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Summary

The neglected tropical diseases (NTDs) represent a group of parasitic and related infectious
diseases such as amebiasis, Chagas disease, cysticercosis, echinococcosis, hookworm,
leishmaniasis, and schistosomiasis. Together, these conditions are considered the most common
infections in low- and middle-income countries, where they produce a level of global disability
and human suffering equivalent to better known conditions such as human immunodeficiency
virus/acquired immunodeficiency syndrome and malaria. Despite their global public health
importance, progress on developing vaccines for NTD pathogens has lagged because of some key
technical hurdles and the fact that these infections occur almost exclusively in the world’s poorest
people living below the World Bank poverty line. In the absence of financial incentives for new
products, the multinational pharmaceutical companies have not embarked on substantive research
and development programs for the neglected tropical disease vaccines. Here, we review the
current status of scientific and technical progress in the development of new neglected tropical
disease vaccines, highlighting the successes that have been achieved (cysticercosis and
echinococcosis) and identifying the challenges and opportunities for development of new vaccines
for NTDs. Also highlighted are the contributions being made by non-profit product development
partnerships that are working to overcome some of the economic challenges in vaccine
manufacture, clinical testing, and global access.
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Introduction

As the world’s population soon approaches 7 billion people, approximately 1.4 billion
people will remain below the World Bank poverty line (1). These individuals, mostly the
world’s subsistence farmers and their families as well as the urban poor, are referred to as
‘the bottom billion’ (2). There is geographic dimension to this global poverty, as most
individuals of the bottom billion live in 58 low- and middle-income countries in Africa,
Asia, and Latin America and the Caribbean (2). In 2000 Kofi Annan, the Secretary General
of the United Nations, began an international effort to lift the world’s poorest people out of
poverty, which resulted in the drafting of a set of eight Millennium Development Goals
(MDGs) for sustainable poverty reduction. Included among these goals was one that was
specifically devoted to infectious diseases in low-income countries. MDG 6 ‘to combat
acquired immunodeficiency syndrome (AIDS), malaria, and other diseases, launched several
international initiatives for human immunodeficiency virus (HIV)/AIDS and malaria in
developing countries, including programs for large-scale interventions that employed
available drugs and diagnostics. Included among the best-known programs is the United
States (US) President’s Emergency Plan for AIDS Relief (PEPFAR), the US President’s
Malaria Initiative (PMI), and the Global Fund to Fight AIDS, Tuberculosis, and Malaria
(GFATM). Today these global health initiatives are placing tens of millions in Africa, Asia,
and Latin America and the Caribbean on antiretrovirals as well as providing them with
antimalarial drugs and insecticide-treated nets (1). In addition, MDG 6 helped to launch
product development-public private partnerships (PD-PPPs) to develop and test new
vaccines for HIV/AIDS and malaria such as the International AIDS Vaccine Initiative
(IAVI) and the Malaria Vaccine Initiative of the Program for Appropriate Technology in
Health (PATH-MV]1), in addition to large-scale support for these partnerships from the Bill
& Melinda Gates Foundation, the US National Institutes of Health, and the Wellcome Trust

).

Unfortunately research and development (R&D) efforts for vaccines to combat many of the
‘other diseases’ outlined in MDG 6 have lagged behind AIDS and malaria vaccine efforts.
Here, we outline the current progress in international R&D initiatives to develop new
vaccines for one important group of such other diseases, known as the neglected tropical
diseases (NTDs). This review emphasizes progress in NTD vaccine development since the
launch of the MDGs a decade ago and since this topic was last reviewed in 2006 (3).
Emphasis will be placed on parasitic NTDs as well as vaccines that target the arthropod
vectors of some of these infections. Dengue and other viral NTDs, as well as vaccines for
cholera and most of the other enteric bacteria are reviewed elsewhere.

Overview of the NTDs

The major clinical and epidemiological features of the NTDs were reviewed previously (1,
4-7). Briefly, the NTDs are chronic parasitic and other infections that represent the most
common diseases of the world’s poorest people; most of the bottom billion suffers from at
least one NTD (1, 8) (Table 1). The major NTDs are ranked by prevalence in Table 2. The
most common are helminth infections such as hookworm, schistosomiasis, and liver fluke
infections, as well as selected protozoan infections such as leishmaniasis and Chagas disease
or bacterial infections such as trachoma. Other NTDs such as amebiasis and leptospirosis are
also believed to be extremely common and have a high global prevalence, but there are
insufficient data estimates for these conditions (9, 10).

The NTDs exhibit a number of clinical and epidemiologic features that distinguish them
from better known infectious diseases. For instance, oftentimes people are infected with
NTD pathogens for decades or even their entire lives. Over this period the NTDs produce
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enormous amounts of disability including chronic anemia and inflammation, malnutrition,
disfigurement, and blindness (1, 7). Another important distinguishing feature of NTDs is
that they frequently elicit these chronic morbidities without causing death. The overall low
mortality of the NTDs is considered a key reason why these conditions have been neglected
so long. Without the large numbers of annual deaths, the international policy makers cannot
rely on this traditional metric to express the global public health importance of the NTDs.
However, using disability adjusted life years (DALYS), i.e. the number of life years lost
from premature disability or deaths, some estimates indicate that the NTDs may be as
important as malaria or HIV/AIDS as public health threats (11-13). Moreover, some
economic analyses indicate that the NTDs not only occur in the setting of poverty but also
can actually cause poverty (8). The term “antipoverty vaccine’ has been applied to new NTD
vaccines under development because of the potential of such biologics to improve economic
development as well as health (3).

The poverty-promoting aspects of the NTDs reflect their disproportionate impact on selected
vulnerable populations in developing countries. Growing and developing children for
instance are susceptible to the anemia and malnutrition caused by the most common NTDs
worldwide, especially hookworm and other soil-transmitted helminth infections (14) as well
as schistosomiasis (13). As a result, such children experience growth stunting, loss of
intelligence, and cognitive delays (15-17). Presumably through these mechanisms, chronic
hookworm infection in childhood was determined to reduce future wage earning (18).
Adolescent girls, young women, and especially pregnant women also represent a highly
susceptible population (19). Anemia and inflammation from hookworm and schistosomiasis
are two important examples that result in increased maternal morbidity and adverse
pregnancy outcomes (20). In addition, some of the NTDs such as schistosomiasis in the
genital tract and trichomoniasis can result in infertility, and there is even evidence that
female genital schistosomiasis increases susceptibility to horizontal transmission from HIV/
AIDS (21), while the stigma from disfigurement resulting from lymphatic filariasis,
onchocerciasis, and other NTDs also disproportionately affects young women (19).
Neurocysticercosis is recognized as a major cause of acquired epilepsy in most low-income
countries (22). Finally, the NTDs promote poverty because of their documented impact on
reducing agricultural worker productivity (8). The disproportionate impact of NTDs on
subsistence farmers means that many are too disabled to go to work or work effectively,
with demonstrable economic losses as a result (8). Through the mechanisms outlined above,
the NTDs are key but often stealth reasons why the bottom billion cannot escape poverty or
destitution (8). However, exactly how the NTDs exert their public health and economic
impact often varies depending on geographic region (Fig. 1). Therefore, important to the
framework for understanding the devastation wrought by the NTDs is to consider them
separately by different regions of the world.

NTDs in sub-Saharan Africa

Of the 800 million people who live in this region, approximately one-half live below the
World Bank poverty figure. Among these individuals, helminth infections are the most
common NTDs accounting for about 85% of the NTD disease burden in the region (10).
Overall, the NTD disease burden in sub-Saharan Africa has been estimated to be equivalent
to roughly one-half the disease burden resulting from malaria and one-quarter that of HI\/
AIDS (10). Hookworm infection (caused predominantly by Necator americanus) and
schistosomiasis (Schistosoma haematobium and Schistosoma mansoni) are the most
common African helminthiases, with approximately 200 million cases of each infection
occurring at any given time (23, 24). However, King (12) recently determined that the actual
number of cases of schistosomiasis in Africa could be two or more times higher. Sub-
Saharan Africa accounts for approximately one-third of the world’s hookworm cases and
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more than 90% of the schistosomiasis cases. As a result of the anemia resulting from
hookworm infection and the anemia as well as chronic inflammation, malnutrition, and end-
organ pathology (including bladder cancer) resulting from schistosomiasis, some estimates
indicate that these two helminthiases are also the most important NTDs in Africa terms of
their overall morbidity and disease burden (10, 12). In addition, sub-Saharan Africa accounts
for one-half of the world’s cases of 120 million cases of lymphatic filariasis occur in sub-
Saharan Africa and virtually all of the cases of onchocerciasis (river blindness) and loiasis
(Africa eye worm infection) (10). In contrast, guinea worm infection is close to being
eradicated (25). Cysticercosis and/or hydatid disease are endemic in most sub-Saharan
African countries, with some regions among the most endemic areas in the world (26, 27).
Two important protozoan NTDs are vector-borne kinetoplastid infections. According to a
new World Health Organization (WHO) report, the number of cases of human African
trypanosomiasis (HAT) (28) has dropped below 10 000 for the first time in 50 years, but
there are an unknown number of cases visceral leishmaniasis (VL) (Leishmania donovani)
(29). Both HAT and leishmaniasis are found most commonly in conflict and postconflict
areas in West and East Africa, respectively (10). Amebiasis (Entamoeba histolytica) is also
believed to be extremely common, but there are no prevalence data available (30). Among
the bacterial NTDs, approximately one-half of the world’s cases of active trachoma
(Chlamydia trachomitis) occur in sub-Saharan Africa, especially in the Sahelian countries
and in conflict and postconflict areas of East Africa (10), while most of the world’s cases of
Buruli ulcer (Mycobacterium ulcerans) occur in West Africa. Two tick-borne bacterial
NTDs, tick-borne relapsing fever and African tick-bite fever, are common in Africa, as is
both typhoidal and non-typhoidal salmonellosis and yaws; however, no disease burden
estimates are available for these conditions (10).

NTDs in East Asia

Despite the impressive economic growth and urbanization in parts of this region, pockets of
extreme poverty remain. As a result, the soil-transmitted helminth infections are still widely
prevalent. Up to 40% of the world’s cases of ascariasis and trichuriasis and one third of the
hookworm cases occur in Southeast Asia and China, with the largest number in Indonesia,
Philippines, Myanmar, and the Southwestern provinces of China (31). In many of these
same areas, lymphatic filariasis is still endemic. Food-borne trematode infections are also
highly endemic to this region, including high rates of liver fluke infection caused by
Opisthorchis viverrini (especially in northern Thailand and Lao PDR) and Clonorchis
sinensis (China and North Korea). More than 20 million people are infected with liver flukes
in these areas, which have been identified as carcinogens causing bile duct cancer (32, 33).
About 1 million cases of an Asian form of schistosomiasis (Schistosoma japonicum) with an
important water buffalo animal reservoir occur primarily along the tributaries and drainage
basins of the Yangtze River in China and in the Philippines and one focal area of Indonesia
(34). The west and Tibetan highland regions of China include areas where echinococcosis
presents a major threat to health (35). Data on enteric protozoan infections are largely non-
existent, while for the bacterial NTDs, almost one-half of the global trachoma cases were
found to occur in China, Indonesia, and Cambodia, as does about 10% of the leprosy
(Mycobacterium leprae) cases (31). East Timor has not achieved its leprosy elimination
target of one case per 10 000 (36). Melioidosis (Burkholderia pesudomallei) is another
important bacterial infection associated with sepsis and high mortality in northern Thailand,
Malaysia, and Singapore (31).

NTDs in South Asia

Hookworm and other soil-transmitted helminth infections are extremely common in the
most populous South Asian countries of India, Bangladesh, and Nepal, with an overall
prevalence equivalent to that found in Southeast Asia and China (37). In addition, about

Immunol Rev. Author manuscript; available in PMC 2012 September 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bethony et al.

Page 5

50% of the global disease burden of lymphatic filariasis occurs in South Asia. There is also a
huge socioeconomic burden resulting from lymphatic filariasis because of diminished ability
to work in both rural and urban pursuits (38). By some estimates, India loses close to $1
billion annually from lymphatic filariasis (8). VL is endemic to India (especially Bihar
State), Nepal, and Bangladesh, where it is an opportunistic infection of HIV/AIDS. By some
estimates more than 4 million cases occur, with another 200 million people at risk for
infection (39). Amebiasis is also widespread, with seroprevalence estimates ranging between
2% and 55% in the 1990s, although there is minimal surveillance conducted for this
infection (40). Among the bacterial NTDs, India annually reports the greatest number of
new cases of leprosy annually, and three states in India have not yet achieved elimination
targets of less than one per 10 000 cases (36). Along with East Timor and Brazil, Nepal is
one of three countries worldwide not to have achieved this elimination target (36).
Leptospirosis (Leptospira spp.) is also an important infection in South Asia.

