (1773), a British naval surgeon, also observed the procedure of
variolation as described by the Robert Coult on his visit to India (Bengal) in 1755 [6].
Before the introduction of variolation/inoculation in England in the sixteenth cen-
tury the burden of infectious diseases including smallpox, measles, whooping cough,
dysentery, scarlet fever, influenza, and pneumonia accounted for the death of more
than 30% children of age below 15 years as the record. The concept of variolation/
inoculation was introduced in North America in 1721. By 1777, George Washington,
ordered that all the soldiers and recruits of his army should be inoculated/variolated.
Thus introduction of the concept of variolation was the first step towards the devel-
opment of Edward Jenner’s cowpox/smallpox vaccine, modern day vaccines, and the
introduction of the concept of vaccination to fight against infectious diseases.

Almost all text books of immunology and microbiology mention Edward Jenner
as a father of immunology or vaccination due to his invention of the technique called
vaccination as he injected the cowpox immunogenic material (pus) isolated from the
hand of Sarah Nelmes (a female milkmaid, who got the cowpox from the infected
cow called Blossom) to the both arms of James Phipps (a young boy of 8 years) on
May 14, 1796 [7]. However, the process of vaccination was developed almost 22 years
before Edward Jenner by a farmer called Benjamin Jesty [7]. No one knows Benjamin
Jesty. Even the reports are available to indicate the existence of the concept/Sanskrit
literature of cowpox vaccine to induce the immunity against smallpox in ancient
India. It may be an injustice to the real discoverer of the concept of cowpox vaccina-
tion but the journey of vaccines and vaccination had started that never looked back.
However the technique of variolation banned or made illegal in Britain in 1840 and
the Jenner’s vaccination was promote and offered free of cost [3].

2. The development of vaccines from early nineteenth to twenty-first
century

The early eighteenth century saw development of the vaccination procedure
against small pox and its promotion in England by offering free vaccination there. Its
spread all over the world revolutionized the field of vaccination against several other
infectious diseases. However, the scientific origin of vaccines took at least a century
following the discoveries made by Robert Koch and Louis Pasteur generating the
concept there are pathogenic microbes/microorganisms causing infectious. Pasteur
initiated attenuation of these pathogens in his laboratory by different methods includ-
ing drying, heating, and exposing them to oxygen or passaging them in different
animal hosts. The first live attenuated vaccine was developed for Rabies in 1885 and
was used to immunize a boy named Josef Meister bitten by a rabid dog [8]. Thereafter
killed whole organisms were used to develop vaccine against cholera (1896), typhoid
(1896), and plague (1897) [9]. In second half of the twentieth century oral polio vac-
cine (OPV, 1963), measles (1963). Mumps (1967), and rubella (1969), all live attenu-
ated vaccine came out along with several other vaccines (polio (injected, 1955), a killed
whole organism vaccine, Anthrax vaccine (a protein-based vaccine, 1970), Hepatitis B
surface antigen recombinant (a genetically engineered vaccine in 1986), and hepatitis
A (awhole killed organism-based vaccine in 1996) were developed [9].

In twenty-first century, human papillomavirus (HPV) recombinant (quadriva-
lent in 2006), live attenuated vaccine Zoster in 2006, HPV recombinant (bivalent
in 2009), pneumococcal conjugates (capsular polysaccharide conjugated with the
career protein) (13-valent in 2010) are developed. Furthermore the live attenuated
vaccine for the dengue virus infection is also developed by Sanofi Pasteur in 2016
and is called CYD-TDV that is sold under the brand name Dengvaxia [10, 11]. This
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live attenuated tetravalent chimeric vaccine is developed through the use of recom-
binant DNA technology by replacing the PrM (pre-membrane) and E (envelope)
structural genes of the yellow fever attenuated 17D strain vaccine with those from
four of the five dengue serotypes [11]. However this dengue vaccine is recom-
mended to the patients previously infected with dengue virus infection otherwise it
may exert adverse effects during subsequent infections as their manufacture, Sanofi
Pasteur. The vaccine is approved to use 11 countries including Mexico, Philippines,
Brazil, El Salvador, Costa Rica, Paraguay, Guatemala, Peru, Indonesia, Thailand
and Singapore [12-15]. The dengue vaccine has shown consistence efficacy in
healthy adults of Australia and ready to go in clinics [16]. The vaccine has shown
immunogenicity and safety during a 5-year study [17] A most recent development
in the field of vaccinology is the clinical trial for the live attenuated vaccine for Zika
virus vaccine at the Johns Hopkins Bloomberg School of Public Health Centre for
Immunization Research in Baltimore, Maryland, and at the Vaccine Testing Centre
at the Larner College of Medicine at the University of Vermont in Burlington. The
clinical trial for Zika virus is sponsored by National institute of allergy and infec-
tious disease (NIAID), USA. In addition to the development of vaccines for infec-
tious diseases these are also to develop against different cancers through targeting
cancer-associated neoantigens.

The major aim of the book is to provide the readers an updated information on
the field. For example, the first chapter of the book written by Dr. Raw Isaias has
updated the progress of regarding the innovation and development of new vaccines
and their candidates in developing countries like Brazil. In the second chapter,

Dr. Dai has provided a great information regarding the different types of vac-

cines that will be informative for undergraduate and graduate students along with
researchers. The third chapter of the book provides the regulatory journeys of appli-
cations with genetically modified viral vectors and novel vaccine candidates already
reviewed by GMO (Genetically modified organisms) national competent authori-
ties in Belgium and in Europe. This chapter will be crucial for the readers interested
in regulatory affairs for the vaccines developed via GMOs. In fourth chapter, author
(Leunda Amaya) has given an emphasis to target the vaccination strategies wildlife
reservoirs including bats, boars, rodents, and other carnivorous animals serving as
reservoirs for zoonotic viral infections (Rabies, Hanta virus infection, and Hepatitis
E virus) in humans. The fifth and last chapter of the book written by Dr. Dulcilene
describes the development of vaccinia virus vector to develop the vaccines against
leishmaniasis that is major problem for developing countries of Asia, Africa and
South America. Thus the book starts with the introductory chapter regarding the
history and present status of the vaccines along with the other chapters contributed
by the authors known in their field. Thus book is intended to provide the current
and updated knowledge in the field of vaccinology.
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Chapter2

Developing Countries Can
Innovate and Produce Vaccines:
The Case of Butantan in Brazil

Isaias Raw

Abstract

Since the introduction of vaccines, governments learn that they are the most
efficient and inexpensive tool to avoid the spreading of infectious diseases. It
resulted in the creation of public research institutes to develop new vaccines,
which gave birth to the vaccine industry, that is, growing in size by acquisition
of competitors, which estimate that in 2019 they will sell $58 billion, where
developing countries represent 80% of the world population, submitted to be
dependent of production and prices from large producers. Incapable or not will-
ing to assume the responsibility to produce, accept to purchase vaccines in bulk
for filling and labeling as “producers.” Butantan, a public not for profit institute
became the first producer of specific anti-venoms and anti-rabies sera. In 1985,
Butantan Center of Biotechnology attracted 25 young PhD, which accepted to
carry on inovations and technical developments, setting dedicated plants to
produce vaccines at affordable cost, aiming self-sufficiency to distribute free
through the Ministry of Health. This chapter describes problems and solutions
that must be faced to produce vaccine at a cost that developing countries can
afford.

Keywords: vacines control epidemics, developing coutries 80% of world population,
developing countries self-sufficiency, Butantan from innovation to production,
anti-venonms and anti-toxinas, encloses production plants, pertussis reduction by
DTP vaccine, whole pertussis low in LPS, MPLA from B pertusis as adjuvant, MPLA
adjuvant reduce % influenza doses an price of vaccine, vitamines A,D,E, riboflavin
as adjuvants, pneumococcus-PSAP3 reduce cost of pneumo vaccine, plasma fractions
not for sale, lung surfactant saves neonatals

1. Institute Butantan—research, process development, and production
1.1 Antivenoms and antitoxins

Antisnake venoms were the strength of Instituto Butantan and its priority
[1-4]. At the New York World Fair, Vital Brazil saved the life of an employee
of the Bronx Zoo bitten by a rattlesnake, which induced President Theodore
Roosevelt pay a visit to Butantan in 1915. In 1983, Butantan sera production situ-
ation was scary: venoms were collected from snakes and administered to horses.
The horses were bled and their blood collected in rusted milk drums, precipitated
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with ammonium sulfate, concentrated using a dirty towel, diluted and kept in
large bottles until they “mature,” and covered with mold! Probable other develop-
ing countries producers used the same ancient manufacturing process. Changing
the production technology was the first goal of a recent Ph.D. group of research-
ers supported by the staff from the production laboratories under my supervision
(Figures 1-6).

The first idea was to replicate the milk industry profile, creating a “hands-off”
fully enclosed system using large stainless steel tanks and an industrial plate cen-
trifuge. After snake venom inoculation, horse blood was collected in a 7-liter sterile
bag with anticlotting solution, stirred, and kept in a cold room overnight. After
plasma been removed, the settled cells were isotonic saline solution suspended and
transferred to a connected-enclosed-4-liter bag to be returned to the same horse,
characterizing plasmapheresis process and thus allowing repeated blood collection
at short intervals.

The separated plasma was submitted to a complex process for immunoglobulin
purification, began by precipitation by ammonium sulfate, followed by filtra-
tion, pepsin treatment (to remove the Fc portion of immunoglobulin to prevent
complement activation), heath treatment, addition of caprylic acid to inactivate
lipid-enveloped virus, finishing by an ion-exchange chromatography, which
also removes viruses and other microorganisms. After sterile filtration, the final
product was tested for neutralization potency and formulated to guarantee efficacy
and safety.

Along 1985 to 2009, the production of antibothropic, anticrotalic, antielapidic,
antilonomia, and combined antiarachnidic with other antivenomous insects sera
reached about 700 million vials. The technology and the enclosed system were the
model basis for the production of antitetanus, antidiphtheria, antibotulinic, and
antirabic sera for human use. The antisera are usually presented in 40-100 ml vials
diluted with isotonic sodium chloride solution, to be administered intravenously.
Vials are kept refrigerated, and the freeze-drying process started to be introduced to
avoid losses. Butantan supplies the demand of the Ministry of Health and began to
export antisera to Latin America, some Africa countries, India, and even to attend
the request of some countries in Europe and Australia. It was an unusual experience
in learning by doing.

Figure 1.
Partial view of plasma fractionation production plant of antivenoms and antitoxins (Instituto Butantan
Foundation).
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Figure 3.

Coverage of DTP vaccination and incidence per 100,000 inhabitants of pertussis, tetanus (except neonatal),
and diphtheria in children below 1 year of age in Brazil from 1990 to 2008.

Figure 4.
Partial view of influenza production plant (Instituto Butantan Foundation).
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Figure 5.
Partial view of the hepatitis B production plant (Butantan institute foundation,).

Figure 6.
One of the larger chromatography columns of plasma fractionation plant (Instituto Butantan Foundation).
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2. Diphtheria tetanus and pertussis (DTP) vaccine

The gained experience in innovation, clinical testing, production development,
and full production of antisera pushed our team to move next step into vaccine
development, maintaining the dedicated enclosed plants, which guarantee hands
off from the production staff [5-10].

The tetanus and diphtheria toxins production happened in enclosed large-
scale cultivation systems as well as with the Bordetella pertussis strain (bioreactors
180-500 1). One observed particularity is that tetanus culture requires a vibromixer,
a special device to promote the culture liquids shaking and not stirring. Bacteria
were removed by tangential flow filtration, and toxins secreted in the media were
purified by chromatography and finally detoxified basically following WHO
recommendations.

A major concern was pertussis, a very common infant infection disease known
as whooping cough. It can be fatal as a result of a variety of toxic substances from
the classes of exotoxins and endotoxins. Among them, pertussis toxin, tracheal
cytotoxin (that affect the respiratory epithelium), dermonecrotic toxin, and adeny-
lyl cyclase (that inhibits phagocytosis) are the most studied and important.

We were able to select a strain of B. pertussis to produce an effective vaccine
with mild reactogenicity and called it as whole cell pertussis (wP). After intro-
duction of Butantan DTP vaccine (in between 1990 and 2009), the Ministry of
Health reported that the incidence of pertussis infection had decreased from
about 11/100.000 to 1/100.000, with practically no adverse reactions after vaccine
administration. Around 70 million children were vaccinated.

The safety of Butantan’s pertussis component of its DTP vaccine contrasted
with the safety of DTP vaccine produced in Japan and in other countries. These
vaccines are known as whole cell pertussis (wP). The development of an acel-
lular pertussis (aP) vaccine based on purification of some virulence factors as
pertussis toxin was a logical pathway. The acceptance of aP was achieved by
most developed countries. These vaccines contained pertussis toxin, filamentous
hemagglutinin (FHA), fimbria protein (FIM), and some pertactin. The aP vac-
cine required isolation and purification of all components, which raised its price
from about US$ 0.16 to US$ 1.60, making it not accessible to the majority of the
population from the developing countries. In 2013, CDC made a survey in the
US and found that the aP confers a short protection, resulting in about 40.000
pertussis cases/year [11].

DTP vaccination scheme is usually carried out at 2, 4, 6, 18, and 48 months
of age. One last booster occurred 10 years later. Thus, just for four DTP vaccine
doses, replacing the DTwP by DTaP would represent an increase in cost of at
least US$ 6.40 per capita, which is out of reach for poor countries. Even though a
Brazilian publication [12] incited the use of aP for universal vaccination in Brazil
at a “modest” cost of US$ 15,590 per life year saved, DTwP vaccination would cost
100x less.

There are other concerns for the use of aP [13]. Fetus and newborns may be
exposed to pertussis infection before they are protected against it. Immunization
occurs by three doses of DTP at 2-4-6 months of age. It is estimated that 45% of
infant mortality occurs before they reach 5 years and is mainly concentrated before
6 months. This leads the idea to vaccinate pregnant women in the third trimester,
generating maternal antibodies to be transferred to the babies by breast feeding. It is
still necessary to fully investigate the safety of this type of vaccination to guarantee
that there are no effects on the fetus [14-16].

Butantan has proposed an alternative for aP vaccine. It developed a process to
remove the lipopolysaccharide (LPS), the most reactogenic component of the outer
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membrane of most gram-negative bacteria, without breaking the bacterial mem-
brane, producing a whole cell pertussis vaccine low in LPS (wPlow). This vaccine
was retested at Nederland Vaccine Institute [8] and currently is under additional
clinical trials, as required by the Brazilian regulatory agency, to replace wP in our
DTP, without increasing cost. Furthermore, the isolated LPS can be hydrolyzed to
obtain monophosphoryl lipid A (MPLA), a power vaccine adjuvant.

Other alternative for the vaccination of the newborn is BPZE1, a live genetically
attenuated pertussis, developed by Pasteur-Lilly by inactivating pertussis toxin, tra-
cheal cytotoxin, and dermonecrotic toxin [17-18]. This vaccine will be administered
in newborns as a single-dose nasal vaccine. Its clinical assay is being proposed.

3. Hepatitis B

Butantan developed a recombinant hepatitis B vaccine by genetic engineering,
based on the hepatitis B surface antigen (HBs) and expressed in the yeast Hansenula
polymorpha with a good yield [19-25]. The vaccine was tested in adults, adolescents,
and newborns with the cooperation of the Institute of Tropical Medicine, the
Medical School in Campinas and Oswaldo Cruz Institute [19-22]. It was the first
recombinant vaccine developed in Brazil, approved and accepted for newborns
by the regulatory authority in 1997. A total of 260 million doses were produced
between 1997 and 2009, delivered to the Ministry of Health that distributed to all
States for free administration to newborns, children, and adults. No significant
adverse events were reported. The potential use of hepatitis B vaccine or antibody to
treat chronic hepatitis B must be explored in the future [23].

Other new developments have been planned like the vaccine association with the
adjuvant MPLA to reduce its concentration/dose (at least by fourfold as some assays
have showed). These results consequently increase the vaccine’s potential installed
capacity without increasing the vaccine cost. A new genetic construction to express
the preS antigen (the N-terminal polypeptide in the large (L) HBs antigen associ-
ated with virus attachment to the host cell receptor and membrane fusion during
entry) was implemented considering the about 10% of nonresponsive adults. The
use of the regular vaccine and the preS vaccine to treat chronic infection was also
considered, but it was not yet tested. The success of the regular vaccine to protect
newborns postponed the materialization of the last proposal.

Recently, a study was conducted in Brazil revealing that hepatitis B is not the
prevalent strain causing hepatitis, with variation in different regions. Hepatitis
A represents 58.7% followed by hepatitis D and F (23.4%), while B, C, and G are
minor”?*. In a world overview, B/C relation represents 60% [24]. It is estimated
that there are 5.000 cases of hepatitis C. The Ministry of Health is trying to cure
with a patented drug that inhibits replication of the virus, sofosbuvir combined
with daclatasvir, at a cost of about US$ 9000 per patient. The Instituto Oswaldo
Cruz is trying to market a generic drug for four times less. The right of the Brazilian
Ministry of Health to be able to supply the drug for all is being questioned by the
patent holders, although it was accepted during the AIDS epidemics.

4. Butantan legacy, influenza, and adjuvants
Butantan assumed a national leadership in vaccine production in 2007, with

dedicated plants for diphtheria, tetanus, pertussis, and hepatitis B [26-32].
Going from the innovation all the way to production, Butantan provided the
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Society’s demand to control wide spread infections, delivering vaccines free of
charge to all population at risk, at acceptable cost to the resources of the Ministry
of Health.

The public memoir goes back to 1918 when the “Spanish flue” reported 116.777
cases in city of Sdo Paulo and killed 5.330 people. Those who could afford or have
family elsewhere fled the country, leaving the streetcars to transport bodies to
be buried in common graves. Government and Society respected the transla-
tion of “innovation” into vaccines and sera, safe, and efficient. Developing and
manufacturing vaccines were different from buying bulks from large companies to
formulate, fill, and label as made in the other countries. This situation was named
at WHO meetings, the “coca-cola” model: buy bulk, dilute, and label made in the
countries.

With the few vaccines and antisera mentioned, between 1985 to 2009,
Butantan was able to produce about 720 million doses of effective and safe vac-
cines, representing 80% of the vaccines really made in Brazil, receiving for this
about 40 honors, medals, and public grants. This was made possible by creat-
ing Butantan Foundation, a not-for-profit body that could operate as a private
organism, by passing the Government rules, which would make impossible to
buy reagents, supplies and equipment, maintain or built new labs and dedicated
production plants, hire, and trend in service, the staff, to operate the plants,
without the constrains of public rules, which were not adapted to solve public
emergencies.

The next priority was flu epidemic risk. The “Spanish flu” reached Brazil in
1918 killing about 35,000 people. US-Barda realized, as pandemic spreads, that the
total world production vaccine plants against flu could not supply the demand for
vaccines, as the virus serotypes change each year and stocks could not survive and
be used for the next epidemics.

Butantan seasonal or pandemic flu first action experience was to set a pilot
laboratory to maintain and replicate influenza strains certified by WHO and
CDC for production, and to train the staff for produce. A control lab to test
and certify vaccines was installed. The State and Federal Government granted
10 million dollars to build the production lab, ordered when possible custom-
made equipment (like the machine to destroy the infected shells that was built
in Brazil). A central formulation plant was constructed and equipped with a
modern automated filling line, to wash and sterilize vials, fill cap, and label vials,
with filling capacity of 28,000 vials per hour, containing 10 doses each. A second
automated filling system was added to cover for all the vaccines produced. Flu
vaccine was cultivated in fertilized chicken eggs and, after extensive purification
steps, was transferred for formulation and filling. C. Merrieux (latter Sanofi)
extended its help to Butantan, following the plant construction and installa-
tion, and inspecting to be sure of our suppliers of chicken eggs comply the rules
established by WHO.

The first formulated vaccines produced were taken to Merrieux’s labora-
tory to be inspected and tested for the demanded requirements of the European
Community. Butantan transported the vaccines using cold trucks to the central
stock of the Ministry of Health in charge to vaccine distribution to all the state
centers, which transfer them to municipal facilities during vaccination. To attend
actual Brazilian yearly demand, about 100 million flu vaccine doses are necessary
and it is not an easy task to achieve. It took a few years until the regulatory agency
approved Butantan’s vaccine, while Sanofi assumed an agreement to meantime
supply the vaccine in bulk for formulation at Butantan. We reached, in 2017, the
production of 60 million doses of flu vaccine given to children, young adults,
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pregnant women, and people above 60 years or with special health problems, doc-
tors and nurses.

About 5 million Brazilians live above the equator line and, by mistake, they
received the same Southern vaccine, in the same date. It was clear that they were
vaccinated after the top of the flu season was over, and they were not protected
[25]. The solution was to use part of the year to produce Northern flu vaccine to
supply the population in the North. As the sole production plant in Latin America
(other than a Sanofi plant that provides bulk to Birmex in Mexico), the excess vac-
cine production should be offered to PAHO rotating fund, solving the demand of
vaccine influenza for Venezuela, Colombia, and Central America (some countries
use North and other Southern vaccines).

Butantan became interested in using adjuvants for vaccine production, if
they would guarantee more vaccines doses using the same facilities and thus
reducing their costs. The first attempt, in 2002, was to use a formulated vitamin
A in oil as a potential adjuvant to DTP [5]. The production of flu vaccine allowed
Butantan to look into adding adjuvants to reduce antigen/dose, increasing the
plant capacity and reducing the purchase of fertilized eggs. A ready formulated
adjuvant was offered by one of the large producers of vaccines, but that would
give to this company the control of the Brazilian market. We considered formu-
lating our adjuvant using squalene as a component, but the supplier advertised
that squalene was restricted to competitors. Squalene plus tocopherol (adjuvant
system ASO3) resulted in some cases of narcolepsies in Scandinavia and China,
attributed to a deficiency of hypocretin secretion by hypothalamic neurons
[27-28]. ASO3 comes in two formulations, ASO3, with 11.86 mg/dose and ASO3p
with 5.93 mg/dose [30]. In our assays, testing vitamins as adjuvants [29], we
also included and studied tocopherol present in several multivitamins sold over
the counter, and known to be toxic to monkeys. We developed the production
of Bordetella pertussis monophosphoryl lipid A (MPLA), as a byproduct of the
production of the low reactogenic pertussis vaccine (Plow). This MPLA has
been shown to be a powerful adjuvant. We also tested vaccines with vitamins as
adjuvants, which are produced in large volume as nutritional compounds. Testing
27 adjuvant combinations [5, 31-32], we concluded that the most promising was
MPLA with the classical AI(OH); [33]. Riboflavin and folic acid may act as a
bridge to mucosal-associated invariant T cells (MAIT) and the major-histocom-
patibility-complex-related molecule MR1 [34]. We tested riboflavin combined
with MPLA and a trivalent influenza vaccine, and we found a high increase in
antibody titers [31].

We found that addition of adjuvants to influenza vaccine allowed a decrease
in the usual dose of 15-3.75 pg. The adjuvant addition increased the vaccine
production by 4-fold per egg, for the four split virus: A HIN1, H5N1, H3N2, and
even H7N9, a new serotype spreading present in the vaccine. We also developed
a whole virus vaccine technology in 2010 [35], recently being tested by several
large-scale vaccine producers. Whole virus represents more than double produc-
tion of vaccine/egg, as compared with split virus, and may decrease produc-
tion cost by a factor of 2-to 5-fold, which would make preventive influenza
vaccination affordable to developing and poor countries. In the whole virus,
nucleoprotein is present, and they activate toll-3, toll-7, and toll-9 receptors of
the host cell, explaining the higher immune response, but also produces anti-
bodies that cross react with hypocretin receptor 2, which will require careful
investigation before whole virus influenza vaccine is approved. There are results
suggesting that the role of vaccine adjuvants like vitamin A and E increases the
IgG1 response as high as squalene. Vitamin D was shown to modulate influenza
immune response [35].
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Vaccine Age Produced by
Hepatitis B birth: 1, 6 months Butantan

BCG intradermal birth Ataulfo Paiva
[BCG-Slpertussis] Butantan

DTwP + HiB 2, 4, 6 months Imported

[DTwPlow + HiB] Butantan

Oral polio 2, 4, 6,15 months Biomanguinhos/GSK
[Rotavirus] 2, 4 months Imported

Butantan-NIH

Pneumococcal conj 2, 4, 6,10 months Imported
10 valente Butantan
Meningitis C conj 3, 6, 15 months Imported
Yellow fever 9 months Biomanguinhos

[vaccine]: under development.

Brazilian vaccination schedule.

5. New vaccines under development at Butantan
5.1 Haemophilus influenza B

Vaccines against Haemophilus influenza B are based on polysaccharides. The
technologies for the production and the conjugation of the polysaccharides with the
carrier protein were developed by Butantan, from 2007 to 2012. It is ready to move to
full-scale production [36-38]. This product will allow to simplify vaccination of new-
borns, by combining in a single vial a pentavalent vaccine, DTwPlow, Hepatitis B and
H. influenza B, all produced with our own technology, which depends on building a
GMP-dedicated lab for Haemophilus production, evaluating trials and registration.

5.2 Rotavirus vaccine

An agreement NIH-Butantan authorized Butantan to produce the pentavalent
rotavirus vaccine. Butantan was the first to produce experimental lots for a clinical
trial phase I, which was conducted with good results [39]. The phases I and III trials
were not yet authorized by Anvisa, but opened for the GSK tetravalent vaccine, using
Biomanguinhos as an importer. This occupied the Brazilian public market for about
six years. A new vaccine trial comparing with the GSK vaccine was planned with
NHI, but the previous Butantan board of directors and management did not act.

5.3 Dengue vaccine

An agreement with NIH allowed Butantan to start a pilot production of dengue
vaccine. Trials at School of Public Health of Pennsylvania were successful, but the
clinical trial of Butantan vaccine was delayed 2 years by ANVISA, while allowed
Sanofi to test their tetravalent vaccine in Brazil. After two years delay, Butantan is
conducting the clinical tests in different regions of Brazil, using pilot-scale vaccines
produced by Butantan. Clinical tests about to finish slowed down by an unusual
decrease in the incidence due to unexpected weather changes. Production plant
building is about to be completed by 2019. Meantime, Sanofi vaccine tested in Brazil
will not be used and was not approved by any other countries due to serious adverse
reactions. Even so, the Brazilian State of Parand purchased the Sanofi dengue vac-
cine, while Philippines sued Sanofi for its adverse events.
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5.4 DTwPlow and MPLA

The production plants developing antigens diphtheria and tetanus were
supposed to be renovated to comply with WHO recommendations and require-
ments by ANVISA. Thus, at the moment, the production has been stopped.
Meantime, we invested in the development of large-scale technology for MPLA
from B. pertussis, expected to be used as an adjuvant for influenza and hepatitis
B vaccines.

5.5 Pneumococcal vaccine

To replace a mix of 13 to 20 serotypes of pneumococcus, Butantan developed a
vaccine based on recombinant pneumococcal surface protein A (PspA) from three
different strains, making production easier and less expensive [40-42].

5.6 Modified BCG

By genetic engineering, a BCG expressing pertussis S1 protein was obtained.
It was shown to be more immunogenic than the regular BCG and more effective
in a mouse model of bladder papilloma. With this, new BCG Butantan intends to
perform proper human trials and return to produce BCG to take place at Ataulfo
Paiva Institute that is closing its operation [43-47].

5.7 Rabies vaccine for human use

Rabies vaccine was produced by Butantan for many years, using basic Pasteur
process and using suckling mice to isolate brains [48—49]. The rabies virus inac-
tivation used an ultraviolet lamp. This type of production was abandoned as the
Ministry of Health requirement was to immunize each year about 42,000 domestic
dogs. A new process was developed using Vero Cell in a serum-free media, fol-
lowed by inactivation, to be used in human who had been bitten by suspected dogs
[48-50]. The production and control of this vaccine limit the production to a few
producers, being an expensive vaccine. Butantan invested in a large plant to where
production is expected to be transferred in 2019.

6. Other process and products under development at Butantan
6.1 Plasma fractionation

According to the Brazilian Constitution, blood cannot be purchased from donor,
nor its fractions sold; thus, plasma fractionation must be a public not-for-profit
operation. Butantan did not have access to the plasma, but developed a process for
hemoderivatives obtaining from human placenta extracts, establishing technologies
to separate a series of proteins at high purity. The process allowed to isolate and
purify albumin, immunoglobulin G, and some enzymes of potential interest for
medical use [50-54]. When we got access to bags of human blood, we developed the
purification process of factor VIII [55].

Butantan has worked in the development of a modern plant, replacing the Cohn
method by sequential chromatographic steps, thus avoiding denaturation of frac-
tions with potential clinical use caused by ethanol precipitation. The State of Sdo
Paulo with a few other states collected a large part of the human plasma collected in
Brazil.

20



Developing Countries Can Innovate and Produce Vaccines: The Case of Butantan in Brazil
DOI: http://dx.doi.org/10.5772/intechopen.83351

The Government of Sdo Paulo provided funds to build a plant and purchase
special equipment. The plant was built and part of the equipment acquired. It was
planned to be an automatized facility, and a company with expertise was contracted
to design a computerized central of control system that would direct the simultane-
ous steps of the process. This has already represented a partial investment of about
US$ 200 million, while we maintained a small pilot plant to test every step of the
complete process for purification of albumin, immunoglobulin, and coagulation
factors. The scientific project started at Butantan in collaboration with Pharmacia,
which was willing to participate in developing a plant to process about 150,000
1/year, purifying about ten different proteins.

Among other reasons, the project stopped after Pharmacia was sold to GE, which
lack expertise and did not have the same interest in this project, which could be
transferred to other countries, and Butantan would open its plant to train operators. A
second impediment became the interest of a few large-scale plasma fractionation for-
eign companies, which would like to process Brazilian plasma in their existing plants,
where Cohn method was utilized to supplement final purification by chromatography.
There was an old precedent trying to establish a plasma fractionation plant in Brazil,
expecting to produce albumin to rescue wound soldiers in the field, who were par-
ticipating in the Second World War in Europe. This did not happen, but later opened
the possibility for installation of a plant fractionation by a known company, which
did not test the plasma to produce albumin, spreading hepatitis B in Brazil. Recently,
there was a negotiation to open Butantan plant for a public private partnership, legally
prohibited by the Constitution. Meantime, Butantan developed a chromatographic
process to isolate as a first step the factor VIII, following with the isolation of IgG to be
used to control infections, which are more specific for the country [53].

6.2 Lung surfactant

Each year, about 150,000 newborn dies by suffocation few minutes after the
delivery. Most are premature, too small, do not cry after delivery, and do not
open the alveoli. This can be corrected by administering to the newborn a lung
surfactant. We assemble a team of investigators, including pediatricians from the
Medical School of the University of Sdo Paulo, which helped to develop a process for
isolation of natural lung surfactant from pig lungs in an enclosed system and test in
unborn piglets just after cesarean intervention [56-60]. The project was supported
by grants of FAPESP and by a large meat producer, which supplied the pig lungs. A
multistate clinical trial was carried out in public maternities with very good results,
including cases of meconium aspiration. These good results supported the drug
registration by the national regulatory agency.

The process initially developed extracted the crude lung surfactant with the
solvent trichloroethylene, which was removed and recovered by evaporation under
vacuum. The final surfactant is then lyophilized. As a byproduct of the surfactant
production, we recover aprotinin, used in the surgery to replace stands. The process
of isolation of the lung surfactant was redesigned to use less trichloroethylene and
guarantee full removal during freeze-drying.

A large company on meat market in Brazil showed interest in funding the new
plant in Butantan and expects to distribute lung surfactant for free to other coun-
tries like Congo where 100,000 newborns die each year. In contrast with Brazil
where most deliveries occur in maternities, the introduction of surfactant in some
countries with untrained mid-wife may only administer the surfactant as aerosols
using a portable inhaler. The use of surfactant aerosol containing tobramycin is in
our agenda, to treat cystic fibrosis and to speed up the recovery from postinfluenza
among elder people.
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Not all Butantan’s projects were successful, even with the partnership of impor-
tant laboratories in advanced countries. This has been the case of leishmaniosis,
which affects Brazil and many countries in Africa and Asia. Visceral and cutaneous
leishmaniosis infect dogs and are transmitted to man by mosquitos. It is increasing
even in the developed state of Sdo Paulo. New antigens are also been studied.

Difficulties are being faced also due to the reduction of funds to research insti-
tutes and even the closing of international research institutions where the develop-
ing world could find scientific support.

Butantan has proven the feasibility of public production of good quality bio-
pharmaceuticals in developing countries, contributing to world science and innova-
tion, translating the research into affordable vaccines for the population.

7. Conclusions

The Brazilian Constitution defines as role of the State to provide public health,
specially controlling the infectious diseases where a few cases can spread the infec-
tion as epidemics to the whole population. The most effective program is to vacci-
nate, which should be affordable to the Government and then available for all.

In the early developments, advanced countries’ governments invested in focused
research, by creating public institutes and recruiting outstanding scientists to solve
the needs for public health. They innovate and assay their developments for efficacy
and safety, which requires an additional step going from the lab into developing
production technology, which lead those scientists to create large-scale production
facilities to make biopharmaceuticals available to the society. This was not the role
of public institutes, and soon, large companies were created to supply, not just
the national market, but developing countries, which represent 80% of the world
population.

Soon, the public health motivated scientists were replaced by managers that
measure their achievements not by saving lives but by volumes of sales, not respon-
sible for public heath affordability. In recent time, producers of vaccines invested
in innovation. Many public research institutes lost government support and some
international health research institutes are closing. Developing countries lost sup-
port to receive technologies and to train scientists, so that they would be dependent
forever and could not contribute to knowledge.

This brief description of scientific and industrial developments to answer to
public health priorities represents the efforts of members of Butantan to convert
innovation not only in publications, but also in vaccines and other biopharmaceu-
ticals at costs that the national public health system can afford. This is easy to state,
but in most countries difficult to achieve. As Butantan was able to provide to the
society through the government some vaccines and other biologicals at affordable
costs, we became recognized by our population, while considered by the large
industries in developed countries as a bad example to other developing countries,
becoming a target to be absorbed by the international large producers, not to pro-
duce to the government but to receive bulk, fill vials, and label as local production.

Also, some of the few local producers in developing countries were purchased to
be closed. Offers for a public private partnership were not real, as both parts did not
plan to implement, as large pharma had no intention to transfer recent technologies,
while the local public producers, to avoid efforts and responsibilities, replace local
production by buying bulks at costs dictated by the real for local filing. The large
vaccine producer changed the goals, in part by transferring the leadership from
scientists at service of the society to skilled managers, which measure success in
terms of sales and profit, imposing their politics to developing countries market.
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Buying smaller pharma in developing world, in most cases does not represent local
production at affordable prices, but simply removal of competition.

There was an attempt to buy Butantan production units. In recent years, the
institution has been suffering political and economic interferences that led to an
undue stop of most of the production plants, pretending to be for major renova-
tions. Instead, functional plants were destroyed, while purchasing the vaccines
from large pharmas, without any concerns for our population or to provide afford-
able vaccines for the Ministry of Health.

Rebuilding Butantan and recover the expertise of the staff are not easy tasks and
will require major investment. For other Latin America countries to begin without
help is practically impossible. An interim plausible solution is to use a large unfin-
ished Butantan’s building to house a joint Latin American biotechnology center,
while its plants are recovered to produce and train younger graduates participating
in innovation international team, how to produce vaccines and they could take back
with them the technologies developed at Butantan and maybe share with us clinical
trials, avoiding the present prohibitive costs.