NTDs in Latin America and the Caribbean (LAC)

The NTD burden and geographic distribution of the NTDs in LAC have been reviewed
previously (41). Most of the NTDs in the Americas were imported from West Africa during
the 500 years of the Middle Passage of the Atlantic slave trade (42). Among the ‘bottom 100
million’, referring to the people who live on less than US$2 per day, the most common
NTDs include the soil-transmitted helminth infections, with the greatest number of cases
occurring in Brazil, Mexico, and Guatemala. Approximately 65% of LAC’s 50 million cases
of hookworm infection and more than 80% of the 2—7 million cases of intestinal
schistosomiasis (S. mansoni) occur in Brazil (43). Indeed, Brazil accounts for more than
50% of all of the NTDs in the Americas (41). Almost 1 million cases of lymphatic filariasis
still occur in four countries in the LAC region, led by Haiti with 80% of the cases followed
by Brazil, Dominican Republic, and Guyana (43). Onchocerciasis is near elimination in the
Americas through the Onchocerciasis Elimination Programme for the Americas (OEPA),
and cysticercosis, fascioloiasis, and echinococcosis are important zoonotic helminthiases in
focal areas. Chagas disease is the most common NTD in Latin America following the
helminthic NTDs. Approximately 8-9 million cases occur in the LAC region, including tens
of thousands of new cases annually (41, 44). Most of these cases occur in areas of extreme
poverty, especially in Bolivia, where the quality of dwellings is sufficiently poor to facilitate
the ecological habitats of the assassin bug intermediate host vectors. The disease is
responsible for millions of cases of cardiomyopathy and possibly hundreds of thousands of
cases of megaesophagous and megacolon (44) making it one of the highest disease burden
conditions in LAC (41). Both forms of leishmaniasis are common in Latin America, and it
has been suggested that guerilla activities and drug trafficking in the region may contribute
to the emergence of these sandfly transmitted conditions (45). An estimated 1 million cases
of trachoma occur mostly in the Amazon region of Brazil and neighboring countries, while
leprosy has still not been eliminated in the nation of Brazil (36). Leptospirosis is an
important zoonotic bacterial infection from rats living in the favelas of Brazilian cities (46),
and bartonellosis (Bartonella spp.) is an important vector-borne transmitted bacterial
infection in the Andes region, which like leishmaniasis is transmitted by sandflies. In the
US, Chagas disease has now emerged as an important NTD in the states bordering with
Mexico (47). However, neglected infections of poverty in the US are not exclusively related
to immigration, as large numbers of African Americans living in poverty are affected by a
variety of neglected infections including toxocariasis and the protozoan infections
trichomoniasis and toxoplasmosis (47).

History and rationale of NTD vaccines

The history of large-scale control of the NTDs began with Jamot and his colleagues (1, 48)
working in West Africa during the first part of the 20th century. Using mobilized teams in a
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military-style campaign, the prevalence and incidence of human African trypanosomiasis
was greatly reduced through widespread case detection and treatment of individuals with 7.
br. gambiense in their blood or spinal fluid (1, 48). Later in the middle part of the 20th
century, the drug diethylcarbamazine citrate (DEC) was shown to be effective in clearing
microfilariae from the blood in patients with lymphatic filariasis (1), leading to the practice
of treating large populations simultaneously with DEC through a program of mass drug
administration (MDA) to effect a reduction in NTD prevalence and in some cases actually
eliminate the infection as a public health problem (49). During the last decade of the 20th
century, the People’s Republic of China expanded MDA to become the first large country to
eliminate lymphatic filariasis through this practice (1). Today, highly cost effective MDA
programs are in place for the control or elimination of lymphatic filariasis, onchocerciasis,
leprosy, trachoma, and other NTDs using either extremely low-cost generic drugs or drugs
donated free-of-charge by several different multinational pharmaceutical companies (49). As
a result, these diseases have been eliminated in several countries and there is optimism that
increased drug coverage could extend the list of nations that have eliminated some of their
NTDs as major public health problems (49). The observation of extensive geographic
overlap among many of the NTDs (Fig. 1), along with high rates of co-endemicity, has also
led to stepped-up global efforts and financing to simultaneously administer several drugs or
even combine them into a low-cost and highly cost-effective package in order to control
several NTDs in parallel (6, 11, 31, 49, 50). Through support from the United States Agency
for International Development (USAID) and the British Department for International
Development (DFID), national control and elimination programs for NTDs based primarily
on MDA are now in place for at least 14 countries, mostly in sub-Saharan African (5, 51).

For many NTDs, however, MDA is either not possible or efficient for purposes of control or
elimination (51). For these diseases, there is an urgent need for new control tools, including
vaccines (3, 9, 51). The major NTDs requiring vaccines include some of the high prevalence
helminth and protozoan infections, i.e. hookworm infection, schistosomiasis, and amebiasis,
and other enteric protozoan infections because of high rates of drug failure and/or rapid
post-treatment re-infection, which have so far thwarted effective control through MDA (52,
53). In addition, there is an equal need for vaccines to combat the zoonotic and vector-borne
NTDs associated with severe morbidity such as leptospirosis, leishmaniasis, and Chagas
disease, anti-cancer vaccines to prevent neoplasms that result from chronic neglected
infections caused by liver flukes and schistosomes, and therapeutic vaccines for atypical
intracellular bacterial infections, including Buruli ulcer and possibly leprosy (3, 51). Some
NTDs offer opportunities for the development of transmission-blocking vaccines, including
cysticercosis, echinococcosis, Asian schistosomiasis, and some forms of leishmaniasis.
Through this strategy, NTDs would be controlled indirectly by decreasing or removing the
source of human infections via the pathogen’s animal reservoirs. Indeed, this strategy is
showing great promise with new, effective recombinant vaccines against cysticercosis and
echinococcosis beginning to be implemented (54, 55).

Because the NTDs almost exclusively affect the world’s poorest people, there is no
traditional commercial market for new vaccines. As a result, R&D efforts for antipoverty
vaccines have greatly lagged behind more traditional vaccines for childhood infections and
other diseases. In addition, there are formidable scientific hurdles, which have thwarted
NTD vaccine development, including complex genomes (especially for the eukaryotic
pathogens), the absence of /n vitro systems to maintain the NTD pathogens in the laboratory,
suitable animal models of disease, and adequate correlates of protection.

The first generation of NTD vaccines developed in the 20th century was comprised of whole
organisms, which were either attenuated (typically with radiation) or killed with heat or
formalin (reviewed in 3). For instance, it was shown during the 1960s that living helminth
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larvae could be attenuated by X-ray or -y-irradiation; such vaccines were developed, with the
hookworm and Dictyocaulus viviparous vaccine marketed as veterinary products (56, 57). In
addition, whole cell vaccines (both killed and living vaccines) derived from eggs were also
developed for Chlamydia infections, but in some cases these vaccines actually worsened the
course of the disease, while heat-killed and formalinized whole cell vaccine from leptospiral
cultures were developed in Japan (58). Leishmanization, which is the practice of injecting
living Lefshmania parasites from active lesions into human hosts, was developed in ancient
times even before vaccination and subsequently used during the Iran—Irag war during the
1980s (3, 59). For the most part, these vaccines were expensive to produce and, when living
organisms were required, expensive to maintain in their laboratory. However, in the last
decade, the availability of genomes and proteomes for NTD pathogens, access to hew
adjuvants, and partial financial support from the Bill & Melinda Gates Foundation and other
sources, both public and private, has made it possible to expand R&D efforts for antipoverty
vaccines. These initiatives are leading to new vaccines now entering clinical testing.

Technical challenges for NTD vaccines

The challenges of NTD vaccine development are not limited to the discovery of antigens,
adjuvants or delivery methods, but also to product and clinical development of these
vaccines (Table 3). Product development is the technological foundation that underlies the
manufacture of new vaccines and is central for it to successfully reach the people for whom
the vaccine is intended. Clinical development is the testing in humans from phase 1 to 4 of
the safety, immunogenicity and efficacy of a vaccine. Herein, we discuss several of the
technical challenges that are unique to the discovery and product and clinical development
of NTD vaccines.

Technical challenge 1: antigen discovery

Despite the recent availability genomic and bioinformatic data from completed genome
projects for a number of NTD pathogens including schistosomes, filariae, and most of the
protozoan and bacterial pathogens, efforts to develop vaccines against these organisms has
been slow. Whereas so-called reverse vaccinology approaches based on the availability of
pathogen genomes have led to recent successes in developing vaccines against a serogroup
B meningococcus and a Group B streptococcus for instance (60), it has been difficult to
apply similar successful paradigms to NTD pathogens (3). Outlined below are several other
major challenges that confront the successful development of antipoverty vaccines.

While /n silico approaches have helped to launch discovery programs for new vaccines
targeting some viral and bacterial pathogens, the far more complicated genomes of
eukaryotic parasites require the evaluation of considerably more gene targets. In some cases,
innovative approaches using signal traps and other technologies have been used to
specifically identify secreted and surface exposed eukaryotic proteins (61), but so far no
universal approach to mining eukaryotic genomes and antigen selection has emerged.

Technical challenge 2: process development

Effective recombinant vaccine antigens which protect against infections with taeniid cestode
parasites, such as those causing cysticercosis and echinococcosis, have been successfully
produced using ‘simple’ bacterial (Escherichia coli) expression (62). However, for many
eukaryotic antigens, similar expression systems do not produce recombinant proteins that
fold properly and resemble native proteins. This observation has been made for a number of
eukaryotic parasite proteins (63), including helminth antigens. To date, however, high
throughput reverse vaccinology approaches have required bacterial expression systems (60),
so that there remains an urgent need to adapt this approach for eukaryotic expression.
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Moreover, there is an additional constraint that most of the NTD vaccines must be made at
extremely low cost. To ensure that antigens are expressed at lowest cost and maximal yield,
either great care must be taken to ensure that parasite proteins can be expressed in
prokaryotic systems in a manner which conform to the native antigen or high throughput
expression systems must be developed using low cost yeast expression systems, such as
Pichia pastoris or Saccharomyces cervisiae. Recently, a tobacco-based expression system
has also emerged as a viable alternative (64), but it is unlikely this approach would be
amenable to high throughput approaches.

Technical challenge 3: preclinical development

The life cycles of many viral and bacterial pathogens are relatively straightforward to
maintain /n vitro, and permissive animal models are available for the target pathogens,
making the testing of vaccines for efficacy, immunogenicity, and potency straightforward.
However, many of the NTDs are eukaryotic pathogens that are difficult to maintain /n vitro
or as laboratory strains; in some cases, only a single stage of the life cycle can be
consistently maintained /n vitro. A concomitant limitation is the paucity of laboratory animal
models permissive to these pathogens. For example, in efforts to access material for the
development of a vaccine against the food-borne trematode O. viverrini, the intermediate
host is a cyprinoid fish, which must be harvested from local water sources and the encysted
metacercarial stage of the pathogen removed and transported to laboratories in the US (32,
33). In other cases, uncommon small animals (e.g. jirds for Onchocerca volvulus) are the
only permissive animal models, with limitations on immunological reagents and housing.
Finally, some NTD pathogens require large and expensive animals models, many of which
are considered *sensitive’ species (e.g. canines for hookworm or non-human primates for
Schistosoma spp). In many cases, there is considerable scientific debate as to whether the
animal models reproduce the natural history of the NTDs as they occur in the human host.
Therefore, careful consideration must be given to determine how preclinical testing in
laboratory animals can be used on the critical path for NTD vaccine development.

These limitations are most apparent in the potency testing stage of vaccine pre-clinical
development (65). Potency testing is used to ensure the quality and consistency of vaccine
manufacture, and usually performed for the ‘release’ of the drug product (vaccine
formulation after cGMP manufacture) and then continually (usually in 6 month or yearly
intervals) to ensure the ongoing stability of the vaccine formulation. The International
Conference on Harmonization (ICH) defines potency testing as: ‘The measure of biological
activity using a suitably quantitative biological assay (also called a potency assay or
bioassay), based on the attribute of the product which is linked to the relevant biological
properties,” [ICH, Section Q6B (66)].

Traditionally, the term ‘potency’ has been reserved for bioassays that involve the lethal
challenge of an animal immunized with a specific dose of the vaccine and then challenged
with the target pathogen (reviewed in 67). If the vaccine formulation is potent, the animal
will elicit an immune response that parallels protection in the human host (67). This model
is used for a number of well-established vaccines, e.g. pertussis, tetanus, diphtheria, rabies,
leptospira, and clostridial vaccines (reviewed in 67). In many cases, the potency of the
vaccine is quantified as the Protective Dose 50 (PD50): the specific dose of the vaccine
formulation that protects 50% of the animals in a dose group against the lethal challenge
from the target pathogen (67, 68). As outlined discussed extensively in Jariwala et a/ (65),
the ‘immunization and lethal challenge’ model for potency requires the following: (i) a
lethal dose of the pathogen (ii) lethality by the target pathogen that can be induced by a
similar mechanism as that induced lethality in the human host (nhot just toxicity), and (iii) a
correlate of protection using the vaccine in humans. Many of the NTD pathogens fail to
meet these requirements for the following reasons: (i) a pathogenesis that is often chronic
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and not lethal, (ii) clinical outcomes take years or even decades to manifest, (iii) vaccine
endpoints that are nearly impossible to measure in laboratory animal models, or (iv) no
naturally acquired immunity in humans against the NTD pathogend (e.g. hookworms). As
such, traditional potency testing is seldom an option for NTD vaccine development. As
pointed out by Arciniega (69), potency testing need not be the only tool to ensure the
consistent quality in the manufacturing process of a vaccine. Many regulatory bodies now
accept that a potency assay for an NTD vaccine may not need to directly measure the
protective immune mechanism of a vaccine formulation and instead could measure some
aspect of consistent manufacture, e.g. a consistent level of antibody in an animal model in
response to a defined dose of the drug product. Table 4 is an example of how a potency test
was developed for a recombinant NTD vaccine (65).

Technical challenge 4a: clinical trials in resource-poor settings

Clinical testing of NTD vaccines is affected by the economic and geographical
characteristics of NTDs, which often occur among the bottom billion (2), i.e. those
individuals typically resident in the low and middle income countries in the tropics where
NTDs are endemic. These resource poor settings pose humerous challenges (Table 5) for the
clinical development of NTD vaccines, including little or no infrastructure for early vaccine
clinical development and few trained research personnel (75). This is most critical during
the early stages of clinical development: phase 1 or first-in-human testing. In acute shortage
are the clinical laboratories necessary for the accurate and certified clinical chemistry
evaluations; in many case, the clinical trial infrastructure (e.g. clinics, research pharmacies,
certified clinical laboratories, personnel trained in Good Clinical Practices, etc.) are
implemented by the sponsor.

Another important barrier is that the nature of the patient population enrolled into phase 1
through 3 testing. Many of the bottom billion fall into the category of a ‘vulnerable
populations’ from the perspective of ethical committees due to their socioeconomic and
educational conditions, which often include illiteracy. The obligation of researchers to
ensure that potential volunteers understand the risks and benefits of clinical trial
participation is especially challenging with such populations (76, 77). Traditionally,
‘informing” potential research subjects and obtaining their voluntary permission to
participate has been accomplished by means of reading and signing an informed consent
document. By signing the informed consent, it is assumed that the clinical trial volunteer has
freely exercised his or her will in deciding to participate and that this was decision was
formed an independent evaluation of the proposed research; that is, the participant made a
truly informed decision about participating in the proposed research. However, research
indicates that despite the use of thorough informed consent documents, the comprehension
of the proposed research and an the understanding of the potential risks and benefits of
participating in a clinical trial are less than ideal among population resident in resource poor
settings (76, 77). Hence, much effort often goes into educating and informing these
populations not only of the nature of the current clinical trials but the basic distinction
between medical ‘research’ and medical “‘care’ (78-80). At times, even the basic
components of the disease itself must be explained to participants in order for them to decide
on the risk and benefits proposed by participating in a clinical trial.

Most problematic is that many of populations in which NTD vaccines will undergo early
clinical testing are often underserved by the local medical infrastructure and are unfamiliar
with the distinction between standard of care medical practice and clinical research. The
latter poses problems of enrolling truly informed and consenting participants into clinical
trials. The daunting complexity of the technical and scientific information presented during
the informed consent process can prove especially challenging to volunteers with limited
education (78-80). Often even the most simply written informed consent document contains
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extensive and complex information that may not satisfactorily convey an understanding of
the study procedures to be undertaken or of the potential risks and benefits of participation
to individuals in such settings. In an effort to adequately inform volunteers, investigators
conducting early phase clinical research on NTD vaccines in resource-poor areas have
increased the amount of information in informed consent documents as well as developed
several strategies involved in community preparation (81).

Technical challenge 4b: the immune response to NTD infection and the ‘IgE trap’

As noted above, many of the NTDs are endemic to the same geographic area (co-endemic):
a single individual can often have several of NTD infections at once. This is most apparent
in helminth infection, where it is common for individuals (especially children) to have
several of these infections simultaneously. Many of the NTD pathogens, especially the
helminths, are associated with a systemic downmodulation of the immune response, with
measurable attenuation of responses to bystander antigens and routine vaccine vaccination
(82-84); for example, it is well accepted that T-helper 2 (Th2) responses are elicited during
natural helminth infections, e.g. schistosomiasis, onchocerciasis, and filariasis (82-84). As
part of this Th2 response, individuals develop elevated levels of total and parasite-specific
immunoglobulin E (IgE), as well as increased levels of interleukin-4 (IL-4), IL-5 and I1L-13,
with concomitant increases in eosinophils and mast cells (83). The Th2 response during
helminth infection is induced against a background of potent, parasite-induced
immunoregulation, referred to as a ‘modified” Th2 response. This modified Th2 response
can consist of alternatively activated macrophages, Foxp3* CD4 regulatory T (Treg) cells,
and CD4* Tr1-1L-10-producing T cells (82, 83). The effect of this response is to create an
immune environment so extensively downregulated that it should protect the host not only
from the strong inflammatory effects of helminth infections but also against the effects of
other IgE-mediated disorders such as atopy, asthma, and anaphylaxis (85). Reduced allergic
responses have been shown in studies of infection of mice with various helminth infections
(reviewed in 86). Moreover, epidemiological evidence suggests that hookworm infection is
associated with reduced skin reactivity to common allergens and a lowered risk of extrinsic
asthma (87).

However, this response can also pose other problems for helminth vaccines. Recombinant /.
americanus Ancylostoma Secreted Protein-2 (Ma-ASP-2) is a 21.3 kDa protein secreted by
infective hookworm larvae upon entry into the human host (88-90). Immune responses to
administered Na-ASP-2 showed significant protection in laboratory animal models (91). In a
Phase 1 study conducted in hookworm-naive adults living in the US, Na-ASP-2 adjuvanted
with Alhydrogel was well-tolerated and immunogenic (92). However, in a parallel Phase 1
trial of this vaccine in adults living in a hookworm endemic area of Brazil, vaccination with
a single dose of Na-ASP-2 (10 pg) resulted in generalized urticarial reactions in several
volunteers. Subsequent analysis showed that the urticarial reactions were associated with
elevated levels of IgE antibodies specific for Na-ASP-2, present before receiving
immunization from their previous hookworm infection. A survey of adults and children from
the same hookworm-endemic area revealed that a significant proportion had elevated levels
of IgE to Na-ASP-2. Hence, vaccinating with Na-ASP-2 posed risks for the population in
general. To date, the only feasible alternatives has been to either re-engineer the Na-ASP-2
antigen to remove or mutate epitopes recognized by IgE or identify new vaccine antigens
that are protective but not recognized by IgE antibodies induced by natural infection
(discussed below). Currently, screening for pre-existing levels of antigen-specific IgE is
used as a critical step in our selection of potential vaccine antigens.
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Vaccines for soil-transmitted helminths

Hookworm vaccines

The soil-transmitted helminth (STH) infections are among the most common afflictions of
humankind, especially the three most common STH infections, i.e. ascariasis, trichuriasis,
and hookworm (37). They are also among the most significant NTDs in terms of disease
burden with some estimates indicating that the three major STH infections result in 39.1
million DALYs lost annually (93), a value roughly equivalent to malaria or tuberculosis
(94). The current approach to the control of these major STH infections in developing
countries is the annual or twice-yearly administration of a single dose of either albendazole
(400 mg) or mebendazole (500 mg) (37). This strategy is sometimes referred to as
‘deworming’ and is currently practiced extensively in low- and middle-income countries
especially in schools to reduce the worm burdens of children (49), with resultant
improvements in child growth and cognition (37). In a recent meta-analysis, it was
determined that single dose albendazole or mebendazole is most effective for producing
cures or reducing the worm burdens of the STH infection ascariasis but much less so for
trichuriasis and hookworm infection (95). Of particular concern are the findings that single
dose mebendazole produces only 15% cure rates for hookworm infection (95), and the
efficacy of mebendazole can diminish with frequent and periodic use (96), leading to
suggestion that anthelminthic drug resistance may be developing against hookworm,
particularly N. americanus. Moreover, high rates of post-treatment re-infection are common
for hookworm as they are other STH infections (97). Therefore, while anthelminthic
chemotherapy approaches remain the mainstay of control for ascariasis and trichuriasis, for
hookworm new controls tools are considered necessary such as a vaccine (56, 98).

Recent developments in hookworm vaccines

The prospects for developing a vaccine against human hookworm infection, particularly for
N. americanus infection, which is responsible for almost 90% of the human hookworm cases
worldwide has been reviewed (56, 98, 99) and is briefly summarized here. As mentioned
above ( Technical challenges for NTD vaccines), the initial lead candidate antigen of the
HHVI was a 21 kDa recombinant protein known as Ancylostoma secreted protein 2 (ASP-2)
(56, 88, 91). During phase 1 testing in a hookworm endemic area of Brazil, pre-existing
levels of Na-ASP-2-specific IgE among adults resulted in generalized urticaria response
after a single vaccination (unpublished observation). Based on the outcome of this phase 1
study, the HHVI is no longer pursing larval antigens (such as ASP-2) as candidates for
vaccine development (100).

The HHVI is now focused on candidate antigens from the adult hookworm, especially
antigens involved in parasite blood feeding (reviewed in 100) (Fig. 2). Hookworms ingest
blood, and approximately 25-30 adult hookworms can cause the blood loss of
approximately 1 ml daily, which contains an amount of iron roughly equivalent to a child’s
daily iron intake (101). Much of the pathology associated with human hookworm infection
is associated with the blood loss from feeding adults, which can lead to iron deficiency and
anemia and protein malnutrition (14). Interfering with hookworm blood ingestion through
vaccination represents a viable and alternative strategy to larval vaccination (56).

Two lead antigens have emerged as promising candidates for a human hookworm vaccine
based on this strategy (100). One of these is a 45 kDa aspartic protease, known as Na-APR-1
(102-104). Na-APR-1 is a hemoglobin-digesting protease found in the hookworm
alimentary canal (105). The enzyme is critical for parasite hemoglobin digestion. The
immunization of canines with recombinant Ac-APR-1 induced antibody and cellular
responses that resulted in significantly reduced worm burdens and fecal egg counts in
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vaccinated dogs compared with control dogs after challenge with infective larvae of
Ancylostoma caninum. More importantly, vaccinated dogs were protected against blood loss
and did not develop anemia compared with control canines. In addition, the 1gG from
vaccinated canines decreased the catalytic activity of the recombinant enzyme /n vitro, and
the antibody bound /n situto the intestines of worms recovered from vaccinated dogs,
implying that the vaccine interferes with the parasite’s ability to digest blood (102). Because
it is not practical to immunize humans with an enzymatically active protease, Na-APR-1
cloned from N. americanus was inactivated by site directed mutagenesis (two aspartic acid
residues to alanines). When expressed as a recombinant protein, the mutagenized gene
elicited neutralizing antibodies and host protection (103). Na-APR-1 is currently undergoing
process development.

A second adult-stage hookworm antigen, NMa-GST-1, is also involved in parasite blood
feeding. This 24 kDa glutathione S-transferase (GST) from N. americanus (or A. caninum)
reduced host worm burdens immunized in hamsters (106-108). The mechanism of action of
vaccines containing NVa-GST-1 also appears to be antibody mediated. It was shown that
hookworm GST-1 molecules belong to a unique Nu class of enzymes, which are involved in
heme binding (107, 109). From the X-ray crystal structure of Na-GST-1 (109), it has been
hypothesized that the molecule forms homodimers large enough to accommodate heme,
hematin, and related molecules. Hence, Na-GST-1 may function to detoxify heme (107-
109). Na-GST-1 expressed in the yeast P. pastoris has completed both process development
and cGMP manufacture and is expected to undergo a regulatory submission and possibly
Phase 1 clinical testing soon. Ultimately, Na-GST-1 and Na-APR-1 would be used together
a bivalent vaccine (100).

Much of the product and clinical development of the human hookworm vaccine will be
conducted in Brazil (100). With 32 million cases, Brazil has the largest number of cases of
hookworm in the western hemisphere. Moreover, it has a sophisticated biotechnology
infrastructure through both its Oswaldo Cruz Foundation (FIOCRUZ) and Instituto
Butantan, which create ideal partners for the HHVI. The HHVI will work with both the US
FDA and ANVISA, the national regulatory authority in Brazil to advance regulatory filings
in both countries and downstream consider product licensure in that country.