We think Butantan must go on with its public mission recovering good early
Brazilian health public experiences and efforts. The case of AIDS pandemic was
emblematic. It was partially controlled with new drugs, which were denied to poor
countries, until Brazil challenged the patent. Same thing is in process to be repeated
with the drug for treatment of hepatitis C, sold for $US 9000/person. And many
other health public problems must be considered as neonatal syphilis is back to
Brazil, even though it could be controlled with penicillin G, the first antibiotic
discovered. The reason for the lack of penicillin is that its price became so low that
private pharma lost interest in producing, illustrating the need of careful public
health attention and decisions.
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Abstract

There are several different types of vaccines. Each type is designed to teach your
immune system how to fight off certain kinds of germs and the serious diseases they
cause. There are four main types of vaccines: live attenuated vaccines; inactivated
vaccines; subunit, recombinant, polysaccharide, and conjugate vaccines; and toxoid
vaccines.

Keywords: vaccine, type, attenuated, inactivated, recombinant

1. Introduction

Vaccines are biologics that provide active adaptive immunity against specific dis-
eases. Vaccines usually contain drugs that resemble the microorganisms responsible
for the disease and are often made from one of the killed or attenuated microorgan-
isms, their toxins, or their surface proteins, introduced by mouth, by injection,
or by nasal spray to stimulate the immune system in us and recognize the foreign
agents and destroy them.

There are many success stories in vaccine. The first vaccine, against smallpox,

a disease that had killed millions of people over the centuries by British physician
Edward Jenner in 1796 [1], was derived from the benign cowpox virus, which
provided immunity to small pox. In 1980, following an historic global campaign

of surveillance and vaccination, the World Health Assembly declared smallpox
eradicated. In the nineteenth and twentieth centuries, scientists following Jenner’s
model developed new vaccines to fight numerous deadly diseases, including polio,
whooping cough, measles, tetanus, yellow fever, typhus, rubella mumps, varicella,
and hepatitis B and many others [2]. Rabies was the first virus attenuated in a lab to
create a vaccine for humans.

The vaccine exposes humans to very small and safe amounts of attenuated or
killed viruses and bacteria. When you are exposed to it in later life, the immune
system will learn to recognize and attack infections. So you will not get sick, or you
may be infected lightly. During the process of immunity development, the body
produces antibodies against specific microorganisms and creates defense. The next
time the person encounters that microorganism, the antibody prevents him from
causing disease or alleviates the severity of the disease, regardless of the way that a
vaccine is made.

Vaccines are the most cost-effective healthcare interventions known to prevent
death and disease. A dollar spent on a childhood vaccination not only helps save a
life but greatly reduces spending on future healthcare. According to a new study
from the University of North Carolina at Chapel Hill, vaccination efforts made in
the world’s poorest countries since 2001 will have prevented 20 million deaths and
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saved $350 billion in healthcare costs by 2020 [3]. There are still numerous diseases
causing globally significant morbidity and mortality, for which no vaccines are
available. Millions of people worldwide die of malaria, tuberculosis, and AIDS
every year, diseases without effective vaccines. This chapter describes the vaccine
types now in use and that may lead to the vaccines of the future.

2. Different types of vaccines

There are several different types of vaccines. Each type is designed to boost
your immune system and prevent serious, life-threatening diseases. Four types of
vaccines are currently available:

¢ live attenuated vaccines;
e inactivated vaccines;
* subunit, recombinant, polysaccharide, and conjugate vaccines; and
* toxoid vaccines.
2.1 Live attenuated vaccines

Live attenuated vaccines contain a version of the living virus that has been weak-
ened so that it does not cause serious disease in people with healthy immune systems.
Live attenuated vaccines can be made in several different ways. The most common
methods involve passing the disease-causing virus through a series of cell cultures or
animal embryos (typically chick embryos). Viruses are often attenuated by growing
them in cells that they do not normally grow in for many generations. With each
passage, the virus becomes better at replicating in new cells but loses its ability to
replicate in human cells. Eventually, the attenuated virus will be less able to live in
human cells and can be used in a vaccine. This method selects mutants that are more
suitable for growth under abnormal culture conditions and is therefore less suit-
able for growth in natural hosts. Therefore, when attenuated viruses are given to a
human, they are not able to replicate enough to cause illness like they would naturally
but will still provoke an immune response that can protect against future infection.
Albert Sabin’s oral polio vaccine and measles, rubella, mumps, and varicella vaccines
are all achieved by in vitro cell culture passage selection clones. The poliovirus used
in the Sabin vaccine is attenuated by the growth of monkey kidney epithelial cells.
The measles vaccine contains a strain of rubella virus that grows in duck embryo cells
and later grows in human cell lines [4-8]. Another live vaccine that has so far only
been used in the military to prevent epidemic pneumonia includes adenoviruses 4
and 7 grown in human diploid cell lines and orally administered for replication in
the intestine [9]. Other live vaccines that are attenuated in cell culture passages are
attenuated monovalent rotavirus vaccines in Vero cells [10] and Japanese encephalitis
virus strain SA14-14-2 [11]. Some viral vaccines are grown in chicken eggs; live
attenuated influenza vaccine and yellow fever vaccines are currently produced in
embryonated hen’s eggs, a method developed in the late 1930s [12, 13].

Live attenuated vaccines have advantages and disadvantages. Live attenuated
vaccines are ideal for teaching the immune system against specific viruses because
they are closest to natural infections. They often require only a single immuniza-
tion, eliminating the need for repeated boosters. And these vaccines are relatively
easy to create for certain viruses.
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The Sabine polio vaccine consists of three attenuated poliovirus strains that are
orally administered to children in sugar cube or sugar liquid. The attenuated virus
colonizes the gut and produces protective immunity against all three virulent polio-
virus strains. Unlike most other attenuated vaccines that require a single immuniza-
tion dose, the Sabin polio vaccine requires a booster because the three attenuated
polioviruses in the vaccine interfere with each other’s replication in the gut.

The main disadvantage of attenuated vaccines is the possibility they will revert to a
virulent form and cause disease. These vaccines cannot be administered to people with
weakened immune systems due to cancer, HIV, or other immune system depressing
diseases. Attenuated vaccines also may be associated with complications similar to
those seen in the natural disease. Live attenuated vaccines usually have to be refriger-
ated and protected from light. It can be difficult to ship these vaccines overseas and use
them in places where there is lack of refrigeration. This technique does not work well
for bacteria; therefore there are few live bacterial vaccines. The virus is very simple,
but for bacteria, which have thousands of gene, is at least a hundred times larger than
a typical virus. This makes bacteria more difficult to control and manipulate than
viruses. Currently, scientists are trying to remove key genes from certain bacteria in
order to create a weakened version for vaccines.

Immunization using this strategy are [14]:

Viral:

¢ MMR vaccine;

¢ Rotavirus vaccine;

* oral polio vaccine (not used in the USA);

* influenza vaccine (nasal spray) FluMist;

* varicella (chickenpox) vaccine;

* shingles vaccine;

* yellow fever vaccine;

* adenovirus oral vaccine (military); and

* Vaccinia vaccine.
2.2 Inactivated vaccines

Another common method of vaccine production is inactivation of the pathogen
by heat or by chemical treatment. This destroys the pathogen’s ability to replicate but
keeps it “intact” so that the immune system can still recognize it. Maintaining the
epitope structure on the epitope antigen during inactivation is critical. Heat inactiva-
tion is generally unsatisfactory because it results in extensive denaturation of the
protein; therefore, any epitope that is dependent on higher levels of protein structure
may change significantly. Chemical inactivation with formaldehyde or formalin has
been successful. The Salk polio vaccine is produced by formaldehyde inactivation.

Because killed or inactivated pathogens cannot replicate at all, they cannot
revert to a more virulent form capable of causing disease (as discussed above with

live attenuated vaccines). Attenuated vaccines generally require only one dose to
induce long-lasting immunity. However, inactivated vaccine tends to provide a
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shorter length of protection than live vaccines and is more likely to require boosters
to create long-term immunity.

A vaccine consisting of orally administered killed cholera bacteria with or with-
out the B subunit of cholera toxin has been developed [15]. Formalin-inactivated
whole-cell pertussis vaccine was tested by Madsen [16], and later it was shown to be
relatively successful in controlling severe disease [17]. In 1923, Glenny and Hopkins
reduced the toxicity of diphtheria toxin by formalin treatment [18]. Ramon has
improved this finding and has shown that it is possible to inactivate the toxicity of
these molecules while retaining their ability to induce toxin-neutralizing antibodies
[19]. In the twentieth century, chemical inactivation was also applied to viruses.
Influenza vaccine was the first successful inactivated virus vaccine [20].

Inactivated whole bio vaccines still present certain risks, even if they contain
killed pathogens. When formaldehyde failed to kill all viruses in both vaccine
batches, serious complications of the first Salk vaccines occurred, which led to a
high proportion of polio (poliomyelitis).

Inactivated vaccines are used to protect against:

* hepatitis A;
¢ flu (shot only);
* polio (shot only); and
* rabies.
2.3 Subunit, recombinant, polysaccharide, and conjugate vaccines

The first vaccine, the smallpox vaccine, consists of live attenuated viruses, but
it does not cause disease in human hosts. Many of the vaccines used today, includ-
ing measles vaccines, yellow fever vaccine, and some influenza vaccines, use live
attenuated viruses. Others use inactivated forms of toxins made from killed form of
virus, debris of bacteria, or bacteria. The killed virus, bacterial debris, and inacti-
vated toxins will not cause disease but will still cause immune reactions and prevent
future infections. However, new techniques are also being developed to make differ-
ent types of vaccines.

Subunit, recombinant, polysaccharide, and conjugate vaccines are biosynthetic
vaccines. Biosynthetic vaccines contain man-made substances that are very similar
to pieces of the virus or bacteria. The hepatitis B vaccine is an example.

Since these vaccines use only specific pieces of the germ, they show a very strong
immune response, which targets the main part of the germ. It can also be used by
almost everyone who needs them, including people with weakened immune system
and long-term health problems. Vaccines consisting of specific purified molecules
derived from pathogens can avoid some of the risks associated with attenuated or
killed organism vaccines.

One limitation of these vaccines is that you may need booster shots to get ongo-
ing protection against diseases.

Subunit vaccines use only a subset of target pathogens to stimulate the immune
system’s response. This can be done by isolating a specific protein from the pathogen
and presenting it separately as an antigen. Acellular pertussis vaccines and influ-
enza vaccines (injected forms) are examples of subunit vaccines.

Another subunit vaccine can be created by genetic engineering. The gene
encoding the vaccine protein is inserted into another virus or inserted into a
cultured production cell. Vaccine proteins are also produced when the vector virus

34



Vaccine Types
DOI: http://dx.doi.org/10.5772/intechopen.84626

is propagated. The result of this approach is a recombinant vaccine: the immune
system will recognize the expressed protein and provide future protection against
the target virus. Many genes encoding surface antigens from viral, bacterial, and
protozoal pathogens have been successfully cloned into bacterial, yeast, insect, or
mammalian expression systems, and the expressed antigens are used for vaccine
development. A hepatitis B vaccine that is approved for use in humans is a recom-
binant vaccine. The vaccine was developed by cloning the hepatitis B virus surface
antigen (HBsAg) gene and expressing it in yeast cells. Recombinant yeast cells
proliferate in large fermenters, and HBsAg accumulates in cells. At the end of the
fermentation, recombinant HBsAg are harvested by disrupting yeast cells, which is
then purified by biochemical techniques. This recombinant hepatitis B vaccine has
been shown to induce the production of protective antibodies [21, 22].

Human papillomavirus (HPV) vaccine is another vaccine made using genetic
engineering. Two types of HPV vaccine are available, Gardasil (marketed by Merck
and protecting against types 6, 11, 16, and 18 of the human papillomavirus) and
Cervarix (marketed by GlaxoSmithKline and protecting against types 16 and 18
only). Both are made in the same way: for each strain, a single viral protein was iso-
lated. When these proteins are expressed, viruslike particles (VLPs) are produced.
These VLPs contain no genetic material that causes disease but promote immune
responses and protect future HPV infection.

Recombinant vector vaccines use attenuated viruses (or bacterial strains) as
vectors. A gene encoding a major antigen of a particularly virulent pathogen can be
introduced into an attenuated virus or bacterium. The attenuated organism acts as a
vector that replicates and expresses the gene product of the pathogen in the host.

Baculovirus which is a virus that infects only insects can be used as a vector, and
genes for specific immunogenic surface proteins of influenza virus can be inserted.
Once the modified virus is introduced into humans, the immunogen is expressed and
displayed, producing an immune response against the immunogen and producing an
immune response to the immunogen from which it is derived. In addition to insect
viruses, human adenoviruses have been identified as potential carriers for recombinant
vaccines, particularly against diseases such as AIDS. Vaccinia virus, the attenuated
vaccine used to eradicate smallpox, was the first used in live recombinant vaccine
approaches [23]. This large, complex virus, with a genome of about 200 genes, can be
designed to carry dozens of foreign genes without compromising their ability to infect
host cells and replicate. Experimental recombinant vaccinia strains have been designed
to provide protection against influenza, rabies, and hepatitis B and other diseases.

DNA vaccines consist of plasmid DNA encoding antigenic proteins which are
injected directly into the muscle of the recipient. The DNA itself inserts into the
individual’s cells, which then produce the antigen from the infectious agent. DNA
vaccines have advantages over many existing vaccines. For example, the encoded
protein is a native form of the host and has no denaturation or alteration. Therefore,
the immune response is identical to the antigen expressed by the pathogen. The
handling and storage of plasmid DNA do not require refrigeration, a feature that
greatly reduces the cost and complexity of delivery. At present, there are human
trials underway with several different DNA vaccines, including those for malaria,
AIDS, influenza, and herpesvirus. Researchers hope that DNA vaccines can produce
immunity against parasitic diseases such as malaria; however, there is currently no
human vaccine in use for fighting parasites [24].

Conjugate vaccines are somewhat similar to recombinant vaccines: they are
prepared using a combination of two different components. The conjugate vac-
cine was prepared using fragments from the coats of bacteria. These coatings are
chemically linked to a carrier protein which is used as a vaccine. Conjugate vaccines
are used to produce a more powerful co-immune response: in general, the presented
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“fragments” of the bacteria do not themselves produce a strong immune response,

while the carrier protein produces a strong immune response. This fragment of

bacterium does not cause disease, but when combined with carrier proteins, it

can produce immunity against future infections. The vaccines currently in use for

children against pneumococcal bacterial infections are made using this technique.
These vaccines are used to protect against:

* Haemophilus influenzae type b (Hib) disease;
* hepatitis B;
* human papillomavirus (HPV);
» whooping cough (part of the DTaP combined vaccine);
* pneumococcal disease;
* meningococcal disease; and
* shingles.
2.4 Toxoid vaccines

Toxoid vaccines are made from selected toxins that have been sufficiently
attenuated and are able to induce a humoral immune response. These toxins
produce many of the symptoms of the disease. For example, diphtheria and
tetanus vaccines can be prepared by purifying bacterial toxins and then inac-
tivating toxin with formaldehyde to form a toxoid. Inoculating with a toxoid
induces an anti-toxoid antibody that is also capable of binding toxins and
neutralizing their effects.

Toxoid vaccines tend not to have a duration of immunity comparable to attenuated
viral vaccines; therefore, toxid vaccines, like some other types of vaccines, may need
booster shots to get ongoing protection against diseases. Revaccination (booster) may
be required multiple times in a single year depending on individual patient risk factors.

Toxoid vaccines are used to protect against:

* diphtheria; and

* tetanus.

3. Summary

There are still the needs for vaccines against other diseases. Millions of people
worldwide die of malaria, tuberculosis, and AIDS every year, among which there
are no effective disease vaccine. The road to successful development of vaccines
that can be approved for human use, reasonably manufactured cost, and effective
delivery to high-risk groups is expensive, long, and tedious.

Researchers continue to develop new vaccine types and improve current
approaches.
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Abstract

Currently, emerging viruses such as arboviruses, flaviviruses, filovirus, and
orthohepeviruses are important agents of emerging zoonoses in public health, because
their cycles are maintained in the nature or wildlife, involving hematophagous
arthropod vectors and a wide range of vertebrate hosts as the bats. Development of
blocking-transmission vaccines against these emerging viruses in wildlife will allow
disease control at the veterinary field, preventing emerging human viral infections.

Keywords: vaccines, HEV, hantavirus, RABV, wildlife

1. Introduction

Emerging and/or re-emerging zoonotic viral infections affect significantly the
human health in many geographic areas of the world, highlighting their potential to
spread from animal reservoirs and their ability to evolve their virulence properties.
While the transmission of viruses from wild animal species to human is intermit-
tent or rare, vaccines against zoonotic viral infections should be focused in wildlife
reservoirs in order to prevent human disease.

In this chapter, we will focus on the vaccination in wildlife reservoirs, such as
bats, rodents, boars, and carnivores, which play an important role in transmission
of three emerging zoonotic viruses, rabies virus (RABV), hantavirus, and hepatitis
E virus (HEV), to domestic species and humans.

We discuss the main challenges for efficacy improvement of vaccines, consider-
ing the diversity of viral quasispecies and antigenic and immunogenicity variations,
as well as the biosafety and logistic problems associated to the delivery systems in
the wildlife scenery. Finally, other emerging lethal viruses and the current approach
to the development of vaccines will be discussed.