Vaccines for blood flukes

Schistosomiasis vaccines

Schistosomiasis is caused by blood flukes of the genus Schistosoma and is arguably the
most important human helminth infection in terms of global mortality. Recently, King et al.
(13) increased their assessment of the public health impact of schistosomiasis by including
not only gross organ pathology in the calculation of DALYSs, but also the anemia, pain,
diarrhea, exercise intolerance, and under-nutrition that results from chronic infection.
However, recent progress in the control of schistosomiasis has led some to suggest that it
may be ‘consigned to history’ by 2015 — the target stated in the MDGs (110). Since the
1990s, the major approach to schistosomiasis control has been periodic treatment with
praziquantel (PZQ), with the most recent version of schistosomiasis control consisting of the
integration of PZQ into control programs for other neglected tropical diseases (11, 111).
However, the sustainability of PZQ treatment for the long-term control of schistosomiasis
remains a concern. Indeed, the justification for developing vaccines against schistosomiasis
have not changed for over a generation, i.e. high disease burden, high rates of post-treatment
reinfection, the inability of mass chemotherapy to interrupt transmission and control
morbidity. Most remarkable is the exclusive reliance on praziquantel for control, even in the
face of significant concerns about drug resistance and an absence of new drugs in the
development pipeline (112, 113).
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A central assumption in schistosomiasis control programs is that the repeated use of PZQ
leads to a regression of the end organ pathology related to infection. Indeed, treatment with
PZQ has been shown to reverse both liver and urinary tract pathology due to S. mansoni and
S. haematobium, respectively (reviewed in 114). However, there is no evidence that PZQ
acts directly on the liver and urinary tract to reduce granulomata and fibrosis — in fact, this is
unlikely since PZQ has no direct effect on the schistosome eggs that are the cause of the
pathology (114). The benefit of PZQ in this regard is probably due to a temporary reduction
in the number of egg-laying adult worms in the host, thereby slowing the progression to an
advanced disease state and even allowing for regression of existing lesions. However, post-
therapy reversal of both peri-portal liver fibrosis and urinary tract pathology is variable and
temporary, with lesions usually recurring from 12 to 18 months after treatment, at least in
the case of S. haematobium (115, 116). Therefore, use of PZQ to prevent and treat organ
pathology would require sustained chemotherapy efforts, applied systematically and
periodically on a mass scale for an indefinite period of time, which does not appear to be a
sustainable proposition.

While the development and spread of PZQ resistance is uncertain, the possibility of
resistance reinforces the need for alternatives to single drug treatment. The reduced efficacy
of PZQ treatment has already been reported in both Egypt and Senegal (117-119), and PZQ-
resistant schistosomes can be selected for in the laboratory (reviewed in 120). It is not an
unreasonable supposition, given the experience with Plasmodium falciparum and
gastrointestinal nematodes of livestock, that the selection of drug-resistant schistosomes is
inevitable. For these reasons, the window of opportunity provided by PZQ should be
considered transitory, and the time afforded should be used to develop a vaccine, which can
be used once PZQ is no longer effective, or even before then, to prevent or limit resistance.
Additionally, an effective drug discovery program should be strongly encouraged to
sufficiently arm the chemotherapeutic arsenal against schistosomiasis (121).

Human immune response

As with other helminth infections, there is very little evidence to conclude that protective
immunity develops in response to chronic schistosome infection or can be induced by
repeated treatment with PZQ. The best evidence for the acquisition of immunity to
schistosome infection comes from studies of populations living in endemic areas, where
declining levels of infection are seen with increasing age. This age — intensity relationship
has been observed for all three of the major schistosomes (S. mansoni, S. haematobium, and
S. japonicum) and is commonly referred to as the ‘convex age infection curve’, in which the
mean intensity of infection (usually measured as fecal egg counts) rises throughout
childhood, peaks in late adolescence, and then declines rapidly in adults (122). Several
hypotheses have been proposed to explain this curve, including the slow acquisition of
immunity triggered by antigens released by dying worms in the host (123), hormonal and
physiological changes of adolescence that alter the ability of schistosomes to penetrate the
skin, or behavioral changes that result in reduced environmental exposure (124). Evidence
that the curve is due to acquired immunity comes from the observation of a ‘peak shift’ in
which maximum infection intensity occurs at younger ages in areas of higher transmission
(125), presumably because more intense exposure to infection results in earlier acquisition
of immunity, similar to what is observed with P. falcjparum malaria.

Over a decade ago, groups of individuals were identified as ‘Putatively Resistant’ (PR) by
remaining egg-negative despite constant exposure to S. mansoni transmission (126, 127).
More specifically, PR individuals were defined as (1) negative over 5 years for S. mansoni
infection based on fecal egg counts; (2) never treated with anthelmintic drugs; (3)
continually exposed to infection; and (4) maintaining a vigorous cellular and humoral
immune response to crude schistosome antigen preparations (126-128). A role for immunity
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in protecting these individuals is inferred from their vigorous, but very different immune
response to the crude S. mansoni antigen extracts [i.e. schistosomula tegument extract
(STEG) and soluble adult worm antigen preparation (SWAP)] than individuals who are
chronically infected.

Proof of concept

The ‘gold standard’ against which Schistosoma spp vaccines are judged is the attenuation of
invasive cercariae with ionizing radiation (gamma, X-rays, or UV) (reviewed in 129). Based
upon the development of successful viral and bacterial vaccines in the early 20th century,
this attenuation strategy was developed, optimized and standardized in laboratory models
during the late 1970s (130-132). The attenuation of infective cercariae has traditionally been
achieved using a gamma source of radiation (131), although X-rays have also been used
(133). In this model, protection is measured by enumerating the adult worms recovered by
perfusion of the portal vasculature from vaccinated mice compared with control
(unvaccinated or vaccinated with adjuvant) mice (129). A single exposure to 500 optimally
radiation-attenuated cercariae can achieve protection of 60—70% (129). While nearly all
studies of the radiation attenuated cercariae vaccine have been performed in C57BI/6 mice
(which are considered to be a high responder strain), protective immunity in other strains has
been achieved, with levels depending upon various genetic factors, including host MHC
(129). The radiation-attenuated vaccine has also been used in many different host species
and against S. mansoni, S. haematobium, Schistosoma bovis, and S. japonicum (134-137).
The radiation-attenuated vaccine for S. mansoni has been shown to protect in a variety of
host species such as rats (138) and non-human primates, including baboons and
chimpanzees (139, 140). Radiation-attenuated larvae of S. haematobium induce protection in
baboons (141). Over the past 25 years, a substantial inventory of data has accrued which
reveals many features of the radiation-attenuated larvae vaccine that are critical to our
understanding of how to induce protective immunity and are well reviewed in Hewitson et
al. (129).

Context for the development of schistosomiasis vaccines

The radiation attenuated vaccine model raised hopes for the development of molecular
vaccines against schistosomes. However, no single antigen has consistently induced these
same levels of protection, particularly in recombinant form. Nearly 15 years ago, the WHO
initiated an independent trial of the six most promising vaccine candidates of S. mansoni
origin. This was a reflection of the advances made in molecular biology during the 1980s
that enabled the selection and purification of recombinant schistosome molecules, which
could be tested in laboratory animal models (mice). As reported by Bergquist and Colley
(142), these trials failed to identify a candidate antigen protective above the 40% threshold
set by the WHO. Moreover, studies of the human immune response to these candidates also
failed to identify one with outstanding potential (143, 144).

Ongoing development of schistosomiasis vaccines

Only one schistosome antigen has entered into clinical trials. The Institut Pasteur together
with the French Institut National de la Santé et de la Recherche Médicale have taken a
recombinant 28 kDa GST cloned from S. haematobium through both phase 1 and 2 clinical
testing in Europe and West Africa (Senegal and Niger). Sh28-GST (Bilhvax) is a
recombinant protein formulated with an aluminum hydroxide adjuvant (145, 146). Bilhvax
appears to be immunogenic and well-tolerated in healthy adults from non-endemic (France)
and S. haematobium endemic areas in African (reviewed in 145, 146). A number of other
antigens have shown promise in preclinical studies (reviewed in 57, 112). Of note is a 14
kDa fatty acid binding protein known as Sm14 (147), which in experimental animals (mice
and rabbits) elicits protection against S. mansonias well as Fasciola hepatica, a trematode
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fluke responsible for human and veterinary fascioliasis (148). Recombinant Sm14 is being
developed as an anthelminthic vaccine for use against both fascioliasis of livestock and
human schistosomiasis due to S. mansoni. Previous problems with dimerization have been
solved. Sm 14 now appears to be a viable and stable vaccine candidate for clinical testing
(149). Sm-p80 is another S. mansoni antigen at an advanced stage of pre-clinical
development. This antigen encodes the large subunit of a calcium-dependent neutral
protease (150-152), and has been tested as DNA vaccine ina DNA prime and protein-boost
schedule as well as with a more conventional recombinant protein schedule. In all cases,
Smp80 has shown excellent protection in a variety of animal models, including a non-human
primates (150-152).

Recent developments in schistosomiasis vaccines

Over the past few years several major advances in schistosome molecular biology have
occurred: the transcriptome (153), the genome (154, 155), and much of the tegument
proteome of S. mansoni (156—159) have either been completed or mostly characterized. This
upsurge in molecular information (particular the marriage of nucleotide and protein
sequence data to rapidly link proteins to mMRNAS) is now bearing fruit in terms of a whole
new suite of promising vaccine antigens. These proteomic and transcriptomic analyses have
also reminded us that the most important target of the schistosome is the tegument. Indeed,
there is some consensus that previous failures to develop an efficacious schistosome vaccine
were due to the complex immunoevasive strategies employed by the parasite to avoid
elimination from its intravascular environment (160), with much of this immune evasion
attributed to the dynamic nature of the tegument. Mammalian stage schistosomes have a
host-interactive outer surface tegument consisting of a single, contiguous, double-bilayer
(heptalaminate) membrane that covers the entire worm. The tegument is thought to be
involved in several key physiologic processes: parasite nutrition, osmoregulation, and the
evasion of host immunity (reviewed in 161). For many microbial pathogens, the host-
exposed capsular surface is the target of the most protective vaccines and includes
successful examples of metazoan parasite vaccines, such as the cattle tick Boophilus
microplus (162, 163), the gastrointestinal nematode Haemonchus contortus (164), and
several species of cestode parasites (62). Based on this knowledge, the schistosome
tegument is now the target of intensive development of a vaccine (167).

Substantial recent proteomic analyses have been utilized to identify the proteins present in
the tegument and exposed to the host (157-159). Despite the abundance of proteins found
within this structure (157), few tegument proteins are found in the outer tegument of live
worms, where they are likely to be exposed to the host immune system (158). To identify
proteins that contain membrane-targeting signals and are putatively expressed in the outer
tegument, we used signal sequence trapping to identify two S. mansoni cDNAs of particular
interest — Sm-tsp-1 and Sm-tsp-2 (168). These mMRNAs encoded novel tetraspanins, i.e. four-
transmembrane domain proteins homologous to surface receptors on B and T cells.
Tetraspanins have two extracellular (EC) domains — the small loop (EC-1) and the large
loop (EC-2). In recent descriptions of the S. mansoniadult worm tegument (157, 159),
TSP-2 was one of relatively few integral membrane proteins to be consistently found in the
tegument, and not in underlying tissues. Sm-TSP-2 is thought to play a critical role in
tegument development and maturation (169). The ultrastructural morphology of adult worms
and schistosomula treated /in7 vitro with Sm-tsp-2 double-stranded RNA (dsRNA) displays a
distinctly vacuolated and thinner tegument compared with controls, suggestive of impaired
closure of tegumentary invaginations (169). A marked and significant reduction (83%) of
adult parasites were recovered from mice injected with schistosomulae pre-treated with Sm-
tsp-2 dsRNA than control mice injected with untreated schistosomulae (169). These data
suggest that tetraspanins are important role in maintaining the integrity of the tegument,
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including its structure and development. We have identified and are evaluating other
tetraspanins in experimental animal models such as Sm-tsp-2, which is the most highly
upregulated mRNA in maturing schistosomulae (61). Finally, addition, there is some
precedent for the evaluation tetraspanins as vaccine candidates: Sj23 is a tegument
tetraspanin used in DNA vaccine for water buffaloes, an important reservoir for S.
Japonicum in China (170).

Because the TSPs are putatively exposed to the host immune system, we screened the sera
of individuals who are putatively resistant to S. mansoni infection from Brazil for antibodies
against recombinant versions of these proteins. These putatively resistant individuals had
elevated levels of the cytophilic antibodies 1gG1 and IgG3 compared with age, sex, and
water contact matched individuals chronically infected with S. mansonifrom the same
endemic area (61). Previous studies in Brazil (144) and Egypt (143) assessed the immune
responses of resistant and susceptible individuals to a panel of S. mansonivaccine antigens,
mostly those tested by the WHO, with no single antigen uniquely recognized by putatively
resistant individuals. However, unlike Sm-TSP-2, none of these proteins tested by WHO
were apical membrane proteins exposed to the host in the outer tegument membrane (158).
Of note in our studies in Brazil was the absence of IgE to Sm-TSP-2 in both putatively
resistant and chronically infected individuals, enabling us to avoid one of the more recently
identified technical challenges for helminth vaccines — the IgE trap (see above).

The second EC domain fragment of a schistosome tetraspanin known as Sm-TSP-2 has been
selected by the HHVI for development as a human vaccine antigen. When the 9 kDa EC
domain was expressed in either P. pastorisor E. coli and formulated with either Freund’s
complete adjuvant (61), aluminum hydroxide, or aluminum hydroxide together with CpGs,
it provided high levels of protection in mice vaccinated with the antigen followed by
challenge with S. mansoni cercariae. The Sm-TSP-2 recombinant schistosomiasis vaccine
would be intended primarily for school-aged children living in the S. mansoni endemic
regions of sub-Saharan Africa and Brazil. This population was selected because they are
considered at greatest risk for acquiring the largest number of schistosomes and because
they suffer the greatest morbidity compared to any other age-group. The vaccine would be
administered as an injectable product and ideally would prevent the reacquisition of
schistosomes in the blood stream following initial treatment with PZQ (vaccine-linked
chemotherapy) (reviewed in 112). The “proof of concept’ for the efficacy of the vaccine
would be obtained in a phase 2b study that follows safety studies (phase 1) and would be
based on reductions in schistosome egg counts in school-aged children compared with age-
matched controls.

The absence of a commercial market for a schistosomiasis vaccine linked with PZQ
chemotherapy requires that the vaccine be developed through a PD-PPP mechanism (Global
access of NTD vaccines, below). It also requires that a schistosomiasis vaccine be produced
at extremely low cost; our economic studies indicate that helminth vaccines require costing
below US$1-2 per dose. Such economic requirements likely prevent expensive vaccine
biotechnologies, including mammalian cell culture, insect expression vectors, and prime-
boost strategies using adenovirus vectors or DNA vaccines. Therefore, we are focusing
expressing this protein in extremely low-cost bacteria and yeast expression vectors.

Veterinary (transmission-blocking) vaccines

Cysticercosis and echinococcosis vaccines

Cysticercosis and echinococcosis (hydatid disease) are caused by infection with larval stages
of the taeniid tapeworm parasites 7aenia soliumand Echinococcus granulosus, respectively.
These are zoonotic diseases and livestock animals are involved in their transmission.
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Vaccination of humans would provide the most direct means to prevent cysticercosis and
echinococcosis; however, an alternative option would be to utilize vaccines in the normal
animal hosts of the parasites, indirectly achieving a reduction in human incidence by
decreasing or removing the source of infective material for humans. The latter strategy
would be considerably less expensive to develop and implement.

Two different mammalian hosts are involved in the life cycle of taeniid cestode parasites, in
a prey-predator cycle. The adult tapeworm lives in the small intestine of a carnivore
(definitive host) while the larval stages encyst in the body tissues of an omnivore or
herbivore (intermediate host). The life cycle is completed when tissues infected with the
larval stages are eaten by a suitable definitive host species. For 7. solium, humans act as the
obligate definitive host and pigs act as the animal intermediate host. Dogs act as definitive
hosts for £. granulosus, and while numerous herbivorous species may be intermediate hosts,
sheep and goats are most commonly associated with transmission of the parasite leading to
infections in humans. Humans may act as intermediate hosts for both 7. solium
(cysticercosis) and E. granulosus (echinococcosis/hydatid disease), and it is these infections
of the body organs with the parasites’ metacestode stages that causes substantial human
morbidity and mortality globally.

Potentially both the definitive and intermediate hosts of these species could be targeted for
development of transmission blocking vaccines. Notwithstanding some recent encouraging
data (171, 172), there is little convincing evidence in favor of the existence of
immunologically mediated resistance to infection with taeniid cestodes in their definitive
hosts (173). This contrasts with the situation in the parasites’ intermediate hosts where
unequivocal evidence exists for immunologically mediated resistance to infection. This fact
has favored the successful development of transmission blocking vaccines and the following
discussion focuses on vaccination against infection in the parasites’ intermediate hosts.

Acquired immunity

Taeniid cestodes are unusual eukaryotic parasites because acquired immunity can be readily
demonstrated. Indeed, the first convincing proof that it was possible to achieve immunity
against a metazoan parasite with obtained for infection with 7aenia taeniaeformis, a natural
taeniid cestode parasite of rodents, when it was discovered that infected animals were
immune to a subsequent re-exposure to the parasite (174, reviewed in 175). Subsequently it
was shown that acquired immunity could be demonstrated for many, if not all, species of
taeniid cestode in their intermediate hosts (reviewed in 176).

Correlates of protection

Early investigations into acquired immunity to 7aeniaand Echinococcus species found that
immunity could be transferred with colostrum from an infected dam or to a naive recipient
with passively transferred serum or purified 1gG from an infected donor (174, 177-179).
The protective efficacy of specific antibody against 7. taeniaeformis in both in rats (180)
and mice (181) was found to be abrogated entirely by cobra venom factor, implicating
complement in the mechanism by which host protective immunity was manifest. Passive
protection was found to be effective only if the antibodies were transferred within the first
few days of an infection (180-182), indicating that the susceptible phase in the parasite’s
development was the invasive or early developing parasite and that mature parasites were
relatively insusceptible to host immune attack. While all of this information is not available
for taeniid species other than 7. taeniaeformis, the available evidence suggests that these
general features are common to many or all taeniid cestode infections in their intermediate
hosts (173, 175, 179).
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Impact on development of a vaccine

Shortly after Miller (174) established that immunity to re-infection with 7. taeniaeformis
occurred in rats, immunization studies showed that immunity could also be stimulated by
immunization with parasite extracts (183). Subsequently, it has been found that protection
could be afforded against other taeniid species by immunization of their hosts with non-
living parasite extracts (176). Rajasekariah and colleagues (184) discovered that the richest
source of host protective antigens was the infective form of the parasite known as the
oncosphere.

Proof of concept: animal models

Research towards the development of transmission blocking vaccines for cysticercosis and
echinococcosis affecting humans took a major step forward with the successful development
of a recombinant vaccine against cysticercosis in sheep caused by 7aenia ovis (165, 185).
This was the first highly successful recombinant vaccine against any eukaryotic parasite and
has been recognized as a milestone in the history of parasitology (186). Not only did the 7.
ovisvaccine development program provide a blueprint for how an effective vaccine could be
developed, it also provided cDNA probes, which could be used as tools for identification of
potential antigen-encoding genes in other taeniid species.

Proof of concept: in vitro models

Antibody is the principal, if not the only, specific host protective immune mechanism which
protects the intermediate hosts of taeniid cestodes against a challenge infection with eggs.
This is the case both for immunity stimulated by prior infection as well as immunity
stimulated by vaccination with oncosphere antigens. The presence of protective antibody in
serum can be demonstrated through their capacity to kill oncospheres or early developing
parasites in /n7 vitro culture. This phenomenon was first demonstrated for the parasite 7aenia
saginata by Silverman (187) and been utilized for investigations into protective antibodies
against several taeniid species (188-190).

Successful development of effective vaccines against cysticercosis and echinococcosis

Following the development of the recombinant vaccine against 7. ovisin 1989 (165), the
knowledge and tools developed with that parasite were utilized to assist with the production
of effective recombinant vaccines against infection with several other taeniid cestode species
(reviewed in 62). Vaccine trials in Australia, New Zealand, Argentina, and China confirmed
the efficacy of the EG95 recombinant antigen against £. granulosus infection in sheep and
other host species (54, 166, 191). Vaccine trials in pigs against cysticercosis caused by 7.
solium confirmed the effectiveness of recombinant oncosphere antigens to protect against
this species also. Independent vaccine trials carried out in pigs with the TSOL18 antigen in
Mexico, Peru, Honduras, and Cameroon have all achieved 99-100% protection against an
experimental challenge infection with 7. solium (62, 192, 193). The effectiveness of these
vaccines in experimental challenge trials in the parasites’ natural host species is highlighted
in Table 6.

Field trials of the EG95 vaccine against echinococcosis are currently underway in the
Patagonian region of Argentina. Recently, results were published of the first field trial of the
TSOL18 vaccine, which was carried out in far north Cameroon. The vaccine completely
eliminated the transmission of 7. so/ium by the pigs involved in the trial (194). This
represents an extraordinary level of success for an anti-parasite vaccine and augers well for
the implementation of programs to eradicate 7. sofium (195, 196).

Immunol Rev. Author manuscript; available in PMC 2012 September 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bethony et al.

Page 19

Challenges for further development and implementation

The most significant challenge facing the TSOL18 and EG95 vaccines against cysticercosis
and echinococcosis relate to the lack of incentive for livestock owners to vaccinate their
animals against the parasites causing these diseases. There is relatively little direct economic
impact due to 7. soliumor E. granulosus infections in livestock. The overwhelming
importance of the parasites lies in their effects on human morbidity and mortality. There are
not compelling economic reasons why livestock owners would choose to spend time or
money to prevent these infections being transmitted. For this reason, control of cysticercosis
and echinococcosis is likely to depend on disease control investments made by governments
and philanthropic agencies.

Delivery systems

Formulation

Progress on

At this time, the TSOL18 and EG95 vaccines both require at least two immunizations to
stimulate a high level of immunity. The necessity to treat each animal individually on more
than one occasion is not ideal in the often poor and remote environments in which these
vaccines are needed most. Alteration to the vaccine delivery technology such that only a
single exposure of the animals was required to stimulate long lasting immunity would
represent a major improvement. Currently available technologies suggest this could possibly
be achieved through the adoption of live recombinant vaccine delivery technologies.

To date the TSOL18 and EG95 vaccines have been utilized as stand-alone vaccines. An
alternative approach to the vaccines’ delivery could provide incentives for livestock owners
to use the vaccines. The development of products that combined the cestode antigens with
vaccines against economically important pathogens of livestock would be likely to enhance
the acceptability and application of these vaccines. For example, combination of TSOL18
with one of the existing commercial vaccines against classical swine fever or a future
vaccine against African swine fever. For echinococcosis, the very commonly used clostridial
vaccines provide obvious candidates for development of combination vaccines with EG95
for use in sheep, goats and cattle.

Formulation of vaccines for application in livestock animals does not pose the same level of
restrictions as are imposed in the development of vaccines for use in humans. The adjuvant
that has been utilized successfully in experimental trials of the TSOL18 and EG95 vaccines
to date, Quil A, and its less pure parent saponin, are already licensed for use in a variety of
veterinary vaccines.

clinical development and commercial-scale production

The EG95 hydatid vaccine has undergone substantial clinical development as well as the
establishment of Good Manufacturing Practice production protocols. The vaccine was
licensed for application in China in June 2007 and is currently being assessed for
registration in Argentina. Field trials are underway in Argentina in the Tehuelche
communities of Chubut province and the Mapuche communities of Rio Negro province.
Clinical trials are underway in Turkey with a clostridial/EG95 combination vaccine for
sheep. Clinical development and scale up of the TSOL 18 cysticercosis vaccine for pigs are
in their infancy; substantial progress is anticipated in these areas over the next few years.

Enteric protozoa vaccines

Giardia lamblia (9.5 cases/100 000 USA population) is the most common parasite identified
in stool samples of individuals in the US, present in about 4% of stool specimens submitted
to clinical laboratories for O&P testing. It is also the most common cause of diarrhea in
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returning travelers (197). There are two major genotypes of G. lamblia that may differ in
their propensity to cause diarrhea (198, 199). Water and food-borne transmission are the
most frequent mechanisms of spread, with person-to-person spread important in day care
settings and among sexually active homosexual males. Giardiasis is highly infectious,
ingestion of as few as 10-25 cysts produces disease in human volunteers. Giardiasis occurs
in all parts of the world and is a common cause of water-borne outbreaks of diarrhea in the
United States. Giardia exists in the small intestine, where EC trophozoites remain in intimate
contact with the intestinal epithelium. Vaccination against giardiasis is potentially
complicated by the fact that the parasite can undergo antigenic variation. Cyst wall proteins
are candidate antigens for a giardia vaccine (200, 201). Recently disruption of antigenic
variation was demonstrated to be an approach to vaccination (202).

Cryptosporidium spp. infection (1.4 cases/100 000 USA population) results from ingestion
of fecally contaminated water or food containing the infectious oocyst form.
Cryptosporidium parvumand Cryptosporidium hominis are the predominant causes of
cryptosporidiosis in humans (203). In one study of diarrheal disease in Dhaka Bangladesh
cryptosporidiosis was responsible for 2.8% of patients with diarrhea severe enough to
warrant a hospital visit (198). Sporozoites are released from the oocyst in the small intestine
and attach to the epithelial cell surface. Upon invasion of the epithelial cells the parasite
undergoes both the sexual and asexual stages of the life cycle. Infection with
Cryptosporidium spp. in a normal host leads to days to several weeks of non-bloody
diarrhea. In patients with AIDS and diminished CD4* T cells, infection may be persistent
and require therapy. Individuals with diminished mannose-binding lectin levels (204) and
with certain HLA haplotypes (205) are also more susceptible. The most effective therapy for
cryptosporidiosis in AIDS is antiretroviral treatment (ART) of HIV, which has led to a 90%
decrease in the incidence of cryptosporidiosis in the US. In patients with severe AIDS who
are not responding to or are intolerant of ART, neither paromomycin nor nitazoxanide are
effective treatment (203, 206). Vaccination against C. parvum is focused on
immunodominant antigens expressed on the surface of sporozoites (207-210). Immune sera
against these antigens are able to partially block sporozoite invasion. Additional sporozite
antigens, to which invasion-neutralizing antibody responses are directed, included CpMuc4
and CpMuc5 which are mucin-like glycoproteins (209). Because the entire parasite life cycle
takes place in the intestinal epithelium, a mucosal immune response is considered critical,
and recent approaches have used salmonella as a vaccine delivery vehicle (207).