2. Hantavirus

Hantaviruses belong to family Bunyaviridae; they are enveloped viruses and have a
negative-sense RNA organized in three segments denoted as small (S), medium (M),
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and large (L) [1, 2]. Unlike the other genera in the family, the hantaviruses are not
transmitted by arthropods; their hosts are rodents and insectivores, and there is often
an association of a type of virus with a host species [2]. In addition, new hantaviruses
have been described in moles and shrews, as well as in bats, which increases the host
range [3, 4]. Hantaviruses are maintained in rodent populations asymptomatic. Human
infections are accidental (spillover), since for epidemiology and/or virus transmission
cycle, the latter are a dead end (except for the case of Andes virus, where human-
human transmission has been reported) [1, 5]. Transmissions among organisms occur
by aerosol exposure, either by urine, feces, or saliva of infected animals, mainly [1].

In rodents, hantavirus infection has an acute phase (peak viremia) during first
2-3 weeks, with virus replication in target tissues and finally a persistent infection
[1]. In humans, hantavirus infection can produce two presentations of the disease,
depending on the type of virus with which it is infected: hemorrhagic fever with
renal syndrome (HFRS) that occurs in Europe and Asia (Old World) mainly and the
syndrome cardiopulmonary by hantavirus (HCPS) reported in the Americas (New
World) [6]. It is important to note that HFRS can be caused by different viruses,
the most common being Puumala and Dobrava in Europe and Hantaan and Seoul
in Asia, while for the HCPS, the most common and lethal are Siz Nombre in North
America and Andes in South America [7].

3. Vaccines against hantavirus

Currently, vaccine for humans approved by the FDA or any other institution for
use in the USA or Europe is not available. An inactivated virus vaccine produced
in mouse brain or in cell culture infected with Hantaan virus (HFRS vaccine) is
applied in China and Korea. However, this vaccine may not be as effective against
the other viruses that produce HFRS in Europe (Puumala and Dobrava) and not for
those who produce HCPS (Sin Nombre and Andes) [7].

Considering the variety of hantaviruses and hosts, as well as the fact that there
is no authorized or commercialized vaccine for human use that protects against all
types of hantavirus, the development of a vaccine that can be applied to the natural
reservoir (in this case rodents) is an option that should be considered.

When talking about vaccinating wildlife, the best option is the use of baits,
which contain antigenic vaccine material, with stability under different environ-
mental conditions. Since the capture and direct application of a vaccine would be
unfeasible and the dispersion by a liquid or air (aerosol) constitutes a not selective
administration, which might reach undesirable species and risk the risk of adverse
effect, dispersion of the vaccine in species that had not been in contact naturally (in
the case of attenuated vaccines) may not reach the desired species.

The viral target to which the vaccines are directed could be the Gn and Gc
glycoproteins, which interact with the cellular receptor (integrins) for the entry of
the virus into the cell [8]. We must consider the variability among the hantaviruses
that can infect humans, since, as mentioned above, the vaccine applied in China
and Korea runs the risk that, if it is not well designed, different vaccines against the
hantavirus should be applied according to the region. Another point to consider in
the design of this vaccine is the host variability that hantaviruses have as a group [6].

Mendoza et al. [9] described several characteristics desirable in the vaccine
baits, such as having palatable baits for different species and stability of the vaccine
in different environmental conditions among others. Development vaccine for
animal use is faster in the process approval for commercial use. In this regard, the
cost-benefit ratio is better, since the cost of production and distribution of a vaccine
for veterinary use is lower, among other things [9].
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The idea of One Health program, recently developed and adopted (due to the
concern for all environmental changes that generate various human activities) [10],
is the hypothesis that vaccination of natural reservoirs of host animals could stop
the transmission of diseases to humans. Thus, vaccines targeted to wildlife reser-
voirs would affect the environment less and improve the health of the wild species
in order to improve our health.

4. Rabies

Rabies is a zoonotic disease characterized by acute and lethal encephalitis, and
it is caused by rabies virus (RABV), a Lyssavirus from Rhabdoviridae family. Rabies
occurs after bites or scratches from rabid animal [11]. As a result of the increase in
the human population (together with their companion animals) and the invasion
of natural habitats and other anthropogenic activities, such as the traffic of wild
species, there is also a high risk in the exposure to infectious pathogens coming
from the wildlife. In the last decades, the knowledge of the diseases produced in
wild animals that could produce spillover phenomena in the human population and
zoonoses has been of special interest [12].

The majority of cases of rabies in humans are transmitted by dogs. It has been
estimated that infection causes 60,000 cases per year, mainly in Asian, African, and
American countries, [13].

There have been considerable efforts in vaccination campaigns in domestic
fauna in the Americas, in order to control rabies virus transmission [13, 14].
However, wild mammals such as bats and carnivores play an important role in
transmission to humans, particularly bats constitute the principal rabies reservoir
in the Americas [15-17].

In Europe, during the 1960s, the only method used to contain wild rabies trans-
mitted by red foxes was capturing and poisoning. However, it was an expensive and
inefficient method in the long term [18]. One of the most cost-effective mechanisms
to prevent the transmission of infection diseases is immunization. Since then, several
approaches had been made for vaccination in the field with low effectiveness [18].

Nevertheless, the oral infection of mice coupled with the development of
attenuated rabies strains gave the guideline for oral rabies vaccination (ORV) in
wildlife [18-20].

Since the end of the 1970s, the ORV by means of baits was implemented in
Europe using live attenuated rabies virus from 11 different strains, of which SAD
Bern and SAD B19 were the most used [21]. This vaccination strategy resulted in
the reduction of rabies by 80% and the eradication of the rabies disease in foxes in
Western and Central Europe. In this regard, calendar of vaccination campaigns, the
adequate distribution and density of baits, as well as the duration and follow-up of
the ORV campaigns, were considered [21-23].

In the United States of America and Canada, the success story with ORV was
replicated with the use of recombinant vaccines, employing the vaccinia virus
(VRG) and a human adenovirus (ONRAB) that expresses the RABV glycoprotein
[24]. In this case, the ORV programs were targeted at raccoons, gray foxes, and
coyotes [25]. However, chiropters and carnivores are the main host of Lyssaviruses,
and major spillover events have been detected from bats to carnivores [25].

As the European case, in Latin-American countries, the rabies control has been
based in reservoir population reduction which means bat population reduction
using anticoagulants [26]. Some approximations have been made for the develop-
ment of ORV for bats taking advantage of the habit of constant grooming and close
contact with other members of the population [27]; the recombinant vaccine is

45



Vaccines - The History and Future

mixed with petrolatum paste or glycerin jelly and applied topically on the back of
a bat vector [28-30]. These works are carried out in controlled environments with
promising results, obtaining survival rates between 80 to 70% in Eptesicus fuscus
bats and 70 to 100% in Desmodus rotundus [28-30].

5. Hepatitis E

Hepatitis E is a liver disease caused by infection with a virus known as hepatitis E
virus (HEV), globally considered as an emerging public health problem [31]. While
hepatitis E is considered as self-limited liver disease in humans, it can evolve as a
chronic liver disease, whose complications are responsible for 44,000 deaths in 2015
[31, 32]. HEV infection can be acquired by fecal-oral route or contaminated water and
other routes less frequent, such as zoonotic via ingestion of undercooked meat or meat
products derived from infected animals, transfusion of infected blood products, and
vertical transmission to fetus during pregnancy or occupational exposition [33, 34].

Since the first identification of HEV in 1983 [35], it was thought that the virus was
only limited to animal species. However, in the recent years, an increasing number of
HEV infections in humans have been reported [36-39]. Thus, and based on several
anti-HEV antibody serosurveillance studies [37-46], it is important to highlight that
the worldwide HEV prevalence seems to be higher than reported, as outbreaks or
sporadic in pregnant women and immunocompromised patients [46—49].

This virus has a single, positive-stranded RNA genome of 7.2 kb in length. The
genome contains three open reading frames (ORF1, ORF2, and ORF3). ORF2 encodes
for viral capsid, which have immunogenic properties [50]. Hepatitis E virus isan RNA
virus classified within the Hepeviridae family, belonging to the genus Orthohepevirus
[51]. Four species are recognized. Orthohepevirus A viruses has been identified in sev-
eral mammals, such as swine, wild boars, mongoose, camels, rabbits, and humans. In
this regard, swine is considered the main reservoir, and the consumption of uncooked
pork products has been associated with the disease [52]. Orthohepevirus A is divided
into eight genotypes of HEV (HEV-1 to HEV-8). HEV-1 and HEV-2 genotypes can
infect humans, while HEV-3 and HEV-4 have been isolated from humans, swine, and
wild boars, being HEV-3 the genotype with the highest worldwide distribution [53].

Figure 1.
Worldwide distribution of HEV and their reservoirs in the wildlife.

46



Vaccines Targeted to Zoonotic Viral Infections in the Wildlife: Potentials, Limitations, and Future...
DOI: http://dx.doi.org/10.5772/intechopen.84765

Genotypes HEV-5 and HEV-6 have been identified in wild boars, while HEV-7 and
HEV-8 genotypes are isolated from camelids (Figure 1) [54]. Orthohepevirus B viruses
infect mainly birds, Orthohepevirus C viruses infect rodents, and Orthohepevirus D
virus has been restricted to bats [55]. Although a majority of species mentioned above
are not in close contact with humans, some of them participate as intermediate hosts,
thus causing infection in humans [56].

6. Vaccines anti-HEV

Vaccines represent the most effective prophylactic approach against several viral
infections. Current WHO position considers vaccination against HEV [13], in order
to prevent disease in high-risk groups such as pregnant women and immunocom-
promised individual. In this regard, anti-HEV recombinant vaccine, based on the
capsid protein, was developed, showing efficacy of 88.5% [57]. In addition, a vac-
cine, anti-HEV 239 Hecolin (Xiamen Innovax Biotech), based in two epitopes from
capsid (368-606 aa of ORF2), of genotype HEV-1, was only approved in China,
with an efficacy of 86.8% [58, 59]. DNA anti-HEV vaccines have been developed
(Table 1). In this regard, DNA vaccines have some advantages over use of attenu-
ated viruses, besides to their stability at room temperature, making more affordable
at veterinary field and the wildlife [60]. Thus, the delivery system for vaccination
and genetic diversity of HEV must be considered in order to develop effective vac-
cines, especially in intermediate hosts such swine or wildlife reservoirs.

Finally, like the control strategies of wildlife rabies [65], the use of vaccine-laden
bait delivery to intermediate hosts represents attractive alternatives useful to reduce
the spread of HEV RABV circulation. While this approach is promising, it remains
to be investigated.

Example Immune response Host Reference

DNA vaccine ORF2 gene (1-660 amino acids, aa) Anti-HEV IgG Mouse [61]

DNA vaccine based on HEV genes ORF2 IgG antibodies Mouse [62]

(112-660) and ORF2(112-608), using papillomavirus

pseudoviruses

DNA vaccine based on complete ORF2 gene IgG-neutralizing Rhesus [63]

(1983 bp) in pVax plasmid antibodies monkey

Capsid protein/ORF2 HEV genotype 4 Anti-HEV IgG Rhesus [64]
monkey

Table 1.

Experimental anti-HEV vaccines.

7. Zika vaccines

Zika virus (ZIKV) is an arthropod-borne virus (arbovirus), belonging to the
family Flaviviridae, which was first isolated from a rhesus monkey in the Zika forest
of Uganda in 1952 [66]. Since Brazil reported in 2015, the association ZIKV infection
and microcephaly [67]; outbreaks and evidence of their transmission in many areas of
Americas Africa and other regions have been reported [68]. Although ZIKV infection
is considered as self-limited illness and minimally symptomatic for most individuals, it
can be threatening for human health worldwide, in particular to unborn fetus [69].

47



Vaccines - The History and Future

Because arboviruses are often maintained in complex cycles involving vertebrates
and blood-feeding vectors, not only humans are at high risk of ZIKV infection but
also another species such as monkeys, domestic sheep, goats, horses, cows, ducks,
rodents, bats, orangutans, and carabaos [69]. ZIKV infection has likely been pres-
ent in bats since time. In this regard, anti-ZIKV antibodies with cross-reactivity to
flaviviruses (yellow fever virus, West Nile virus, among others) were detected in bats
from Uganda and Angola [70, 71]. Although it is unclear how ZIKV could circulate in
bat populations, it is noteworthy that bats represent a competent reservoirs in wild-
life, with potential for amplifying flaviviruses and, contributing thus in the sylvatic
transmission of ZIKV [72]. In contrast, Bittar et al. [73] did not find serological and
molecular evidence of past or latent arbovirus infections in captured bats from many
areas of Brazil. Nevertheless, future studies are required to evaluate the role of bats
as arbovirus reservoirs and to determine if these animal species are an important
part of enzootic cycle of arboviruses [72].

Currently, there are no approved vaccines available to protect against infection.
Unlikely to other antiviral vaccines, Zika vaccination must be approached mainly
for the prevention of vertical transmission of the virus to the unborn fetus [74].

Finally, aslong as a prophylactic vaccine is developed, it is important to consider
that ZIKV is spreading rapidly into regions around the world where other flaviviruses,
such as dengue virus (DENV) and West Nile virus (WNV), are endemic. In this regard,
Zika virus is closely related to other flaviviruses, and cross-reactive antibody has the
potential to exacerbate secondary flavivirus infections through antibody-dependent
enhancement (ADE), leading to more severe forms of flavivirus disease [75].

8. Ebola and SARS-CoV vaccines

Ebola is a viral illness caused by Ebola virus. Five species of the genus Ebolavirus
from Africa have been recognized, Zaire ebolavirus (ZEBOV), Sudan ebolavirus
(SEBOV), Cote d’Ivoire ebolavirus (CEBOV), Bundibugyo ebolavirus (BEBOV), and
Reston ebolavirus (REBOV), all belonging to Filoviridae family. Viral replication have
a lethal nature, which involve necrosis of several lymph organs, kidneys, liver, testes,
and ovaries; changes in vascular permeability; activation of the clotting cascade; and
damage in platelets, among others [76]. Although the natural reservoir of the virus is
unknown, it is assumed that bats represent a natural reservoir in the wildlife species,
without causing disease [77], highlighting extensive coevolution of Ebola virus and
bats, over time [76]. Therefore, feasibility of Ebola vaccine must focus on the preven-
tion of Ebola in endemic areas as well as usage during sporadic outbreaks in humans
[78]. Ideally, candidate vaccine must be able to confer interspecies cross-protection
against SEBOV, BEBOV, and ZEBOV [76].

With respect to SARS-CoV, the development of a vaccine that is applied to wild
vectors is a little more complex. Bats have been proposed as potential reservoirs,
and there may be an intermediate host, such as civets [79]. However, there are still
epidemiological studies that help us understand the dynamics of animals, corona-
virus, and humans, in order to establish the best vaccination strategy, since not all
zoonotic disease vector vaccination can be the solution.

9. Conclusions
Hantavirus, RABV, HEV, ZIKV, Ebola virus, and SARS-CoV are currently consid-

ered as emerging infectious pathogens to humans, whose reservoirs are in wildlife
animals. While the transmission of these viruses from wildlife reservoirs to human
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is rare, it is important to develop control strategies in order to reduce the substantial
impacts on human health and agricultural production. In several cases, such as rabies
disease the vaccines targeted to wildlife reservoirs, represent a control measure
friendly with the environment, in virtue of they help to the conservation of healthy
habitats with available niches and wild prey for bats, avoiding the migration of these
species to another areas.
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Abstract

Recent scientific and technical developments create novel opportunities for
vaccine development. Regulatory compliance has to be ensured from preclinical
research to market authorization, whereby different legal frameworks that go
beyond quality, efficacy or patient safety aspects need to be taken into account.

As academia and start-ups are often focused on gathering scientific evidence,

the regulatory maze is often regarded by applicants as challenging in the overall
pathway to clinical translation. This is particularly true for applications concern-
ing vaccine candidates containing or consisting of genetically modified organisms
(GMOs). Active communication between applicants and competent authorities or
advisory bodies early in the development stages facilitates a correct implementation
of the regulatory frameworks and is of utmost importance to identify challenges

or hurdles in order to avoid unnecessary delay in scientific review. Based on the
state-of-play in Belgium, this chapter discusses examples of regulatory journeys of
applications with genetically modified viral vectors and novel vaccine candidates
that have been reviewed by GMO national competent authorities in Belgium and in
Europe. They highlight the need of having a comprehensive view of global perspec-
tives early in the development to facilitate the translation of research to clinical
development or even market authorization.

Keywords: novel vaccine candidates, GMO, European directives, regulatory
challenges, environmental risk assessment

1. Introduction

Recent progress in disease comprehension combined with new technology
performances creates novel opportunities for vaccine development in various health
sectors. The last decade has seen a significant increase in the development of pro-
phylactic medicines aiming at preventing infectious diseases or immunotherapeutic
products to fight non-infectious diseases such as cancers. Both biopharmaceuticals
are regarded as vaccines because they elicit an immune response, either against a
pathogenic microorganism or against the host’s own tumour cells. Among these
investigational medicinal products (IMP) for human use currently studied in clini-
cal trials (CT), various candidate vaccines contain or consist of genetically modified
organisms (GMOs). For the purpose of this chapter, this subset of IMPs will be
further referred to as GMO vaccine candidates.

As for any medicinal product, the clinical translation of research data is subject
to a stringent regulatory framework, with procedures to ensure the quality, safety
and efficacy of the product in humans. To conduct a new CT in one country of the
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European Union (EU), a clinical trial authorization must be obtained from the
national competent authority, and the CT must be approved by an ethics commit-
tee. In the case of a CT involving a GMO vaccine candidate or any IMP containing
or consisting of a GMO, an authorization should also be compliant with the provi-
sions of the legislation regarding the use of GMOs.