E. histolytica infection is foremost a problem for children in the developing world (211).
The WHO estimates that approximately 50 million people worldwide suffer from invasive
amebic infection each year, resulting in 40 to 100 thousand deaths annually (212). Carefully
conducted serologic studies in Mexico, where amebiasis is endemic, demonstrated antibody
to £. histolyticain 8.4 % of the population (213). In the urban slum of Fortaleza, Brazil,
25% of the people tested carried antibody to £. Aistolytica; the prevalence of anti-amebic
antibodies in children aged 6 to 14 years was 40% (214). Our prospective study of preschool
children in a slum of Dhaka Bangladesh demonstrated new £. Aistolytica infection in 39% of
children over a 1-year period of observation, with 10% of the children having an £.
histolytica infection associated with diarrhea and 3% with dysentery (215). Amebiasis is
also the second most common cause of diarrhea in returning travelers (197). Amebiasis is
also a Category B biodefense agent. There are several unfortunate properties of £.
histolyticathat could be exploited for misuse in an act of bioterror or war. The organism has
a low infectious dose (<10 cysts) and is resistant to chlorination. Infection can be acquired
from fecal contamination of municipal water supplies, as most recently seen in Tblissi in the
Republic of Georgia (216).
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Vaccination against amebiasis in our laboratory is focusing on the parasite Gal/GalNAc
lectin. It is an attractive vaccine antigen, as it has essential roles in parasite adherence,
killing and phagocytosis, and is antigenically conserved between strains. Trophozoites
adhere to the colonic mucus and epithelial cells through interaction of a galactose and A-
acetyl-D-galactosamine (Gal/GalNAc) specific lectin with host Gal/GalNAc-containing
glycoconjugates (217). The trophozoite kills host epithelial and immune cells at points of
invasion in a process that requires the activity of the Gal/GalNAc lectin. Finally, £.
histolytica ingests the corpse of the dead cell, in part via the lectin (218). A critical recent
advance by our team of investigators has been the discovery of acquired immunity in
children to intestinal amebiasis (219) (Fig. 3). Immunity is associated with a mucosal IgA
response against the carbohydrate recognition domain (CRD) of the Gal/GalNAc lectin:
children with this response had 86% fewer new infections over 1 year of prospective
observation, with an overall median duration of protection of approximately 600 days (220).
Immunizations with native Gal/GalNAc lectin, native Igl, and with recombinant proteins
containing parts of the cysteine-rich EC portion of Hgl, have been protective in several
different investigators labs with the gerbil model of amebic liver abscess, and in our lab for
the murine model of amebic colitis (reviewed in 222). LecA absorbed in alum is an effective
vaccine in the murine model of amebic colitis. The LecA fragment contains all of the
neutralizing antibody epitopes of the complete Gal/GalNAc lectin. Vaccination with the
alum-absorbed LecA fragment of the parasite Gal/GalNAc lectin provided 68% protection
from amebic colitis in the mouse model (221). Work is underway to develop LecA absorbed
in alum as a vaccine product for the protection of children in the developing world, as well
as international travelers.

Vaccines for leishmaniasis

Leishmaniasis causes human suffering on a global scale, threatening approximately 350
million people in endemic areas, with an estimated 12 million current cases and 2 million
additional cases annually (222). Several species of protozoan parasites of the genus
Leishmania are transmitted by the bite of infected sand flies and cause human infections
ranging from disfiguring cutaneous lesions to potentially fatal VL. Available
chemotherapeutics are largely effective, though often toxic, and drug-resistance is an issue
(223). Even if ideal drugs were available, elimination of leishmaniasis can only be achieved
through vaccination as humans are the main reservoir for many Lesshmania spp., and
elimination of insect vectors is not an alternative. For these reasons, we at the Infectious
Diseases Research Institute (IDRI) have been focused on vaccine development.

Leishmania parasites reside mainly within macrophages, and therefore vaccines that
stimulate cellular immune responses are required for control of intracellular replication.
Appropriate CD4* T-cell responses correlate with protection against leishmaniasis in
humans and in animal models (224). The discovery of the Th1/Th2 separation of CD4
response based on cytokine production was aided largely by studies using resistant and
susceptible inbred mouse strains (225-227). Using crude or defined antigens with
appropriate adjuvants, protection against visceral and cutaneous disease has been achieved
in mice, hamsters, dogs, and non-human primates (59, 228-235). Protection studies,
particularly in mice, have corroborated the Th1-dependence of effective immunity against
Leishmania. Thus, understanding how to induce protective immune responses against
Leishmania has broad relevance to the development of T-cell vaccines and vaccines against
intracellular organisms.

Partial clinical efficacy has been obtained using first generation vaccines, primarily for
cutaneous leishmaniasis (CL) (236-238), though results have been inconsistent. These
studies involved the use of crude preparations that cannot be standardized or be optimally
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formulated to induce desired immune responses while avoiding undesirable immune
responses. Defined antigens delivered as plasmid DNA, vectored DNA, or as recombinant
protein have advantages in this regard, and have proven to be effective in animal models. Of
these platform technologies, only recombinant proteins have advanced to licensure in human
vaccines, while both protein- and DNA-based vaccines have advanced as veterinary
products. While recombinant proteins provide a versatile, scalable, and cost-effective
approach for vaccine development, they generally induce only weak T-cell responses.
However, this can be overcome with the inclusion of adjuvants. We have optimized
adjuvants for vaccine targets requiring potent CD4* T-cell responses, including
leishmaniasis. For our human vaccine development we are emphasizing recombinant
protein/adjuvant, while our canine vaccine program includes evaluation of nucleic acid as
well as protein vaccine constructs.

The development of a safe, effective, and practical vaccine against leishmaniasis involves:
(i) identification of effective antigens and (ii) delivering antigens in formulations that induce
effective T-cell responses. Although partial efficacy has been demonstrated with crude first
generation vaccines, attempts to turn such preparations into sustainable products have been
unsuccessful. To date, there has been no licensure of effective T-cell vaccines, although
several are in development (e.g. tuberculosis, malaria, HIV, leishmaniasis), as well as
immune-therapeutics for cancer. Our approach has been to identify protein antigens, create
polyprotein fusions, optimize the proteins for maximum immunogenicity, and develop
antigen delivery platforms, including adjuvant formulations that promote appropriate T-cell
responses and protection in animal models. Criteria for antigen selection have also included
conservation among Leishmania species, potentially allowing the development of a vaccine
effective against both VL and CL.

Turning antigens into effective immunogens requires understanding of the nature of the
desired immune response and selection of delivery platforms capable of inducing such a
response. Our first defined vaccine against leishmaniasis consisted of a combination of four
recombinant antigens formulated with GM-CSF (used before the availability of other
adjuvants). This vaccine was successfully used to treat drug refractory mucosal
leishmaniasis (ML) caused by Leishmania braziliensis (239, 240) and was the first example
of a defined vaccine being successfully used for immunochemotherapy for this disease,
providing proof-of-concept for this approach.

A major breakthrough in the development of vaccine candidates against leishmaniasis, as
well as other diseases requiring potent and directed T-cell responses, occurred with the
identification of adjuvants capable of inducing Thl responses. The discovery that properly
formulated Toll-like receptor (TLR) agonists can stimulate Th1 immune responses has
profoundly impacted vaccine development against intracellular pathogens such as
Leishmania. In particular, the extensive experience with monophosphoryl lipid A (MPL), a
TLR4 agonist obtained from the cell wall of Sa/lmonella, and MPL’s approval in vaccines
for hepatitis B and human papilloma virus have demonstrated the safety and efficacy of
engaging TLR4. MPL is the only TLR agonist in approved vaccines and thus has an
extensive history of safety and efficacy. We have used MPL in preclinical models of
leishmaniasis and have demonstrated efficacy in several species. The next generation
vaccine candidate consisted of a poly-protein, designed and produced to be more cost
effective than came with the use of recombinant fusion protein Leish-111f (L111f) together
with MPL formulated in an oil-in-water emulsion (MPL-SE) (59, 241). This vaccine antigen
(Fig. 4) was shown to protect mice, hamsters, and rhesus macaques, when formulated with
an effective adjuvant or as DNA (230, 241-244), and has subsequently been used in
multiple clinical trials. L111f was shown to be safe and immunogenic as well as to have
therapeutic efficacy in humans (240, 245, 246) and in dogs (233, 244). The antigens were
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chosen based on their ability to protect mice or, in the case of LelF, to act as an adjuvant
through the stimulation of 1L-12, as well as on their conservation among Lefshmania species
(247).

The primary patient (and reservoir) populations for leishmaniasis are humans and dogs.
Dogs are a natural host for VL and represent both a disease protection model as well as a
target for epidemiological intervention of disease transmission. In endemic regions of the
Mediterranean and Latin America, dogs are the most important reservoir of Leishmania
infantum. Humans are the VL reservoir in the Indian subcontinent and parts of Africa.
Relatively little is known with regard to the generation of protective T-cell responses in
dogs, although we (233, 244) and others (234, 235) have demonstrated partial efficacy in
both prophylactic and therapeutic vaccine approaches in canine leishmaniasis. Thus, canine
VL studies have provided important proof of concept for the use of vaccines to effectively
treat fatal VL. Clinical trials to evaluate this concept in human VL will begin next year.

We have performed several clinical trials using recombinant Leishmania antigens
formulated in granulocyte macrophage colony stimulating factor (GM-CSF) or
monophosphoryl lipid A-squalene (MPL-SE). Several interesting observations have
emerged from our clinical studies. Individuals with active CL or ML have strong anti-
Leishmaniaimmune responses, including high antibody levels and significant T-cell
responses. Thus, treating these individuals with vaccine may seem counterintuitive.
However, we have found that infected individuals responded poorly to vaccine antigens
prior to immunization, but responded to the vaccine antigens with both specific antibody
(Fig. 5) and T cells (Fig. 6A) following immunization. Thus, infected individuals can be
immunized with properly formulated antigens, which often times are not well recognized by
the infected individual, resulting in the generation of vaccine antigen-specific T cells which
seems to correlate with disease resolution (Fig. 6B).

In a recent study in CL patients in Brazil, a significantly faster cure rate was observed in
patients who received vaccine in addition to chemotherapy, as opposed to chemotherapy
alone (Fig. 7). Cumulatively, our clinical results have demonstrated safety and partial
efficacy of therapeutic vaccination and point to the possibility of using this approach in
patients who fail chemotherapy, as well as potentially devising protocols involving reduced
doses of drug in combination with vaccination. Further innovation has been in the area of
adjuvant development. Because of the effectiveness of MPL-based adjuvants in animal
models of leishmaniasis, as well as in humans, we have focused on improving MPL.
Although we have a license to MPL from GSK, there are several reasons for emphasizing
the development of synthetic molecules based on MPL. For one thing, continued cost
effective access to the molecule cannot be guaranteed. In addition, we developed structures
with increased potency over MPL, allowing the use of comparatively smaller doses. Using
information from the crystal structure of the human TLR4, we selected one molecule for
further development, based on the ability of this molecule to fit in the human MD?2 structure.
We have developed formulations of this novel synthetic TLR4 agonist glucopyranosyl lipid
A (GLA), which is more potent than MPL in /n vitro studies with human cells, and have
shown that GLA is an effective adjuvant in models of CL and VL. Furthermore, GLA can be
synthesized in large amounts (we currently have nearly 1 million human doses in inventory)
and is independent from control by pharmaceutical companies. In addition to being an
effective adjuvant molecule, GLA can synergize with ligands of other TLRs.

It is evident that solid protection can be achieved in experimental models using recombinant
proteins properly formulated in safe and effective adjuvants. The fact that certain protective

antigens are highly shared between Leishmania species, that protection can be achieved with
an adjuvant approved in vaccines in over 100 countries, that VL vaccine development can be
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pursued in both dogs and humans, and that vaccine products can be pursued for both
prophylactic and therapeutic applications are all advantages for targeting Lefshmania for
vaccine development. IDRI has completed or has ongoing clinical trials in several countries,
including USA, Brazil, Peru, Colombia, Venezuela, India, and Sudan. It is hoped and
expected that information from these trials will lead to one or more safe and effective
vaccines for human and canine leishmaniasis.

Vector saliva: a neglected component of neglected diseases

Some 50% of the neglected tropical diseases listed by the WHO are vector-borne
(http://lwww.who.int/neglected diseases). These include leishmaniasis transmitted by
phlebotomine sand flies, American trypanosomiasis (Chagas disease) by triatomine bugs,
African trypanosomiasis (human sleeping sickness) by tsetse flies, dengue by Aedes
mosquitoes, lymphatic filariasis by mosquitoes, onchocerciasis (river blindness) by black
flies, and Buruli ulcer by aquatic insects. Over the past two decades, there has been a steady
and mounting evidence of the immunogenicity and immunomodulatory properties of the
salivary proteins of these diverse vectors and their significant influence over vector-
transmitted diseases (248-252). This is not surprising, since salivary molecules of disease
vectors are composed of a myriad of potent and pharmacologically active molecules evolved
to assist with blood meal acquisition (248, 253).

Exacerbation of disease by vector saliva

Several reports have demonstrated that saliva of certain vectors enhances disease by
promoting survival of the pathogen they transmit. Saliva of the sand flies Lutzomyia
longipalpis (254) and Phlebotomus papatsi (255), vectors of visceral and cutaneous
leishmaniasis, respectively, enhanced infection with Le/shmania majorin mice. More
recently, hyaluronidase, an enzyme present in both Phlebotomus and Lutzomyia species,
was proposed a one of the factors responsible for disease exacerbation by sand fly saliva
(256). As for triatomines, saliva of Rhodnius prolixus attracted inflammatory cells to the bite
site and blocked nitric oxide production by Trypanosoma cruzi-exposed macrophages
resulting in disease enhancement in mice (257). Similarly, Caljon et a/. (258, 259) proposed
that saliva of the tsetse fly, the vector of African trypanosomiasis, diminishes the host
inflammatory response at the site of infection biasing host immunity towards a Th2 response
and putatively enhancing 7rypanosoma brucei infection in mice (259). Additionally, saliva
of the mosquito Aedes aegypti, the primary vector of dengue virus, also promotes a Th2
immune response in the host upregulating anti-inflammatory cytokines and downregulating
the pro-inflammatory cytokine interferon-y (IFN-y) (260, 261). Subsequently, Boppana et
al. (262) identified a salivary protein from Ae. aeqypti (SAAG-4) that modulated CD4* Th
immune responses inducing Th2 responsiveness and IL-4 production while reducing
expression of the antiviral Th1 cytokine IFN-y. This modulation of the host immune
response by mosquito saliva was put forward as a possible mechanism for potentiation of
viral infections (251, 261). Saliva of the black fly is also suspected to contribute to efficient
transmission of O. volvulus, the etiological agent of human onchocerciasis. Recently, saliva
of black fly Simulium vittatum was shown to contain an immunosuppressive protein that
inhibits proliferation of both CD4" and CD8* T cells and induces their apoptosis (263).
Understanding the mechanism of exacerbation and revealing the identity of the salivary
molecules responsible for it will permit the reversal/neutralization of their effect and a
consequent reduction of disease burden. Maxadilan is a good example of such an approach.
A potent vasodilator and immunomodulator in Lu. longipalpis saliva, maxadilan was shown
to exacerbate infection with L. major, and immunization against it neutralized its disease
enhancing effect resulting in protection (264). The emergence of powerful tools such as high
throughput genomics, bioinformatics, functional genomics tools, and sensitive multiplex
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technologies should accelerate the discovery of the identity, putative function, and
immunomodulatory properties of other salivary molecules from these vectors (265-267).

Adaptive immunity to saliva and disease

The disease exacerbative properties of saliva, often resulting from the bioactive property of
one or more of its molecules, should not be confounded with antigenic molecules in saliva
that induce an adaptive immune response in the host. This acquired immunity can be either
protective or exacerbative depending of the nature and dominance of the salivary
components of a vector species. Exposure to uninfected bites of the sand fly Phlebotomus
papatasi induces a strong delayed-type hypersensitivity response and IFN-y production at
the bite site that confers protection in mice challenged by L. major-infected flies (274); in
contrast, acquired immunity to Lutzomyia intermedia saliva results in disease exacerbation
not protection (268). Moreover, P. papatasi saliva, despite its overall protective property,
was shown to contain molecules that alone induce a protective (PpSP15) or exacerbative
(PpSP44) immune response in the host (269, 270). It is likely that Lu. intermedia saliva also
contains molecules with similar profiles despite the overall exacerbative effect of total
saliva. Interestingly, the protective nature of salivary molecules was also reported for
aquatic insects, where pre-exposure to members of the family Naucoridae that transmit M.
ulcerans protected mice from Buruli ulcers (271), demonstrating the broadness of this
phenomenon. This emphasizes the importance of vector saliva as an untapped source of
antigens for vaccines against vector-borne neglected diseases. Unfortunately, for the
majority of neglected diseases, the adaptive immune response generated by vector saliva or
its components remains unknown.

Correlates of protection

Pathogens of vector-borne neglected diseases are diverse including viruses, bacteria, and
protozoan and eukaryotic parasites. It is unclear for many how immunity to vector saliva can
impact transmitted pathogens, often attributing it to a similarity of antigens between the two.
Though this is not impossible, for most vector-borne diseases, the reason immunity to vector
saliva has such an impact on pathogens revolves around the fact that pathogens are co-
deposited into the host skin together with saliva. The immune response generated against
salivary molecules will therefore impact the pathogens residing in the vicinity. Knowing the
correlates of protection from neglected diseases and generating them using a salivary protein
is the rationale for development of vector-based vaccines.

As an example, it is established that immunity to leishmaniasis is a cell-mediated response
characterized by the presence of a CD4* Th1 effector response; conversely, a Th2 response
signals susceptibility to infection (272, 273). In most experimental models studied,
immunity to sand fly saliva in general (274-276) and to certain sand fly salivary proteins
specifically (269, 270, 277) reproduced the correlates of protection from Leishmania,
driving a strong adaptive immune response dominated by IFN-y-producing CD4* Th1 cells;
this saliva-induced immune response resulted in robust protection against both CL and VL.
Of note, protection by vector saliva against visceral disease (277) underlines its importance
in initiating a faster and stronger Leishmania-specific immune response and therefore of
having a long-lasting effect on host immunity. We hypothesize that inherent properties of
protective sand fly salivary proteins govern early events involving antigen processing, cell
recruitment, and cytokine induction to produce a distinctly rapid and vigorous immune
response that in the presence of Lefshmania drives an accelerated and improved parasite-
specific Thl response.
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Animal models of vector salivary vaccines: sand flies as an example

Having a defined antigen brings the process of vaccine development a step closer towards an
effective vaccine. The use of modern transcriptomic analysis combined with functional
genomics produced a number of potential sand fly salivary vaccines (270, 277-279). In
rodent models of infection, vaccination with a DNA plasmid encoding a salivary protein
induced a strong immune response resulting in protection from both CL and VL in the
absence of adjuvant. The salivary protein PpSP15 from P. papatasi conferred powerful
protection against L. major infection (270). Furthermore, this protection was observed in B-
cell-deficient C57BL/6 mice establishing the cell-mediated basis of this protection (269). In
a hamster model of VL, vaccination with LIM19, a salivary protein from Lu. longipalpis,
protected animals against the fatal outcome of infection by L. infantum chagasi (277). The
protective effect was associated with an early saliva-specific Thl cellular immune response
in the skin and correlated with a later Leishmania-specific Thl protective immune response
in the liver and spleen (277). Promisingly, the Th1 anti-saliva immunity observed in rodents
was also observed in dogs, a key reservoir of leishmaniasis (279).

Immunization of dogs with the salivary proteins LIM17 and LJL143 from Lu. Longipalpis
using a combination of DNA plasmid, recombinant protein, and canarypox virus resulted in
a strong and long lasting Th1 cellular and humoral immunity. Importantly, salivary gland-
stimulated peripheral blood mononuclear cells from vaccinated dogs killed L. /nfantum
within macrophages upon the addition of autologous T cells (279). Importantly, in a similar
assay L. infantum chagasi was Killed by sand fly saliva-stimulated peripheral blood mononu-
clear cells from human volunteers exposed to uninfected sand fly bites (276) suggesting that
protective anti-saliva immune responses may be relevant in humans.

Challenges for vector salivary vaccine development: sand flies as an example

The concept of vector saliva-based vaccines is relatively recent. Thus far, defined salivary
vaccine candidates for vectors of neglected diseases have only been identified for sand flies.
At this point a major challenge is to move these potential candidates towards large-scale
production and clinical trials. In general, properties of salivary molecules should make them
amenable for large-scale production: they are secreted proteins increasing the probability of
soluble recombinant protein expression, the majority shares no sequence homology to
proteins in humans or other mammals, and they are immunogenic. Another important
consideration is the heavy financial burden of such an undertaking. Thus, the selection
process of a vaccine candidate must be stringent. Emphasis should be placed on the use of
materials from animals targeted by the vaccine (instead of mouse models) to establish a
reliable prediction of the type, quality, and magnitude of the immunity induced by the
salivary vaccine candidates. The combination of recent technological advances in genomics
and immunology are opening the path for this transition. The rapid evolution of high
throughput transcriptomics linked with high throughput DNA plasmid construction,
nucleofection technology and multiparameter flow cytometry now allow the rapid screening
of complete repertoires of salivary molecules and the identification of inducers of the
desired immune response. These salivary proteins can then be moved forward for
development.

Impact on vaccine development

Salivary molecules of vectors of neglected diseases offer several advantages as vaccines or
components of vaccines against the pathogens they transmit: they are mostly foreign
molecules that have no homologs in humans; they are mostly well-tolerated as demonstrated
by repeatedly exposed humans in endemic areas; and most importantly, they provide a
unique opportunity to fight neglected diseases on two fronts, driving a better pathogen-
specific immune response while maintaining an independent saliva-specific immune
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response that contributes to and ameliorates protection. Another tantalizing aspect of
vaccinating with a salivary molecule is that subjects will be naturally boosted by bites of the
targeted vector, which will promote the maintenance of memory cells and prolong the
efficacy of a salivary vaccine.

Despite the promising properties of a salivary vaccine, they also offer some challenges.
Ideally, a vector salivary vaccine should be conserved within and between different vector
species/populations. Mejia et al. (253) reflected on the possibility of a ‘pan arthropod
vaccine’. This would indeed be the perfect vaccine; however, it is difficult to envision a
universal antigen considering the diversity of vectors and the divergent evolution of their
salivary proteins. More likely, we foresee situations where development of a vector salivary
vaccine is warranted, for instance, having a primary vector largely responsible for pathogen
transmission within a sizeable geographical region or targeting vectors in areas of high
mortality and morbidity.

For most of the neglected vector-borne diseases mentioned here, potentiation and
enhancement of infection by vector saliva has been reported. Additionally, as shown for
leishmaniasis, distinct salivary proteins induce a potent immune response in the host with
profound effects on disease outcome. It is therefore clear that vector saliva represents a
valuable yet neglected component in vaccine development for neglected vector-borne
diseases. Investing in research on vector salivary vaccine candidates offers much to gain and
nothing to lose.

Overcoming economic challenges: PD-PPP and the pharmaceutical

industry

In addition to the technological hurdles, the economic challenges have until very recently
discouraged the multinational pharmaceutical companies from embarking on NTD vaccine
R&D. Instead, leading the way for the production of a new generation of vaccines to combat
NTDs are the PD-PPPs (Table 7). The PD-PPPs are non-profit organizations that use
industry practices or partner with industry for purposes of developing, manufacturing, and
clinically testing vaccines (Table 6). Because of their non-profit status, they attract private
and public donor support (3, 9). Among the first PD-PPPs was the International Vaccine
Institute (IV1) (http://www.ivi.org). Established in the 1990s through initial support of the
United Nations Development Program (UNDP) and the Korean government and located in
Seoul, Korea, VI is advancing the clinical testing of enteric and arboviral vaccines as well
as taking leadership on developing new vaccines for dengue. Following scale-up funding of
the Gates Foundation in this new century, additional support became available for malaria
vaccines through a PATH-MVI (http://www.malariavaccine.org/) and tuberculosis vaccines
through Sequella, later renamed Aeras Global TB Vaccine Foundation
(http://www.aeras.org/home/home.php). Subsequently, funds became available to establish
the following PD-PPPs: the IDRI (http://www.idri.org/) in Seattle to develop leishmaniasis
vaccines and to expand the availability of adjuvants for other antipoverty vaccines; the Sabin
Vaccine Institute (http://www.sabin.org) linked to George Washington University in
Washington DC, for hookworm, schistosomiasis, and other helminth vaccines; Fraunhofer
Center for Molecular Biology in Newark, Delaware for human African trypanosomiasis
vaccines; and other organizations. However, recently both Novartis and Merck & Co. have
made major commitments to developing new NTD vaccines, establishing spin-off
enterprises in Siena, Italy and Delhi, India, respectively. There is great excitement that the
major multinational pharmaceutical companies have cautiously begun a concerted effort to
enter into the NTD space, with the possibility that additional companies will follow.
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Several PD-PPPs have developed strategic partnerships with vaccine manufacturers in
middle income countries, most of which belong to an umbrella organization known as the
Developing Country Vaccine Manufacturers Network. For example, IDRI and the Sabin
Vaccine Institute work closely with the public sector Institute Butantan in Sao Paulo Brazil,
and to FIOCRUZ, the Oswaldo Cruz Foundation. Additional opportunities are under
exploration with both public and private vaccine manufacturers in China, India, and
Indonesia, which have joined in a Developing Country Vaccine Manufacturers Network
(http://www.dcvmn.com). It is anticipated that such middle income country vaccine
manufacturers may be especially tolerant of the low-profit margins anticipated for NTD
vaccines or in some cases zero profit margins, in the expectation that final products would
be purchased by governments in the endemic countries or by the Global Alliance for
Vaccines and Immunization (GAVI). Each of the PD-PPPs has written global access
roadmaps to ensure their vaccines are produced and developed at affordable prices.