With the increasing number of authorization requests for CT with a GMO vac-
cine candidate and the new techniques that emerge for the construction of GMOs,
the applicants, the national competent authorities and the different advisory bodies
are facing some hurdles that may hamper the initiatives undertaken in the clinical
translation of vaccine development in Europe. A first challenge originates from
the several legislations with which the conduct of a CT with a GMO should comply
in the country where the CT is planned. Different legislations are often under the
control of different institutional bodies that may not necessarily interrelate and that
may not be easily identified by applicants (see the example of Belgium in Figure 1).
To alesser extent, the obligation to follow distinct procedural regulations and the
subsequent administrative burden may be a deterrent for them. Similarly, the appli-
cant who plans to undertake a CT with a GMO vaccine candidate in multiple mem-
ber states of the EU can be confronted with an equal number of country-specific
procedures. Indeed, contrary to the standard CTA and ethics committee approval
procedures for a CT, national GMO regulatory frameworks are not fully harmo-
nized across the EU, and procedures for application may differ from one country to
another. Finally, along with the emergence of new techniques intended for genetic
modification, both applicants and authorities or advisory bodies are confronted with
an increasing number of questions with respect to the interpretation of the defini-
tion of a GMO as laid down in the European GMO legislation.

These challenges have the merit of prompting the debate between the differ-
ent actors and to initiate exchanges at national and European level with the aim
to foster a continued dynamic in innovative research, while ensuring the safety of
human health and environment. By means of several examples, this book chapter
illustrates several aspects of the implementation of the GMO legislation that are of

1 2 3 4 5
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Legal procedure | PROCEDURE Rigional Hational Kational Haticonal
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Compatent mthority [ TARAPH Brussels | | Flanders | | Walionia FAMPYH | [ eehics Commizhee FAMPH
Rz R Ragion
T - i
. n i -
Aol =]
N . M L y
w "y
¥ W
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Figure 1.

Overview of Belgian regulatory framework for clinical trials involving an investigational medicinal product
containing or consisting of GMOs. STA, scientific and technical advice; FAMHP, Federal Agency of Medicines
and Health Products; CU, contained use; DR, deliberate release; EC, Ethics Committee; CTA, clinical trial
application. (1) The FAMHP offers to the applicant the possibility to request a STA prior to other mandatory
procedures. The STA provides clarity on the GMO status of the IMP involved and the mandatory procedures
to follow. (2) The CU procedure is applied to activities with the GMO vaccine candidate taking place in

a ‘contained’ facility. The regional authorities and Sciensano as the advisory body are involved in the CU
procedure. The CU procedure and approval are independent of those also associated to a clinical trial. (3)
The DR procedure is required when theve is a probability of possible release of the GMO into the environment
during the clinical trial. An application is submitted to the competent authority, the FAMHP. The application
is evaluated by the advisory body (Biosafety Advisory Council) which transmits its advice to the FAMHP. An
application under DR framework does not exempt an application under the CU procedure. (4 and 5) Following
the national law of 7 May 2004 related to experiments on human, a clinical trial cannot start without a
positive advice of the (leading) ethics committee and competent authority.
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relevance to CTs with a GMO vaccine candidate. The current state of discussions,
an analysis of some of the hurdles that may hamper a smooth clinical translation as
well as different options that are available to applicants are reviewed with respect to
the Belgian and European regulatory frameworks.

2. Regulatory requirements for GMOs
2.1 The European regulatory framework

The European legislation on GMOs consists of two main Directives covering
the use of genetically modified microorganisms (GMMs) in a contained facility
(Directive 2009/41/EC) [1] and the deliberate release of GMOs into the environ-
ment (Directive 2001/18/EC) [2]. These Directives are mainly aimed at protecting
the general population and the environment from potential risks arising from the
use of GMMs and GMOs.

According to these Directives GMOs and GMMs are defined as organisms, with
the exception of human beings, in which the genetic material has been altered in
a way that does not occur naturally by mating and/or natural recombination. The
definition of a GMO is both technology and process oriented: an organism will fall
under the scope of the GMO regulations if it has been developed with the use of
certain techniques. Therefore the EU Directives include annexes supplying informa-
tion regarding the techniques that result in genetic modification, those that are not
considered to result in genetic modification or those that result in genetic modifica-
tion but yield organisms that are excluded from the scope of the directives (Table1).

The GMO aspects of clinical trials with medicinal products containing or
consisting of GMOs, including GMO vaccine candidates, are governed by national
procedures implementing the GMO Directives. However, not all member states
have the same approach in implementing provisions relating to deliberate release
(DR) into the environment (Directive 2001/18/EC) and/or contained use (CU)
(Directive 2009/41/EC) in the specific case of clinical trials. A first report on the
approaches adopted by several member states in this matter has been commissioned
by the European Commission (EC) and dates back to 2007 [3]. In 2018, recogniz-
ing the developments in novel medicinal products and the need of applicants of
investigational products to have an up-to-date overview of regulatory requirements,
a repository of national requirements was created [4]. The approaches adopted
by Bulgaria, Germany, Hungary, Ireland, Slovakia, Slovenia, Spain, Sweden and
the Netherlands on the one hand, and those prevailing in Denmark on the other,
illustrate two extremes. In the first mentioned member states, only the “Deliberate
Release’ framework is used to assess and manage the risks for human health and the
environment, while in Denmark the biological confinement of medicinal products
containing or consisting of GMOs and their use in controlled hospital environments
trigger the application of the ‘Contained Use’ regulatory framework only.

One of the important differences between Directive 2009/41/EC and Directive
2001/18/EC is that the latter requests the applicant to submit an environmental risk
assessment (ERA). An ERA implies an assessment of the environmental impact of
the GMO with regard to the potential risks for human health and the environment.
Purely medical aspects concerning the efficacy of the IMP and its safety for the
treated patient, as well as aspects related to social, economic or ethical consider-
ations, are outside the scope of the ERA report. The ERA methodology for GMOs
developed over the past decades is largely harmonized in many legislative systems
and comprises the following steps: (1) hazard identification, (2) hazard charac-
terization, (3) assessment of likelihood, (4) risk estimation and (5) evaluation of
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Directive 2009/41/EC

Directive 2001/18/EC

Article2

(a) ‘micro-organism’ means any microbiological entity,
cellular or non-cellular, capable of replication or of
transferring genetic material, including viruses, viroids,
animal and plant cells in culture;

(b) ‘genetically modified micro-organism’ (GMM) shall
mean a micro-organism in which the genetic material has
been altered in a way that does not occur naturally by mating
and/or natural recombination.

Within the terms of this definition:

(i) genetic modification occurs at least through the use of the
techniques listed in Annex I, Part A;

(ii) the techniques listed in Annex I, Part B, are not
considered to result in genetic modification;

Article 3

[...] this Directive shall not apply:

- where genetic modification is obtained through the use of
the techniques/methods listed in Annex II, Part A

Article2

(1) ‘organism’ means any biological entity
capable of replication or of transferring
genetic material;

(2) ‘genetically modified organism (GMO)’
means an organism, with the exception of
human beings, in which the genetic material
has been altered in a way that does not
occur naturally by mating and/or natural
recombination;

Within the terms of this definition:

(a) genetic modification occurs at least
through the use of the techniques listed in
AnnexI A, Part1;

(b) the techniques listed in Annex I A, Part
2, are not considered to result in genetic
modification.

Article3.1

This Directive shall not apply to organisms
obtained through the techniques of genetic
modification listed in Annex I B.

AnnexI

PartA

Techniques of genetic modification referred to in Article
2(b) (i) are, inter alia:

(1) Recombinant nucleic acid techniques involving the
formation of new combinations of genetic material by the
insertion of nucleic acid molecules produced by whatever
means outside an organism, into any virus, bacterial
plasmid or other vector system and their incorporation into
a host organism in which they do not naturally occur but in
which they are capable of continued propagation.

(2) Techniques involving the direct introduction into a
micro-organism of heritable material prepared outside

the micro-organism including micro-injection, macro-
injection and micro-encapsulation.

(3) Cell fusion or hybridisation techniques where live cells
with new combinations of heritable genetic material are
formed through the fusion of two or more cells by means of
methods that do not occur naturally.

AnnexIA

Techniques referred to in Article 2(2)

Part1

Techniques of genetic modification referred to
in Article 2(2) (a) are inter alia:

(1) Recombinant nucleic acid techniques
involving the formation of new combinations
of genetic material by the insertion of nucleic
acid molecules produced by whatever means
outside an organism, into any virus, bacterial
plasmid or other vector system and their
incorporation into a host organism in which
they do not naturally occur but in which they
are capable of continued propagation;

(2) Techniques involving the direct
introduction into an organism of heritable
material prepared outside the organism
including micro-injection, macro-injection
and micro-encapsulation;

(3) Cell fusion (including protoplast fusion)
or hybridisation techniques where live cells
with new combinations of heritable genetic
material are formed through the fusion of two
or more cells by means of methods that do not
occur naturally.

AnnexI

PartB

Techniques referred to in Article 2(b) (ii) which are not
considered to result in genetic modification, on condition
that they do not involve the use of recombinant-nucleic acid
molecules or GMMs made by techniques/ methods other than
techniques/methods excluded by Annex II, Part A:

(1) in vitro fertilisation;

(2) natural processes such as: conjugation, transduction,
transformation;

(3) polyploidy induction.

AnnexIA

Techniques referred to in Article 2(2)
Part2

Techniques referred to in Article 2(2) (b)
which are not considered to result in genetic
modification, on condition that they do not
involve the use of recombinant nucleic acid
molecules or genetically modified organisms
made by techniques/methods other than those
excluded by Annex IB:

(1) in vitro fertilisation,

(2) natural processes such as: conjugation,
transduction, transformation,

(3) polyploidy induction.
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Directive 2009/41/EC Directive 2001/18/EC
AnnexII AnnexIB
PartA Techniques referred to in Article 3

Techniques or methods of genetic modification yielding
micro-organisms to be excluded from the Directive on the
condition that they do not involve the use of recombinant-
nucleic acid molecules or GMMs other than those produced
by one or more of the techniques/methods listed below:

(1) Mutagenesis.

(2) Cell fusion (including protoplast fusion) of prokaryotic
species that exchange genetic material by known
physiological processes.

(3) Cell fusion (including protoplast fusion) of cells of any
eukaryotic species, including production of hybridomas and

Techniques/methods of genetic modification
yielding organisms to be excluded from the
Directive, on the condition that they do not
involve the use of recombinant nucleic acid
molecules or genetically modified organisms
other than those produced by one or more of
the techniques/methods listed below are:

(1) mutagenesis,

(2) cell fusion (including protoplast fusion)
of plant cells of organisms which can
exchange genetic material through traditional

plant cell fusions.

(4) Self-cloning consisting in the removal of nucleic acid
sequences from a cell of an organism which may or may not
be followed by reinsertion of all or part of that nucleic acid
(or a synthetic equivalent) with or without prior enzymic or
mechanical steps, into cells of the same species or into cells of

breeding methods.

phylogenetically closely related species which can exchange
genetic material by natural physiological processes where
the resulting micro-organism is unlikely to cause disease to
humans, animals or plants.

Self-cloning may include the use of recombinant vectors
with an extended history of safe use in the particular
micro-organisms.

Modified from [31].

Table 1.
The definition of a GMO according to the EU directives [1, 2].

risk management options followed by (6) a conclusion on the acceptability (or not)
of the overall impact of the use of the GMO on human health and the environ-
ment, taking into account the management strategies applied. Another feature of
Directive 2001/18/EC is the mandatory public consultation.

In the context of a marketing authorization application (MAA), it is important
to note that Regulation (EC) No 726/2004 [5] laying down procedures for authori-
zation and supervision of medicinal products requests an ERA similar to the ERA
applied under Directive 2001/18/EC for medicinal products containing or consist-
ing of GMOs. In practice, the scientific evaluation of the GMO, like any other MAA,
is performed through a centralized authorization procedure across the EU. During
this process, the European Medicines Agency holds consultations with the compe-
tent authorities (CA) of each member states established under Directive 2001/18/
EC with respect to the evaluation of the environmental risk aspects. Therefore, even
though a contained use-only procedure may have been accepted for a CT involving
a GMO, an ERA will need to be submitted according to the provisions of Regulation
(EC) 726/2004 should the IMP reach MAA.

2.2 State of the art in Belgium

In Europe, Belgium is one of the most active countries in terms of CTs undertaken
with GMO vaccine candidates [6]. This is also observed by the total number of
requests submitted to the Belgian authorities for new CTs involving an IMP contain-
ing or consisting of a GMO from 2009 to 2018 (Figure 2). Until 2018, the number of
requests registered annually remained relatively stable, after which a marked increase
was observed. These applications involve CT with IMP containing or consisting of a
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Figure 2.

Number of new clinical trials involving an investigational medicinal product containing or consisting of GMOs
since 2009 to 2018 in Belgium. A new clinical trial with a GMO can take place in different clinical centres

at the same time. The investigational medicinal product can be divected against infectious, cavdiovascular,
autoimmune or hereditary diseases but also gastrointestinal disorders, inflammation or cancer.

GMO developed against infectious diseases or cancer, as well as CT with GMOs aiming
to treat cardiovascular, autoimmune or hereditary diseases, gastrointestinal disorder
or inflammation. Among all these IMPs, around 70% consist of GMO vaccine candi-
dates for prophylactic or therapeutic purposes (data not showed).

GMO vaccine candidates are mainly composed of viral vectors containing one or
more specific genetic sequences whose expression in the human body will enhance
the immune response against an infectious agent or tumour cells (Figure 3).
Recently, an increasing number of clinical studies have been realized using autolo-
gous or allogenic immune cells that have been genetically modified ex vivo in order
to express specific receptors able to recognize tumour cells when infused back into
the patient body [7]. A minor part of the GMO vaccine candidates consists of the
targeted infectious microorganism which is genetically modified iz vitro to become
attenuated yet still capable to trigger an immune response.

In Belgium a clinical trial with an IMP containing or consisting of a GMO can
fall into the framework of the CU only or the CU and DR legislations. The GMO
procedural pathway is chosen and applied on a case-by-case basis in order to guar-
antee proportionate and scientifically robust evaluations. To aid in the determina-
tion of the legal procedure(s), the applicant is invited to evaluate if at any stage of
the CT, the general population and the environment can be exposed to the IMP.

In case physical barriers, or a combination of physical barriers together with
chemical and/or biological barriers, are used to limit the contact with the general
population and the environment, the CT and related activities have to comply with
the Belgian legislation on CU of GMOs. Generally, activities such as the prepara-
tion, administration or storage of the IMP should follow the CU procedure only.

In general, a CU procedure suffices when there is no possible release of the
GMO in the environment (e.g. the GMO is administered in clinical centres only,
and there is no spreading of the GMO when subjects leave the centre) or if proper
management procedures and/or working practices are implemented to prevent such
arelease. On the contrary, when there is a probability of release into the environ-
ment (e.g. the subject leaves the clinical centre, and close contacts of the subject
may become exposed to the GMO) which cannot be avoided by proper management
procedures or working practices, a notification according to the DR procedure
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Tyfaes of GMOs used as investigational medicinal products in clinical trials carried out in Belgian clinical
centres and corresponding percentage of the total requests from 2009 to 2018. Globally, three main types

of GMOs are used: autologous or allogeneic human cells that have been genetically modified ex vivo and
reintroduced in a human body (blue), viral vectors genetically modified to carry the gene sequence of interest
(orange) and attenuated derivatives of microorganisms that can operate as vaccines (grey).

will additionally be required, and an ERA should be performed. Considerations
that are taken into account to determine if a DR notification is needed are the
probability of shedding of the GMO, hazards associated to the shedding should it
occur, probability of spreading, or whether the GMO is also taken (administered) at
home. Procedures for clinical trials within the DR framework are perceived as more
cumbersome than those under CU, both for the applicants and for the governmental
institutions that are reviewing the applications.

3. New technologies for vaccine development facing regulatory
frameworks

For many human infectious diseases no satisfactory vaccine is currently avail-
able. Hence, public health needs are continuous incentives for further research
and development. Scientific advances not only contributed to the development of
novel vaccines that trigger the immune system for prophylactic purposes against
infectious diseases but also offered opportunities in gene transfer for (cancer)
immunotherapy and the treatment of tumours. Numerous examples have reached
clinical development and in some cases even commercialization, even though the
interpretation and/or implementation of the regulatory maze is often regarded as
challenging by applicants. This section discusses recent developments illustrating
the unique features and challenges for GMO vaccines with respect to the current
GMO regulation.

3.1 Dengvaxia

Dengvaxia is a GMO vaccine that recently obtained marketing authorization
in the EU. This live attenuated vaccine is indicated for the prevention of dengue
disease caused by dengue virus serotypes 1, 2, 3 and 4 in individuals living in
endemic areas. The vaccine was developed using the attenuated yellow fever vaccine
strain as a vector, which has been genetically modified to express the prM and E
genes from the four different dengue virus serotypes. The administered vaccine
thus contains four different virus constructs, each of which contains the prM and
E genes from a different dengue virus serotype. Dengue is by far the most common
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mosquito-borne viral disease. It is transmitted by Aedes mosquitoes and infects
people worldwide (mainly in tropical areas). Tens of millions of cases occur each
year resulting in approximately 20,000-25,000 deaths, mainly in children [8].
Because four serologically distinct dengue viruses coexist in dengue-endemic areas,
several dengue infections are possible during the patient’s lifetime.

The ERA, conducted according to the principles laid down in Directive
2001/18/EC, included among others a consideration of the severity and likelihood
of recombination or mutational events that would change the attenuated pheno-
type of the viral vector to one of virulence. The capacity of the GMO to replicate,
disseminate and be transmitted by the Aedes mosquitoes was also evaluated. In
addition, both shedding data of subjects receiving the recombinant viruses and the
probability of mosquitoes or ticks transmitting the recombinant virus after oral
feeding were considered in order to assess the likelihood of dissemination in the
human population.

Another aspect that was considered in the context of Directive 2001/18/EC is
the detection, traceability and labelling of GMOs. These legal aspects have been
further regulated into sectoral legislation for genetically modified food and feed
as part of their EU authorization procedure (Regulation EC 1829/2003) [9], and
several recommendations have been issued on how analysis methods should be
evaluated and validated by the EU Reference Laboratory for Genetically Modified
Food and Feed (EURL GMFF). Though Directive 2001/18/EC also covers IMP
containing or consisting of GMOs, no sectorial legislation has been developed for
IMP. Instead, as Regulation 726/2004, Art 6 (2), refers to Annex IV of Directive
2001/18/EC, traceability must be ensured at all stages of the placing on the
market of GMOs (Table 2). However, compared to traceability requirements of
genetically modified food and feed, it should be noted that much less experi-
ence has been gained so far with the validation of methods for the traceability
of medicinal GMOs and no such laboratory network has been established to
enforce traceability requirements at the European level. During the evaluation
of the marketing authorization application of Dengvaxia, it was noticed that
traceability methods proposed by the applicant referred to control and monitor-
ing approaches for potentially contaminated effluents at manufacturing sites.
However such methods are usually not adapted nor validated for detecting
transfer of the donated genetic material to other organisms because the matrix
in which the GMOs are supposed to be detected usually differ from those such as
effluents of manufacturing sites.

3.2 Plasmid-based live attenuated virus

One of the new avenues to develop novel types of vaccines is the plasmid-based
live attenuated virus technology [10]. Upon identification of the protective antigen,
this next-generation vaccine platform technology potentially provides for a rapid,
versatile and cost-effective vaccine response platform to infectious diseases. The
technology circumvents the manufacturing of free live attenuated viral particles
as such, which is subject to high-quality control requirements. Instead the genome
of an attenuated virus is inserted into human cells by means of a plasmid vector.
Human cells that are harbouring the plasmid vector enable the iz vivo replication
of live-attenuated virus (LAV), thereby potentially eliciting immune response and
hence immunogenicity. Proof of concept has been delivered for a yellow fever virus
strain, and ongoing research will now explore the use of recombinant LAVs as novel
vaccines.

The approach of plasmid-based LAV vaccines exemplifies how the pace of
innovation and converging technologies may blur current distinctions between a
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Regulation (EC) 726/2004

Directive 2001/18/EC

Article 6 (2)

In the case of a medicinal product for human use
containing or consisting of genetically modified
organisms within the meaning of Article 2 of
Directive 2001/18/EC, the application shall be
accompanied by:

(a) a copy of the competent authorities’ written
consent to the deliberate release into the
environment of the genetically modified organisms
L]

(b) the complete technical dossier supplying the
information required by Annexes IIl and IV to
Directive 2001/18/EC;

(c) the environmental risk assessment in
accordance with the principles set out in Annex II to
Directive 2001/18/EC; and

(d) the results of any investigations performed for
the purposes of research or development.

AnnexIV

This Annex describes in general terms the additional
information to be provided in the case of notification
for placing on the market and information for
labelling requirements regarding GMOs:

Part A (7)

Information on the genetic modification for the
purposes of placing on one or several registers
modifications in organisms, which can be used for
the detection and identification of particular GMO
products to facilitate post-marketing control and
inspection. This information should include where
appropriate the lodging of samples of the GMO or
its genetic material, with the competent authority
and details of nucleotide sequences or other type

of information which is necessary to identify the
GMO product and its progeny, for example the
methodology for detecting and identifying the GMO

product, including experimental data demonstrating
the specificity of the methodology. Information that
cannot be placed, for confidentiality reasons, in the
publicly accessible part of the register should be
identified.

Table 2.
Legal requirements regarding traceability of an IMP containing or consisting of a GMO in the case of
notification for placing on the market.

GMO and a non-GMO, and hence the legal status with regard the legislation on
GMOs. Such rapidly evolving fields may also challenge a harmonized understand-
ing of legal definitions across different countries. With respect to GMO regulation,
it is not yet clear whether the status of plasmid-based live attenuated viruses will be
based on a common interpretation among GMO national competent authorities.

A first element that will contribute to the interpretation can be sought in the
GMO status of vaccines that are based on plasmid DNA derived from bacterial cells
for use in humans or in animals, the so-called DNA vaccines [11]. Most of the EU
member states do not regulate DNA vaccines as a GMO. The reasoning behind this
is that a DNA vaccine is not considered an organism. Likewise, human cells trans-
fected with plasmids should not be classified as GMOs, provided that the plasmid
is not replicative and is unlikely to integrate into the cell genome. Taking into
consideration Article 2 of Directives 2001/18 and 2009/41/EC, and corresponding
annexes (Table 1), nucleic acid material (DNA or RNA) such as plasmids present
under episomal form in a human cell is not considered as heritable material (of
the human cell) unless the nucleic acid material is capable of continued propaga-
tion, for example, by integration of the nucleic acid material into the genome of
the human cell, or when the plasmid contains an origin of eukaryotic replication.
It should be noted that the probability of integration cannot be totally excluded
for plasmids not known to contain integrative elements or homologous sequences.
However, should an integration event occur, the risk for the human population
or the environment, associated to the use of transfected human cells, would be
negligible. Indeed, human cells can only propagate inside the human body or
under controlled iz vitro conditions. In terms of potential risks for the human
population and the environment, it follows that the risk associated to the use of a
transfected human cell is negligible provided that the plasmid is not replicative or
not integrative.
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A second element that prompts reflection on the GMO status, which is of particu-
lar relevance for the plasmid-based LAV technology, is associated to plasmids har-
bouring the full sequence of a virus. In that case the plasmid-transfected human cells
may lead to the generation of replication-competent virus particles in the host human
cells that eventually can be released into the environment. A plasmid harbouring
a virus strain that has been genetically modified would be subjected to the GMO
framework. However, the GMO status of plasmids harbouring the full sequence of a
naturally occurring virus or attenuated virus has not been determined yet.

3.3 CAR T cells

Therapeutic vaccines for cancer immunotherapy with chimeric antigen receptor
(CAR) T cells are another medical development exploiting modern biotechnol-
ogy tools. Cancer immunotherapy uses the patient’s own T cells that have been
engineered to express a receptor targeting an antigen on the surface of tumour cells
[12-14]. CARTT cell-based immunotherapy has shown remarkable efficacy against
human malignancies, thereby providing a promising alternative to allogeneic hae-
matopoietic stem cell transplantation which is known to be associated with severe
side effects. It is anticipated that the number of developments using CAR T cells
will continue to expand as current research now explores, for example, the potency
of (CAR) T cells in solid tumours or the use of allogeneic ‘off-the-shelf’ T cells. The
rapid pace of developments in part has been facilitated by the implementation of
gene-editing tools to genetically modify human T cells.

Genome-editing techniques involving the use of site-directed nucleases (SDN),
like the ribonucleoprotein-mediated gene editing of cells, make it possible to induce
modifications in a predefined region of the genome without the need to introduce
foreign (exogenous) DNA [15]. For some applications, the resulting organisms can-
not be distinguished from those generated through classic mutagenesis or spontane-
ous mutations. While addressing how these techniques relate to the European GMO
legislation and taking into account that organisms developed through classical
mutagenesis are excluded from the EU regulatory framework for GMOs, a number
of authorities or advisory bodies of EU members have expressed the opinion that
applications of SDN, resulting in small point mutation or indels, could be exempted
from the EU GMO regulation on the condition that the nuclease is not stably
expressed from a recombinant nucleic acid molecule [16]. Therefore the advent of
gene-editing techniques was challenging the boundaries of the GM regulation in the
EU, at least until a legal opinion of the Court of Justice of the EU (ECJ) was issued.
The ruling declared that organisms produced by mutagenesis techniques, including
directed mutagenesis and applications of gene editing, should be regulated under
EU GMO law, unless the mutagenesis technique has conventionally been used in a
number of applications and has a long safety record [17]. Much opposition has been
raised against this ruling, in particular with respect to the inclusion of gene-edited
plants within the remit of GMO legislation [18, 19].

The ruling applies to medicinal GMOs as well and will determine the legal
status of CAR T cells obtained with gene-editing techniques with respect to GMO
legislation. Apart from notifications in the context of CTAs, such an IMP would
also require an ERA when reaching MAA (Regulation (EC) 726/2004). However,
though human cells may survive in whole blood or synthetic media with a com-
position similar to human blood, these cells can only propagate inside the human
body or under controlled iz vitro conditions. Human cells will not survive in
non-optimized conditions, and it is highly unlikely that the genetic modification
of these cells, by means of gene-editing tools, will alter the inherent fitness of
human cells for survival in the environment upon their release, much less to cause

68



GMO Regulatory Aspects of Novel Investigational Vaccine Candidates
DOI: http://dx.doi.org/10.5772/intechopen.85341

any adverse effects to human health or animal health. It follows that for MAA
involving the use of gene-edited human (autologous) cells, the risks for human
health and/or the environment associated to the handling/use of the medical
product is negligible.

3.4 Novel oral poliovirus type 2 vaccine candidates

The continuous improvements in DNA synthesis technology also hold promise
in the design of new vaccines. Developers may go further than recombinant DNA
technology and make a step towards increased rational design, away from existing
nucleotide sequences. For example, the genetic code of the virus can be redesigned
so that 100% identity is preserved at the protein level with significant differences at
the nucleotide level. This codon deoptimization has been described as an approach
to generate attenuated viruses that can be used as vaccines [20, 21]. The synthesis
of poliovirus (PV) as early as 2002 is considered as one of the first milestones in
synthetic genomics [22]. Most recently, a clinical trial has been set-up involving two
GMOs consisting of novel live attenuated polio vaccine candidates that have been
developed through advanced DNA synthesis technology and codon deoptimiza-
tion [23]. Though few preliminary questions were related to the GMO status of the
novel live attenuated polio vaccines, it was merely the context of the global Polio
Eradication Initiative and the associated efforts to minimize poliovirus facility-
associated risks, as defined in the WHO’s Global Action Plan III (GAP III) [24] that
added to the complexity of the legal procedure.

Poliovirus has a particular status from a global world health perspective since
the launch of the global Polio Eradication Initiative in 1988. Immunization with
trivalent live, attenuated oral poliovirus vaccine (OPV), composed of three strains
OPV1, 2 and 3, has led to a drastic decline in the number of polio cases worldwide.
However OPV is genetically unstable and can regain neurovirulence, leading to out-
breaks of circulating vaccine-derived poliovirus (cVDPV). In a context of PV type 2
eradication worldwide and because the risk associated to the use of OPV2 was out-
weighing the benefits, it was decided to withdraw the type 2 component from OPV
vaccination campaigns and to introduce the inactivated poliovirus vaccine, which is
more expensive and relatively more cumbersome to administer. Nevertheless, due to
its induced superior mucosal immunity, monovalent OPV?2 is still used in responses
to outbreaks of cVDPV2, thereby challenging the feasibility of eradication of PV2
[25]. It is within this context that a global consortium of investigators, governmen-
tal, non-governmental, academic and global health organizations worked on the
development of two novel OPV2 vaccine candidates (nOPV2) with better genetic
stability and reduced risk to regain a neurovirulent phenotype.

The first-in-human (FIH) phase 1 study was conducted in Belgium. Although
the clinical development of such novel vaccines was considered highly desirable
from a world health perspective, the launch of a FIH study was considered under
severe scrutiny in order to avoid any risk of introducing VDPV in a country declared
polio-free for several years. As shedding of the nOPV2 was anticipated for a mean
time of 2 weeks, the consortium decided to conduct the FIH phase 1 study with
voluntary participants under full containment during 28 days, with strengthened
containment measures. Rather unexpectedly, the study showed that ~50% of the
subjects still were shedding after having left the full containment period of 28 days.
Post-discharge biorisk management measures were applied to prevent the release
of the candidate vaccines in the environment and to avoid contact with immune-
compromised individuals.

The WHO’s Polio Eradication Department encouraged further progress in the
clinical study of the novel OPV vaccines and the consortium applied for a phase
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IT CT with the nOPV2 vaccine candidates. On the basis of shedding and genetic
stability data obtained with the FIH study, and the larger size of cohorts to be
involved during the phase II study, the consortium applied for an authorization for
deliberate release into the environment of the GMOs. In accordance with the Royal
Decree transposing Directive 2001/18/EC into Belgian law, an ERA was submitted
[26], a public consultation was organized, and a notification according to the provi-
sions of Council Decision 2002/813/EC [27], the so-called summary notification
information format (SNIF), was circulated. This enables an exchange of informa-
tion between the EU member state and the Commission on the basis of relevant
information.

It has been the first example to our knowledge of EU member states commenting
on the SNIF. One of the concerns raised by neighbouring countries was the trans-
boundary release of the nOPV2, should the healthy volunteers not stay in Belgium
during the period of virus shedding. Those concerns are not only related to GMO
regulatory provisions but also to GAP III requirements, which describe a biorisk
management system addressing areas associated with the design, operation and
management for facilities handling poliovirus facilities [28]. It can be concluded
that the regulatory pathway to the setup of the two first CT involving nOPV2
revealed an additional complexity involving increased exchanges both at national
and international levels.

4. Engagement with regulatory agencies or advisory bodies
4.1 Importance of networking

Medicines become more and more the result of different and converging tech-
nologies. For many human infectious diseases, no satisfactory vaccine is currently
available, and the development of vaccines containing or consisting of GMOs is
one of the innovative technologies implemented to meet some of the public health
needs. Regulators involved in medicinal products for humans, as well as in GMOs,
need to anticipate these developments, not only by enforcing safety regulations
but also by ensuring the scientific review adheres to the principles of proportional-
ity and case-by-case approach. From the applicants’ side, it is recognized that the
regulatory pathway for novel technologies is complicated and not always straight-
forward. Early dialogue between applicants, risk assessors and the regulatory
authorities is therefore paramount in addressing challenges with clinical translation
of novel GMO vaccines.

The steps that were undertaken towards the approval of early phases of a clini-
cal trial investigating nOPV2 vaccine candidates in a post-OPV2-withdrawal era
exemplify the importance of liaising among several regulatory agencies and public
health institutions covering (international) public health objectives at national,
European and global level. At the time the consortium that worked on the develop-
ment of the nOPV2 vaccine candidates applied for its second clinical trial, it was
still not clear whether the nOPV2 vaccine candidates were to be considered under
the scope of GAP III. Because the consortium engaged as early as possible with
advisory and/or regulatory institutions, the Belgian authorities were prompted to
ask the WHO’s Containment Advisory Group to clarify the GAP III status of the
nOPV2 vaccine candidates and, if these were to fall under the scope of GAP I,
how to interpret or implement the GAP III guidelines in a phase II clinical study.
The WHO’s Containment Advisory Group concluded that, according to the specific
terms of usage proposed in the context of the protocol of the CT, the nOPV2 could
be used outside the containment requirements of GAP III. It also requested the
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addition to the trial protocols of environmental monitoring for polioviruses around
the trial sites, as well as monitoring of close and family contacts of trial subjects
who continued to shed virus after the end of the trial period [29].

This case exemplifies how different aspects of public health interrelate and
contribute to the complexity of the regulatory maze to which applicants may be
confronted when submitting clinical trial applications. Both the consortium and
Belgian authorities liaised with several regulatory agencies and public health insti-
tutions covering different (international) public health objectives in order to ensure
that risk management measures were proportional to the risk/safety assessment
taking into account the intended use, the receiving environment and the likelihood
of exposure.

4.2 Interplay GMO-pharma

A concern of developers that is acknowledged by the European Commission is
the lack of harmonization of regulatory procedures of clinical trials with regard to
the GMO legislative framework. The approval of clinical trials is within the remit
of the member states and the interplay between the CT regulation and the GMO
regulation might differ between the member states. This non-harmonized approach
among member states, detailed under Section 2 of this chapter, is perceived as inef-
fective for the conduct of multinational clinical trials and as an impediment to the
effective translation of research findings into clinical applications.

Very recently the first steps towards a common procedure for a subset of inno-
vative therapies for human use involving the use of GMOs has been agreed upon
among member states [30]. It concerns an application form specifically developed
for clinical trials involving the use of human cells transduced with retroviral or len-
tiviral vector systems. Taking into account that the evaluation of clinical trial with
respect to the GMO legislation will remain within the remit of national authorities,
this initiative can be seen as a significant step towards enhanced communication
among regulators. It is also of high value in light of the upcoming therapeutic
strategies based on the genetic modification of T cells that target defined antigens
presented by tumour cells and aids the patient’s own immune system to combat
malignant diseases, the so-called CAR- and TCR-modified T cells.

The European Commission continues to foster exchanges among member states
with the aim of developing common application forms, increasing cooperation
in the risk assessment of applications and identifying issues and questions with
respect to the scope of the GMO regulatory framework.

4.3 Scientific and technical advice

As already mentioned, at the time of planning a CT with a GMO in a European
member state, the applicant may be confronted to a complex regulatory proce-
dure, exceeding what is required for a standard study with an IMP. Alongside
the standard Clinical Trial Application (CTA) and obtaining the advice from the
ethics committee, questions regarding the GMO status of the IMP and the proper
mandatory procedural steps may arise. In addition, should the IMP be identified as
a GMO, the developer will need to identify a distinct competent authority in charge
of reviewing the application according to the adequate procedural steps.

As outlined earlier, the determination of the GMO procedural pathway for a
CT in Belgium (meaning whether the CU only or both CU and DR procedures
must be followed) is subject to a case-by-case examination taking into account
the possible release of the GMO into the environment and the possible associ-
ated risks. To help the applicant, the competent authority for CTAs offers the
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possibility to request a scientific and technical advice (STA) prior to the CTA. The
main objective of the STA is to facilitate the development of vaccines and thera-
peutic products by centralizing and analysing the applicant’s concerns at the time
of starting the CT.

Within the STA, the applicant is invited to request clarifications on the GMO
status of the IMP, and on the GMO procedures to be followed, should it decide to
proceed with the application. The competent authority for CTAs coordinates the
contacts with experts, centralizes their responses and delivers a formal advice to the
developer. As such, the STA is a means for developers to engage with the competent
authorities and advisory bodies early in the process in order to (i) provide informa-
tion that would facilitate further process and (ii) avoid possible misunderstandings
with regard the GMO status and procedures, which consequently may save time for
the developer.

5. Discussion and conclusions

With novel technologies poised to result in the development of novel IMPs and
the overall drive for sustained innovation, a number of regulatory hurdles can be
identified, which developers face during the development of GMO vaccines. First,
EU GMO Directives have been transposed into national legislations that include
different regulatory specificities between member states. Second, new technologies
may lead to the generation of organisms that are prone to different interpreta-
tions with regard to their (GMO) regulatory status, thereby hampering further
harmonization of legislations. In addition, aspects such as the relevance of an ERA
or detection and traceability requirements become in some cases disproportionate
with respect to the actual risks that novel IMP represent for the general population
and the environment. Overall, these aspects will increase the need of regulatory
agencies and advisory bodies to anticipate the deployment of novel IMP, through
continuous engagement with all stakeholders.

The ECJ ruling has initiated the debate concerning the need to rewrite the GMO
Directive 2001/18/EC, to have it more fit-for-purpose for the rapid pace of emerg-
ing technologies. This is particularly true for gene-editing technologies. Although it
is primarily the impact on agri-food applications that has sparked these debates,
the ECJ ruling will also have an effect on research and development activities and
the development of a category of IMP. It is anticipated that the current debate on the
appropriateness of the existing GMO regulatory framework may affect the future
regulatory status of GMO medicines. This may have consequences through all stages
of development, from R&D, through clinical translation and marketing authoriza-
tion application.

Aiming to overcome existing hurdles in the regulatory pathway, a number of
initiatives have been taken in Belgium and among member states. Key challenges are
being addressed, for example, with the STA at Belgian level, and tangible solutions
have been formulated, such as the common form for CT with human cells geneti-
cally modified ex vivo by retro- or lentiviral vectors. It is expected that the need for
harmonization and reviewing regulatory frameworks will be the basis of further
engagement and exchange between all stakeholders.

New technologies in the field of biotechnology spark promising avenues for the
development of novel biopharmaceuticals involving GMOs. Enhanced networking
among all stakeholders should be further promoted in order to subject regula-
tory frameworks to critical review with the aim of keeping them up-to-date with
upcoming developments and to support innovation while ensuring quality and
safety for patients, the general population and the environment.
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Vaccinia Virus-Derived Vectors
in Leishmaniases Vaccine
Development
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Abstract

Due to an increase in the incidence of leishmaniases worldwide, the development
of new strategies such as prophylactic vaccines to prevent infection and decrease the
diseases has become a high priority. The development of vaccines against the various
species of pathogenic Leishmania to humans has been hampered, in part, by the inef-
ficient stimulation of the protective cellular immunity promoted by the administration
of purified or recombinant antigens, indicating the need for new approaches. Viral
vectors represent an attractive way to deliver and present vaccine antigens that may
offer advantages over traditional platforms. Among the most attractive and efficient
viral vectors in inducing a cellular immune response, vaccinia virus has been the most
used in leishmaniases vaccine trials. The first report of the use of recombinant vaccinia
virus (VACV) in the induction of protection against Leishmania infection was made in
1993. Since then, several Leishmania spp. antigenic subunits were cloned into recom-
binant VACV. Although highly attenuated poxviral vectors are capable of inducing
protective immunity against Leishmania spp., their limitation in replicative capacity
reduces their potential as compared to replicative vectors. In order to achieve a balance
between safety and replication, several VACV strains with intermediate phenotype
have been developed.

Keywords: leishmaniases, vaccines, viral vectors, recombinant vaccinia virus,
VACV

1. Introduction

Leishmaniases are important neglected tropical diseases (NTD) caused by
protozoan parasites from the genus Leishmania Ross, 1903, of which more than 20
species are pathogenic to humans. Such parasites are transmitted by about 30 species
of infected female sandflies (genus Phlebotomus and Lutzomyia) [1, 2], and their
biological cycle alternates between the amastigote forms (obligatory intracellular), in the
mammalian host, and promastigote forms (extracellular), in the vector digestive tract [3].
The diseases present a range of mammalian hosts, such as canids, rodents, marsupi-
als, edentates, and primates, both human and nonhuman. The species that infect
humans are distributed in two subgenera: Leishmania and Viannia, based on the
development of the parasites inside the insect vector digestive tracts. Depending on
the Leishmania species and the host’s immune status, leishmaniases present a broad
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spectrum of clinical manifestations, which can be divided into two main groups: (I)
visceral leishmaniasis (VL) caused by Leishmania (Leishmania) infantum (syn. L.
(L.) chagasi) and L. (L.) donovani and (II) tegumentary leishmaniasis (TL), with
cutaneous form (CL) caused by L. (L.) major, L. (L.) amazonensis, L. (L.) mexicana,
L. (L.) aethiopica, L. (Viannia) bragziliensis, L. (V.) guyanensis, and L. (V) panamensis
and the mucocutaneous form (MCL) mainly caused by L. (V) braziliensis and L. (V)
guyanensis, in the New World, and L. (L.) aethiopica, in the Old World [4, 5].

It is estimated that 14 million people are infected worldwide, and 350 million are
at risk of infection. Approximately 1.3 million new cases are registered annually [3].
According to the Global Burden of Disease Study (GDB) 2010, about 50,000 people
die each year from the diseases, resulting in 3.3 million disability-adjusted life years
(DALY) lost [6]. In recent decades, several Leishmania species have spread to non-
endemic areas [7].

According to the World Health Organization (WHO), leishmaniases are among
the emerging and uncontrolled category 1 diseases, and their prevention is based
primarily on three parameters: (I) vector control, (II) control of parasitic reser-
voir animals, and (III) research and development of new vaccine candidates [8].
Spraying of intra- and peri-domiciliary residual insecticides has been crucial in
the control of sandflies. However, there is concern about the emergence of vector
resistance to dichlorodiphenyltrichloroethane (DDT), especially in highly endemic
areas [9]. The chemotherapeutic treatment of infected dogs, the main reservoirs
of the parasite in VL, reduces or eliminates symptoms. Yet, many animals are still
able to transmit the parasite, remaining the epidemiological risk. Other measures,
such as topical insecticides and impregnated collars, are expensive and difficult to
implement in national control programs [10]. In the absence of effective strategies,
vaccine development is cost-effective in controlling leishmaniases. It is estimated
that a vaccine with a 70% efficacy providing protection for 10 years is able to pre-
vent 41-144 thousand CL cases in seven Latin American countries (Bolivia, Brazil,
Colombia, Ecuador, Mexico, Peru, and Venezuela) with an inferior cost than the
currently recommended treatments. As for VL, even a vaccine that provides protec-
tion for only 5 years with a 50% efficacy would still be more economically feasible
compared to current treatments [9].

The first leishmaniases vaccination attempts, named leishmanization, were
based on the observation that an individual cured of a cutaneous lesion became
refractory to reinfection [7, 8]. In leishmanization, the infectious lesion material,
later replaced by the cultured parasites, was used in the inoculation of uninfected
individuals. This method was interrupted due to a number of factors, including
quality control, persistence of the parasite in the body, the emergence of the HIV
virus in the 1980s, and ethical reasons [11].

The first generation of vaccines emerged from leishmanization and comprises
heat or phenol-killed promastigote forms associated with different adjuvants,
including BCG (Mycobacterium bovis, bacillus Calmette-Guérin) and irradi-
ated or attenuated live promastigotes. However, the standardization of vaccines
derived from parasites in culture hinders their register by the competent national
institutions [7, 8]. Human vaccination using dead strains of Leishmania spp.
dates back to the late 1930s was a pioneering strategy among Brazilian scientists.
Phase III clinical trials conducted in Ecuador and Colombia utilized a Brazilian
vaccine called Leishvacin®, composed of L. amazonensis killed promastigotes
in association with BCG adjuvant, which demonstrated safety but low efficacy
[10, 11]. After a period of 4 years of commercial production by Bioquimica do
Brasil (BIOBRAS, Brazil), Leishvacin® is now only produced in a nonindustrial
way in research laboratories for clinical assays. The vaccine is also accepted as an
immunotherapeutic agent with or without association with Glucantime® (Rhéne
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Poulenc Rorer, France), for the treatment of resistant individuals or for the ones
Glucantime® induces high toxicity. Of late, three forms of vaccines consisting
of L. major, L. amazonensis, and L. Mexicana were evaluated by first-generation
vaccines of human clinical trials [12].

The second generation of vaccines includes purified or recombinant Leishmania
spp. proteins [8]. In Brazil, in 2003 and 2006, respectively, two second-generation
vaccines against canine visceral leishmaniasis (CVL), Leishmune® (Fort Dodge,
Brazil) and Leish-Tec® (Hertape Calier, Brazil), were registered. Leishmune® is
composed of a purified fraction of the fucose-mannose ligand (FML) isolated from
L. donovani promastigotes, associated with the saponin adjuvant. Their formulation
has been shown to be safe, protective, and highly immunogenic for dogs, in addition
to being able to prevent the transmission of CVL [13]. However, since November
2014, the vaccine has been suspended for manufacturing and marketing due to
noncompliance with the complete requirements of the Ministério da Agricultura,
Pecudria e Abastecimento (MAPA, Brazil) for phase III studies on vaccine efficacy
(NOTA TECNICA N° 038/2014/DFIP/DAS). As for Leish-Tec®, it is composed of
the L. donovani recombinant A2 protein associated with the saponin adjuvant. A2
is a highly expressed surface protein in the amastigote form of L. donovani and was
the first virulence factor identified in Leishmania spp.; such protein is necessary for
the survival of the parasite in the mammalian host and is involved in the visceral-
ization of the pathogen during infection [14]. Dogs immunized with Leish-Tec® and
experimentally infected by L. infantum were able to develop a partially protective
immune response against CVL, presenting positive parasitism in the bone
marrow 9 months after the challenge [15]. In Europe, the first CVL vaccine reg-
istered and commercially available in 2011 was LiESP/QA-21, named CaniLeish®
(Virbac, France), a second-generation vaccine composed of L. infantum excreted/
secreted recombinant proteins (LiESP) associated with a highly purified fraction
of Quillaja saponaria saponin (QA-21) as an adjuvant [16]. Clinical trials in dogs
vaccinated with CaniLeish® and experimentally infected by L. infantum demon-
strated, after 1 year, reduced parasite load, specific cellular immune response, and
decreased chance of relapses [17]. Another vaccine currently commercialized in
Europe is LetiFend®, whose active principle is a recombinant chimeric protein,
named Protein Q, composed by the fusion of five epitopes of the acidic ribosomal
proteins LiP2A, LiP2B, LiP0, and the histone H2A of L. infantum. The efficacy of
vaccination in a large-scale dog population demonstrated that LetiFend® is a novel,
safe, and effective vaccine for the active immunization of noninfected dogs from
6 months of age in reducing the risk of developing clinical visceral leishamaniasis
after natural infection with L. infantum [18].

Likewise A2, FML, LiESP, and Protein Q, several other Leishmania-derived
antigens have already been identified as immunogenic based on T cell clones, due
to its abundance and specific location in the parasite, by screening of expression
libraries against human- and dog-infected sera [19] or by reverse vaccinology
[20, 21]; and their efficacy has been thoroughly evaluated in preclinical and
clinical trials. However, to date, there is no effective vaccine against the dif-
ferent clinical forms of human leishmaniases, despite the progress of the vac-
cines against CVL. The development of vaccines against the various species of
pathogenic Leishmania to humans has been hampered, in part, by the inefficient
stimulation of the protective cellular immunity promoted by the administration
of purified or recombinant antigens. The third generation of leishmaniases vac-
cines is based on coding DNA, including recombinant microorganisms used as
gene expression vectors [22].

Among the possible vaccine vectors, the most promising are those based
on recombinant viruses, capable of expressing heterologous proteins directly
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within the cells of the host organism, likewise in natural infection. Vaccines
based on viral vectors represent a highly versatile platform for the development
of vaccines. Viral genomes can be manipulated to express any target antigen and
consistently carry relatively large transgene insertions [23]. Moreover, among the
advantages of using recombinant viruses as vaccine vectors is the fact that viruses
have evolved as the most efficient organisms in infecting cells. After 10 minutes
of infection, more than 95% of certain viruses can be found inside host cells.
Another advantage is that viral proteins can play as powerful adjuvants. Besides,
viruses can infect antigen-presenting cells (APC), avoiding cross-presentation.
Lastly, some recombinant viruses can be lyophilized and stored without the need
for special refrigeration equipment [22]. Considering the recombinant viruses
most commonly used as vaccine vectors, there are already established high-
throughput and large-scale production processes, aiming to use this technology
in the context of pandemics [23]. Vaccinia virus is one of the most attractive and
efficient vectors [22] and widely used in leishmaniases vaccine trials, which is the
focus of the present study.

2. Immunology of leishmaniases

Resistance to infection by Leishmania spp. is mediated by both innate (mac-
rophages, neutrophils) and adaptive (T cells) immunity. Macrophages are the
main cells of the mononuclear phagocytic system parasitized by Leishmania spp.,
despite the fact that neutrophils are among the first cells recruited to contain
the parasite at infection site [19]. A protective immunity against all forms of
leishmaniases depends on the elimination of parasites by activated macrophages.
Paradoxically, Leishmania spp. use the phagocytic function of macrophages as a
strategy of internalization and replication within phagolysosomes. In this way,
macrophages play both as host cells and as effector cells that attack parasites.
Internalization of Leishmania spp. by host cells induces the production of pro-
inflammatory cytokines involved in the elimination of parasites [11]. Activation
of macrophages is firstly mediated by Toll-like receptors (TLR), subtypes of
pattern recognition receptors (PRR) that play as the first line of defense against
parasites, activating NFkB (nuclear factor “kappa-light-chain enhancer” of
activated B cells) and resulting in the production of pro-inflammatory cyto-
kines, such as interleukin-12 (IL-12) and tumor necrosis factor (TNF). Also part
of the innate immune response is the NOD-like receptors, which are cytosolic
PRR essential in the detection of intracellular pathogens. Together, the signaling
cascades of TRL and NOD regulate the inflammatory and apoptotic responses of
infected cells [24].

Reactive oxygen, nitrogen, and nitric oxide (NO) species, induced by IL-12, are
the main responsible for the macrophages leishmanicidal activity. NO is produced
from the metabolism of L-arginine, in a reaction catalyzed by the inducible nitric
oxide synthase (iNOS). Cytokines such as interferon gamma (IFN-y) and TNF-a
stimulate iNOS expression, while IL-4 and IL-10 inhibit its expression, turning
macrophages refractory to leishmanicidal activity [23, 24].

Dendritic cells (DC) also belong to the mononuclear phagocytic system and
play as a link between innate and adaptive immune responses. DC are recruited to
the site of infection by cytokine/chemokine released by infected macrophages and
neutrophils. The ability of DC to present antigens through MHC (major histocom-
patibility complex) classes I and II induces the stimulation of Leishmania-specific
CD8" and CD4" T cells, respectively, which are essential in acquiring Leishmania
spp. resistance [19].
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CD4" T cells play a crucial role in the protective immunity against Leishmania
spp. due to the production of various cytokines associated with parasite resis-
tance, such as IFN-y and TNF-« [25]. The use of murine models in leishmaniases
preclinical vaccine trials allowed the identification of two subtypes of CD4* T
cells, which produce and secrete cytokines capable of inducing different effector
functions. The studies that used as basis the model of L. major infection, estab-
lished in BALB/c mice and proposed by Sacks et al. [26], defined the Th1/Th2
paradigm of resistance/susceptibility to infection and the role of cytokines such
asIL-12 and IL-4 in the development of Thl and Th2 cells subtypes, respectively
[25, 27]. Generally, CL-causing Leishmania species require a Thl-type immune
response pattern for cure in murine models [28]. Protective immunity in visceral
infection is also related to the Thl response pattern and occurs in the presence
of macrophage-activating cytokines, such as IL-12 and IFN-y, and by the forma-
tion of hepatic granulomas, structures capable of containing infection through
the action of the mononuclear phagocytic system cells, which are activated by
IFN-y [29]. However, unlike the disease caused by L. major, the dichotomy of the
Th1/Th2 immune response profile is not evident in VL murine models [30]. The
susceptibility phenotype in VL murine seems to be more related to the inability to
develop an effective Thl response than in the elaboration of an exacerbated Th2
response [31]. The mechanisms involved in the differentiation of naive CD4* T
cells in the Th1 and Th2 phenotypes are not yet well known, and several factors
influence the resistance or susceptibility to leishmaniases, including host genetic
variations, genetic variations between species and parasite strains, as well as the
size of inoculum, and number of Leishmania spp. infective forms received by the
host through the phlebotomine bite [24].

Although Leishmania spp. reside within phagolysosomes of mononuclear phago-
cyte system cells, mainly macrophages, their antigens can be presented via MHC
class I to CD8" T cells by cross-presentation [32]. The production of cytokines and
the cytotoxic activity of CD8" T cells contribute to the completion of Leishmania
spp. infection. It was initially believed that CD8" T cells performed effector func-
tion only during reinfection by parasites. However, studies have shown that they are
also crucial in controlling primary infection by inducing the Th1 profile of immune
response through the production of IFN-y [11]. In addition to the production of
cytokines, CD8" T cells also participate in the control of infection through cytotoxic
mechanisms, such as the production of granzyme and perforin [8, 33].

The wide variety of cytokines and effector mechanisms involved in the immune
responses induced by various species of Leishmania clarifies the complexity of
leishmaniases. However, murine models of Leishmania spp. are able to mimic
several aspects of human disease, being the main source of knowledge about the
immunology of leishmaniases and the tool most used in the evaluation of efficacy in
preclinical vaccine trials [11].

3. Activation mechanisms of the immune response by recombinant
viruses

The mammalian immune system has evolved to the efficient recognition
of intruder viruses, being able to activate potent innate and adaptive immune
responses (see Figure 1). Depending on the nature and replication strategy of
the viral genome, several PRR are involved in the innate immune response to the
recombinant virus (see Figure 1). Receptors for nucleic acids include TLR3, TLR7,
TLR8, and TLRY in the endosome, as well as cytosolic RNA/DNA sensors such as
RIG-I (retinoic acid inducible gene I), MDA5 (melanoma differentiation-associated
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gene 5), and cGAS (cyclic GMP-AMP synthase). After binding to the viral genome,
these receptors signal via the NFkB and MAPK (mitogen-activated protein kinase)
pathways, resulting in the induction of pro-inflammatory cytokines and chemo-
kines. Viral vectors that induce inflammation generally play as “self-adjuvanted.”

A second effect of endosomal TLR signaling is the activation of interferon regula-
tory factor (IRF) 3 and IRF7, transcription factors necessary for the expression

of the type I interferon (IFN-I) genes: IFN-a and IFN-$ [34]. IFN-I induces the
maturation of APC (see Figure 2), especially DC, by stimulating the expression of
co-stimulatory molecules such as CD80, CD86, and CD40, which in turn, lead to an
efficient DC homing to secondary lymphoid organs and the antigens presentation to
CD4" and CD8" T cells. IFN-I also promotes the cross-presentation of viral antigens
processed on the DC endosomes to CD8" T cells [35].

While first-generation (killed or attenuated parasites) or second-generation
(purified or recombinant proteins) vaccines are capable of inducing an intense
humoral immune response, they are inefficient in activating cellular immune
response based on cytotoxic CD8" T cells (CTL). Recombinant viral vectors, how-
ever, have the specificity of inducing an intense expression of heterologous proteins,
encoded in the transgene, inside infected cells [22]. Activation of CTL requires the
expression of the pathogen proteins in the cytosol APC, as well as the binding of the
antigen to the MHC class I molecules [36]. The immune response based on CD8" T
cells is initiated by the generation of peptides from their protein precursors cleaved in
the cellular proteasome. After cleavage, the resulting peptides are complexed to TAP
(transporter associated with antigen processing) and transported from the cytosol
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Mechanisms of immune activation by recombinant virus as a vaccine. The recombinant viruses inside the
endosome release their genome into the cytoplasm of an antigen-presenting cell (APC). (1) If the viral genome
gets exposed inside endosome rather than being released into the cytoplasm, it is sensed by toll-like receptors
(TLR). Once inside the cytoplasm, the viral genome is amplified and detected by cytoplasmic sensors of viral
nucleic acids (“RNA/DNA sensor”). Both pathway signals, through common pathways, will vesult in the
transcriptional activation of pro-inflammatory cytokines but also in type I interferon (IFN-a/f3) production.
(2) Simultaneously, the viral genomic will be expressed, leading to synthesis of viral proteins. Cytosolic proteins
are proteolytically digested and delivered to nascent major histocompatibility complex (MHC) class I chains in
the endoplasmic reticulum (ER). (3) The vecombinant viruses inside the endosome are degraded to yield peptide
fragments that can associate with MHC class II molecules. *This image has not been previously published.
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into the endoplasmic reticulum (ER), where the interaction between the peptide
and the MHC class I molecule occurs (see Figure 1). Subsequently, the peptide/
MHC I complex is transported to the cell surface, and the epitope can be presented
and recognized by CD8" T cells [34]. CD8" T cells recognize the antigenic peptides
of endocytosed microorganisms, producing cytokines such as IFN-y, which activate
infected phagocytes to extinguish microorganisms (cytotoxic mechanism) and
stimulate inflammation (see Figure 2).

In addition to the CD8" T cell epitopes, other important epitopes are those
responsible for the induction of immune response by CD4" T cells. Viral proteins
(“self-adjuvanted”) or heterologous antigens fused to the viral capsid structural
proteins may activate immune responses based on CD4" T cells. Viral protein or
heterologous proteins fused to the virus are processed inside endosomal/lysosomal
vesicles, and the resulting peptides bind to MHC class II molecules (see Figure 1).
The peptide/MHC II complex is presented on the surface of APC to CD4" T cells.
Vaccine viral vectors composed of these epitopes may induce memory CD4" T cells
potentially capable of being activated by the body’s natural exposure to the patho-
gen [22]. The differentiation of CD4" T cells in the Thl subtype occurs in response
to microorganisms, including viruses, which infect or activate APC. Activated
Th1 cells secrete IFN-y, among other cytokines. IFN-y acts in the APC to stimulate
the destruction of microorganisms (see Figure 2). If the heterologous proteins
expressed by the recombinant viral vectors present associated signal-peptide (SP),
they have the potential capacity to be surface and/or secreted proteins. When the
destination of these proteins is the mitochondria or the secretory pathway, their dis-
placement usually requires the presence of N-terminal sequences capable of being
recognized by the cellular transport machinery. SP are responsible for targeting the
proteins to the ER and, later, to the cell secretory pathway. Thus, these proteins may
be anchored to the cytoplasmic membrane or secreted [37] and recognized by B
cells, activating the production of specific antibodies (see Figure 2).
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Figure 2.

Effector functions of innate and adaptive immune cells responses induced by recombinant virus infection. (1)
The viral genome stimulates endosomal TLR or RNA/DNA cytosolic sensors, triggeving signaling cascades that
lead to the production of pro-inflammatory cytokines, IFN-I, and APC activation. (2) Heterologous proteins
are available for antigen-processing pathways, and the resulting peptides are bound to the MHC class I or IT
molecules, favoring the presentation of the antigens to CD8"* or CD4" T cells, respectively. (3) If the heterologous
proteins present associated signal-peptide (SP), they can be led to the cellular secretory pathway and activate

B cells. APC, antigen-presenting cell; BCR, B cell receptor; MHC, major histocompatibility complex; N, cell
nucleus; TCR, T cell veceptor; TLR, toll-like receptors. *This image has been previously published.
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4. Leishmaniases experimental vaccines based on vaccinia
virus-derived vectors

Although almost every viral genome can be manipulated in order to acquire
heterologous protein expression capacity in host cells, not all viruses are as effective
in doing so. Some types have been shown to be more efficient than others in the
induction of cellular immune response, with vaccinia virus being one of the most
attractive and efficient vector [22] and widely used in leishmaniases vaccine trials.

The vaccine virus (VACV or VV) is a member of the family Poxviridae, genus
Orthopoxvirus, able to replicate in cells of several species of vertebrates, both
in vitro and in vivo. The virus is the etiologic agent of smallpox. However, VACV
does not have a natural reservoir nowadays and is considered, almost exclusively,

a laboratory virus [22]. The vaccinia virus has an approximate size of 200 nm in
diameter and 300 nm in length, and its genome consists of a segmented linear
double-stranded DNA (dsDNA) of 130-300 kb. Highly attenuated strains, such as
modified vaccinia virus Ankara (MVA) or NYVAC, are able to accommodate large
segments of exogenous DNA (>20-25 kb) in their genome, constituting excellent
expression vectors. Among the main characteristics that make them excellent
vaccine vectors are (I) thermostability, low cost, and easy manufacture/administra-
tion; (II) gene expression in the cytoplasm of cells; (III) ability to induce humoral
and cellular immune responses to heterologous antigens and may exhibit long-term
immunity after a single inoculation; (IV) and its genome flexibility, which allows
loss or deletion of much of the DNA for transgene insertion without, however,
losing infectivity. In addition, in the global population, the prevalence of vector
immunity is low due to the discontinuation of smallpox vaccination in the 1970s
after its eradication [38].

4.1 Construction of a recombinant vaccinia virus by homologous
recombination

The construction of recombinant viral vectors requires adaptation of the gene of
interest for expression in host cells. In many cases, this requires intracellular recom-
bination steps for the incorporation of the gene of interest into the viral genome.
The construction of a recombinant vaccinia virus is based on a helper virus-dependent
system [22]. Expression of the gene of interest may occur if the gene, under the
control of a vaccinia virus promoter, is cloned into a plasmid (shuttle vector). The
plasmid is transfected into a permissive cell highly infected with wild-type vaccinia
virus. The gene of interest is incorporated into the wild-type vaccinia virus through
homologous recombination between the viral genome and the shuttle vector (see

Figure 3) [39].
4.2 Vaccinia virus in leishmaniases vaccines development

The development of vaccines against smallpox, which culminated in its eradication
in the 1970s, resulted in a number of strains of vaccinia virus [40]. The first genera-
tion of vaccines against cancer, HIV/AIDS, and other infectious diseases was based on
replication-competent strains of VACV, such as WR (Western Reserve strain), Wyeth,
and Copenhagen. However, for safety reasons, most of the vectors currently used in
vaccine trials are VACV non-replicative strains, such as MVA and NYVAC. Although
highly attenuated vectors are capable of inducing protective immunity against various
pathogens, their limitation in replicative capacity reduces their potential as compared
to replicative vectors. In order to achieve a balance between safety and replication,
several VACV strains with intermediate phenotype have been developed [41].
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The construction of recombinant vaccinia virus occurs by intracellular homologous recombination between
the shuttle vector, which contains the foreign sequence (FS), and the viral genome. Generation of recombinant
vaccinia virus requires a helper virus-dependent system. *This image has not been previously published.

The first report of the use of recombinant vaccinia virus in the induction of
protection against Leishmania infection was made by McMahon-Pratt et al. (1993).
The L. amazonensis GP46/M2 membrane glycoprotein was cloned into a live,
highly attenuated strain of vaccinia virus (MuLEISH vaccine). Immunization by
MuLEISH was able to induce protection in 45-75% of BALB/c mice challenged by
L. amazonensis, in addition to generating memory T cells. This study demonstrated
that recombinant vaccinia virus has great potential in the development of a safe and
effective leishmaniases vaccine [41].

Since then, several Leishmania spp. antigenic subunits were cloned into recom-
binant VACV and used in leishmaniases preclinical and clinical vaccine trials. Over
the past 10 years, studies using recombinant VACV in prophylactic immunizations
have emphasized three antigenic subunits of Leishmania spp.: TRYP, LACK, and
KMP-11 (see Table 1). Tryparedoxin peroxidase (TRYP, also known as TSA) was
isolated from L. major, is highly conserved among Leishmania species, presents high
expression in promastigote and amastigote forms, and plays a protective role against
oxidative stress to the parasite [42]. LACK (also known as p36), the Leishmania
homolog for receptors of activated C kinase, is an intracellular protein expressed in
promastigote and amastigote forms, highly conserved among Leishmania species
and highly immunogenic [43]. Kinetoplastid membrane protein-11 (KMP-11) isa
protein present in all kinetoplastid protozoa and considered a potential candidate
for leishmaniases vaccine [44].

The recombinant MVA vaccine vector expressing TRYP was used in a phase I
clinical trial in dogs, the main VL domestic reservoirs caused by L. infantum, and has
been shown to be safe and immunogenic. Uninfected, unexposed outbred endemic
dogs immunized with TRYP-DNA plasmid prime and MVA-TRYP boost produced a
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Antigen  Antigen defivery Adjurvant Animal model Challenge ‘Dutcome of vaccination Reference
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DA & Boost NVAC | A; 7T T call sctivation; ‘T Thl
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peranidade for TIA)

Table 1.
Recombinant vaccinia viruses used as experimental leishmaniases vaccines within the last 10 years.

type 1-dominated pro-inflammatory cellular immune response which is necessary
for protection against Leishmania challenge and an immune memory that persists for
at least 4 months postvaccination in the absence of restimulation or infection [45].
Mice also immunized by DNA/MVA prime/boost vaccines expressing TRYP were
protected against challenge by L. panamensis. This protection was achieved specifi-
cally through the expansion of antigen-specific effector CD8" T cells. However,
protection was dependent on modulating the innate immune response using the
TLR1/2 agonist PAm3CSK4 during DNA priming. Heterologous prime-boost vaccina-
tion using only DNA fails to protect [46].

Ramos et al. [47] constructed two poxviral vectors: (I) a vaccinia virus derived
from the wild-type WR strain (rVV), replicative and (II) an MVA, both expressing
LACK. These vectors were used in a clinical vaccine trial to evaluate efficacy and
immune response against CVL. This study showed that dog vaccination priming
with DNA-LACK followed by a booster with MVA-LACK or rVV-LACK triggered a
Th1 type of immune response, leading to protection against challenge by
L. infantum. In addition, MVA-LACK in the booster demonstrated an advantage
when compared to replication-competent rVV-LACK as a vaccine vector against
CVL [47]. DNA-LACK/MVA-LACK prime/boost vaccines were also able to protect
mice later challenged by L. major [48]. In both cases, protection was mediated by
a Thl-like immune response against LACK antigen. However, a deep study of the
immune populations involved in protection was still needed. Sanchez-Sampedro
et al. [49] performed an in-depth analysis of the T cell populations induced in
BALB/c mice during the DNA-LACK/MVA-LACK vaccination protocol, as well
as after challenge with L. major parasites. In the adaptive response, thereisa
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polyfunctional CD4" and CD8" T cell activation against LACK antigen. At the
memory phase, the heterologous vaccination induces high-quality LACK-specific
long-term CD4" and CD8" effector memory cells. After parasite challenge, there is
a moderate boosting of LACK-specific CD4" and CD8" T cells. The immune param-
eters induced against LACK and triggered by the combined vaccination DNA/MVA
protocol could be relevant in protection against leishmaniases [49].

In 2013, Sanchez-Sampedro et al. constructed two vaccinia virus mutants, M65
and M101. These replication-competent mutants were generated after 65 and 101
serial passages of persistently infected Friend erythroleukemia (FEL) cells. Mice
immunized in a DNA prime/M65 or M101 boost regimen with viral vectors express-
ing the LACK showed protection or a delay in the onset of CL. In immunized mice,
DNA-LACK/M65-LACK protocol preferentially induced CD4" T cell, whereas
DNA-LACK/M101-LACK preferentially induced CD8" T cell responses. Although
both mutants were able to induce protection in mice challenged by L. major, they
did not induce protection against L. amazonensis infection. Protection was similar to
that triggered by MVA-LACK [50]. Nevertheless, the protocol of DNA-LACK prime/
MVA-LACK or M65-LACK virus boost vaccination significantly reduced the parasite
load in the liver and bone marrow of hamsters challenged by L. infantum, with no
differences recorded between the use of MVA or M65 virus vector options [51].

In addition to MVA, NYVAC is one of the most studied attenuated strains of
vaccinia virus. NYVAC was derived from a plaque-cloned isolate of Copenhagen
smallpox vaccine strain by selective deletion of 18 open reading frames (ORF)
involved in virulence, pathogenicity, and host range regulation. Sanchez-Sampedro
et al. [52] constructed a NYVAC capable of expressing LACK with insertion of the
viral host range gene C7L that allows the virus to replicate in human cells. DNA-
LACK-prime/NYVAC-LACK-C7L boost protocols were able to induce preferentially
LACK-specific CD8" T cell responses, with a reduced CD4" T cell response and
reduction in lesion size in mice immunized and challenged by L. major. The type
and potency of the immune response induced by NYVAC-LACK were improved by
C7L insertion [52].

Finally, a heterologous prime-boost immunization strategy using KMP-11-DNA
priming followed by boosting recombinant vaccinia virus (rVV) expressing the same
antigen was able to induce protective immunity in both hamsters and in mice against
VL caused by both antimony resistant (Sb-R) and sensitive (Sb-S) L. donovani.
Parasite load is kept significantly low in the vaccinated groups even after 60 days
postinfection in hamsters, which are extremely susceptible to VL. Protection in mice
is correlated with strong cellular and humoral immune responses. Generation of
polyfunctional CD8" T cell was observed in vaccinated groups, which is one of the
most important prerequisites for successful vaccination against VL [53].

5. Conclusion

The declaration of smallpox eradication by the World Health Organization,
in 1980, and the discovery that genes encoding heterologous antigens could
be inserted into the genome of attenuated vaccinia virus, in 1982, resulted in a
burst of scientific publications highlighting the potential clinical benefits of the
recombinant poxvirus vectors as vaccines against various pathogens. Among
the most attractive and efficient viral vectors in inducing a cellular immune
response, vaccinia virus has been the most used in leishmaniases vaccine trials,
especially in combination with DNA vaccines (heterologous prime/boost proto-
cols). However, studies showed that greatly enhanced immune responses could be
obtained when two different viral vectors expressing the common antigen were
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used following the prime-boost immunization protocol, which may be experienced
in future leishmaniases vaccine efficacy studies. Although highly attenuated
vectors, especially MVA and NYVAC, are safe and capable of inducing protective
immunity against infection by several Leishmania species, their limitation in rep-
licative capacity reduces their potential when compared to replicative vectors. For
a safety and replication balance, VACV strains with intermediate phenotypes are
desirable. Accordingly, in the last 5 years, two replicating competent mutants were
developed, M65 and M101, derived from WR strain, capable of inducing a protec-
tive immune response against murine infection by L. major (mice, M65 and M101)
and L. infantum (hamsters, M65), as well as recombinant strain NYVAC-C7L, a
highly attenuated vector but competent to replicate in human cells that was also able
to potentiate the protective immune response against murine infection by L. major.
Furthermore, TLR1/2 modulation may be useful in vaccines where CD8" T cell
responses are critical. In conclusion, the potential of poxviral vectors as promising
tools for vaccine development against leishmaniases can be explored by the devel-
opment of new-generation vectors with refined specificity and improved efficacy
through the use of co-stimulatory molecules, deletion of viral immunomodulatory
genes still present in the poxvirus genome, enhancing both virus promoter strength
and vector replication capacity, optimizing expression of foreign heterologous
sequences, and the combined use of adjuvants. An optimized poxvirus vector trig-
gering long-lasting immunity with a high protective efficacy against leishmaniases
should be sought and can be feasible.
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