Additional partnerships may be anticipated. The observation that almost one-half of the
NTDs occurs in the world’s Islamic countries, including Asian nations such as Indonesia
and Bangladesh, as well as the African countries of Sudan, Niger, Mali, Chad, and others,
adds an additional geopolitical dimension to the urgent need to control these conditions
(280). Discussions are in progress by some of the PD-PPPs to partner with some of the
wealthier countries in the Middle East as well as with Malaysia and Singapore to advance
NTD vaccines to address the diseases of the most impoverished Islamic nations. The
observation that polio vaccines were developed jointly by the US and the Soviet Union at
the height of the Cold War has led to calls to embark on similar ‘vaccine diplomacy’ efforts
in the Middle East and elsewhere (281).

Global access for NTD vaccines

While the technical hurdles to develop new NTD vaccines as outlined in the previous
section are substantial, equally formidable are the barriers that prevent the global uptake and
access to these new vaccines. Even for commercially successful products such as the yeast-
derived recombinant hepatitis B vaccine, almost 30 years following proof of the vaccine’s
efficacy were required before high levels of coverage began to be achieved in developing
countries (282); similarly, coverage for the Haemophilus influenzae type B (Hib) vaccine is
still extremely low almost 20 years since the Hib vaccine was licensed (282).

In the cases of the hepatitis B and Hib vaccines, a key barrier to their global update and
access has been cost. Both vaccines required a high degree of technological sophistication to
produce as well as years of labor-intensive and expensive R&D activities. The vaccine
manufacturers, in turn, charged consumers living in the US, Europe, Japan, and elsewhere
costs sufficient to ensure that they recouped their financial investment in R&D. Ultimately,
only as the decades passed would the costs of these vaccines trickle down to a point where
they might become affordable in low- and middle-income countries in Asia, Africa, and the
Americas. Efforts to greatly shorten the time frame for trickle down and to ensure other
financing and global access strategies are now actively under development through the
activities of the Global Alliance for Vaccines and Immunization (GAVI)
(http://www.gavial-liance.org), a 10-year-old global partnership established to accelerate the
access and use of vaccines newly developed by the major pharmaceutical manufacturers.

The trickle down model outlined above will not apply to most of the NTD vaccines. Because
the NTDs occur only among the world’s subsistence farmers and their families or the urban
slum dwellers, for most NTD vaccines there is no significant US or European market.
Further, in contrast to vaccines to combat malaria or tuberculosis, there is no real market for
international travelers or the military. Indeed up until just a few years ago, the major vaccine
manufacturers had largely avoided embarking on R&D efforts to develop NTD vaccines.
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This situation has started to change with the pharmaceutical giants Novartis and Merck &
Co. recently establishing global health vaccine ventures, the Novartis Vaccines Institute for
Global Health (Siena, Italy)
(http://www.novartis.com/research/corporate-research/nvgh.shtml), and the MSD-Well-
come Hilleman Laboratories (New Delhi, India) (http://www.hillemanlaboratories.in/),
respectively. However, today most of the NTD vaccines are being developed through PDPs,
i.e. non-profit organizations that use industry business practices (283). While many of the
PDPs are committed to small molecule drug development, several NTD vaccine PDPs are
now in place including Sabin Vaccine Development, the PDP of the Sabin Vaccine Institute
in Washington DC, which is developing vaccines for hookworm, schistosomiasis, and liver
fluke infection, the IDRI in Seattle, WA, for leishmaniasis and leprosy vaccines, and the IVI
in Seoul, Korea, for dengue and enteric bacterial pathogen vaccines.

Among the elements of global access strategies for these organizations are those to ensure
that their NTD vaccines are produced at the lowest possible costs and with a technology
platform, which can be readily integrated into health systems found in low-income
countries. Thus, in the area of vaccine design, low cost expression vectors and column resins
are preferred, while for vaccine development the NTD vaccine PDPs frequently partner with
developing country manufacturers and clinical trials sites located in innovative developing
countries (IDCs), such as Brazil, India, and China (284). For instance, both Sabin Vaccine
Development and IDRI develop, manufacture, and tests new NTD vaccines in close
collaboration with Brazilian institutions such as the Instituto Butantan and FIOCRUZ
(Oswaldo Cruz Foundation).

Another key aspect of global access is vaccine introduction, which includes efforts to
integrate new NTD vaccines into existing health systems. Because many of the NTDs are
important causes of morbidity among older children, adolescents, and adults, the vaccines
for these conditions may not need to be administered to infants and as part of the Expanded
Programme on Immunization (EPI), which was first launched in Ethiopia in 1980 in order to
expand access to vaccines for diphtheria, pertussis, tetanus, polio, measles, and tuberculosis
during infancy (http://www.who.int/countries/eth/areas/immunization/en/). For example,
recombinant vaccines for hookworm, schistosomiasis, and possibly other NTDs will likely
be administered to school-aged or preschool children either in schools or through child
health days. Therefore, considerable advocacy and consensus building with the WHO and
other international agencies will be required to ensure global access, including possible
efforts to link vaccine campaigns for the NTDs with those being put forward for other
school-based childhood vaccines including the human papillomavirus vaccine (285).

Another important aspect of global access will be identifying mechanisms to finance these
new NTD vaccines, particularly since the people who need them most will not be able to
afford them. Based on past successes with the revolving fund of the Pan American Health
Organization, it may one day be possible to distribute some NTD vaccines free of charge in
this part of the world (286), while governments such as Brazil with its large-scale
manufacturing capabilities may be able to purchase and distribute vaccines nationally and
for all of Latin America. For the poorest countries in Africa and Asia, however, there will
need to be stepped-up efforts similar to those being advanced for other childhood vaccines
currently procured through GAVI. Recently, an innovative sustainable immunization
financing mechanism was created jointly between GAVI, the Sabin Vaccine Institute, and
the health ministries of several disease-endemic countries
(http://www.sabin.org/advocacy-eduation/sustainable-immunization-financing). Finally,
patents and other intellectual property will need to be made available to vaccine
manufacturers in IDCs, while in parallel knowledge is publicly disseminated through the
peer-reviewed literature, including open access journals (http://www.plosntds.org).
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Fig. 1. The geographic overlap of the Neglected Tropical Diseases (NTDs)
Of the 56 nations with five or more co-endemic NTDs, 40 are found in Africa, nine in Asia,

five in the Americas, and two in the Middle East. Map prepared Molly Brady, Emory
University and reproduced in Molyneux et al. (287).
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Revised strategy for a human hookworm vaccine: a bivalent recombinant protein vaccine

targeting blood feeding of Necator americnaus.

Immunol Rev. Author manuscript; available in PMC 2012 September 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bethony et al. Page 46

45 -
—=— |gA anti-CRD (+)
—a— |gA anti-CRD (-)

401

354

30+

251

204

Children infected (%)

Sﬂ‘-—v—H—v—.—v—/_._H_._._.
O - - T T T - T T "

1 2 3 4 5 6 7 8 9 10 11 12
Months of observation

Fig. 3. Immunoglobulin (Ig) A and immunity to amebiasis

Children with fecal IgA antibodies against the Gal/GalNAc lectin carbohydrate recognition
domain (CRD) [IgA anti-CRD (+); n=81] had a lower incidence of new intestinal
Entamoeba histolytica infection compared with children lacking this response [IgA anti-
CRD (-); n=149]. The two groups are statistically significantly different (P< 0.04) at every
time point (from Haque et al. 219).
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L mSTII

A A

BamH I EcoR 1

Fig. 4. Leish-111f (L 111f): atandemly linked protein of three subunits

Each component of L111f, the first recombinant Leishmania vaccine candidate to enter
clinical trials, was cloned from a Leishmania major expression library. LelF, (ribosomal
initiation factor identified by serological screening with human sera from healthy infected
individuals); LmSTI1 (temperature inducible protein, identified by screening with sera from
BALB/c mice infected with L. major); thiol-specific antioxidant (TSA, identified through
screening with sera from BALB/c mice immunized with protective Leishmania antigens.
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Fig. 5. Induction of specific antibody following immunization of active cutaneous leishmaniasis
patients
Immunoglobulin G antibody titers (per-protocol population). Black bar represents median

vaccine versus adjuvant or placebo, day 84 P< 0.0001; day 168 £ = 0.0019.
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Fig. 6. (A). Induction of specific cellular immune responses following immunization of active
cutaneous leishmaniasis patients using Fluor escence Activated Cell Sorting (FACS)

FACS analysis of un-vaccinated mucosal leishmaniasis (ML) patient subject’s cells

collected before (day 0) and after (day 84) three immunizations with Leish-111f (L111f) in
MPL-SE which does not cure (chemotherapy only). Cells were analyzed following /n vitro
stimulation with vaccine antigen. (B). FACS analysis of ML patient subject’s cells collected
before (day 0) and after (day 84) three immunizations with L111f in MPL-SE in
combination with standard antimony therapy (immunochemotherapy). Cells were analyzed
following /n vitro stimulation with vaccine antigen.
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Fig. 7. Beneficial effects of vaccination of cutaneous leishmaniasis patientsreceiving antimony
chemother apy; decreased timeto cure

All patients received antimony therapy plus three injections of saline (placebo), MPL-SE, 25
ug/dose (adjuvant), or vaccine (Leish-111f, 5-25 ug/dose in MPL-SE).
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Table 1
What are the neglected tropical diseases (NTDs)?

The NTDs are a group of chronic parasitic and other infectious diseases with the following characteristics:
1 The NTDs are the most common infections in the developing countries of Africa, Asia, and the Americas.
2 The NTDs are ancient conditions having affected humankind for thousands of years.

3 The NTDs disproportionately affect the poorest people living in rural areas, especially subsistence farmers and their families. Some
NTDs also occur among the urban poor.

4 The NTDs often have high morbidity but low mortality, producing disabling effects through their impact on child development and
education, pregnancy outcomes, and worker productivity.

5 The NTDs promote poverty and interfere with economic development.

Immunol Rev. Author manuscript; available in PMC 2012 September 11.



Page 52

"30us[enald 0} Q&mmu

'S8LIUN0D (DY) UBBGQLIBD PUB UBILIBWY c_%._qN

"paIeDIpUI BSIMIBLIO SS3JUN SUOI||IW Ul Passaidxa SI 80us|eAdld
¥

Bethony et al.

anN anN aN aN aN 9SEISIP S, [I9 sisoJ1dsoyda]
anN anN an T0> T0> - 189|n 1)nIng
§00> &s1°0 §500> §500> g0 aseasip s,uasueH £soida
1 T o€ 0e 09 - ewoyoel]
SALN [eusioeg
anN aN anN anN anN sisoipriodsoydA1D/siselpielo
0 0 0 500 500 ssauxIs Buideals siselwosouedAl) ueoLyy
6-8 0 0 0 6-8 aseasip sebeyd siselwiosouedAl) uedLIBWY
> v an an 4 Jeze-e[ey siseluewysia
anN #%85¢ aN anN 00S A1gyuasAp d1gawy siselgawy
anN anN anN anN anN - sisowse|doxo |
SQLN Ueozoloid
70 an anN anN anN S1S022020U1Y23/S1S0218211SAD
0 0 0 100> 100> WIoM eauINg sisel|nounaelq
0 0 0 eT> eT> WIOMBAS URILIYY SIseloT]
1> 0 0 0z 0z ssaupul|q JaAly SISe19489042UQ
0 0 0C 0 0c aN|Y JaAl| UBISY  sIsely2ioylsidOy/siselyoiouo|d
an an anN anN 00T-0€ wompealy L siseipiojAbuons
T 0S50t ST> 0S—0t 0zT sisenueyds|3 siserse|ly oneydwA
1-C 0 T 00¥7—00¢ 00%—00¢ eizrey|ig SISeIWOS0ISIYIS
00T 0ct 0¢e 091 009 waomdiym siselnyou L
0S 0T 08T 00¢ 009 WI0M00H WIOMX00H
08 0S¢ 00e 0.7 008 wiompunoy SiseLedsy
SALN dlyuiwsH
1OV BBV UIOS  BUIYD PUBESY Se3YIN0S  BOLY UBJeUeS-aNS  30Us[eMd.d QO[O (Sjeureu uowwiod asess|d

NIH-PA Author Manuscript

¢?olqel

NIH-PA Author Manuscript

dousjenald Ag sgLN Jolew ayl

NIH-PA Author Manuscript

Immunol Rev. Author manuscript; available in PMC 2012 September 11.



Page 53

Bethony et al.

"pauILIBIeP 10U ‘dN ‘saseasip [edidos palas|Bau ‘saLN

*A||enuue sases mau 01 m_m,sm.m

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Immunol Rev. Author manuscript; available in PMC 2012 September 11.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Bethony et al. Page 54

Table 3

Technical challenges to develop neglected tropical disease (NTD) vaccines

Antigen discovery

Complicated genetic structures of NTD pathogens and

Absence of genome databases or bioinformatic algorithms for selecting candidate antigens of promise.
Process development

Necessity to scale up production of NTDs vaccine at adequate yields and at low cost.

Failure of many bacterial expression systems to produce properly folded recombinant proteins and the requirement for eukaryotic or other
less common expression vectors.

Preclinical development
Difficulty in maintaining cycle stages of NTD pathogens /n vitro.

Paucity of laboratory animal models permissive to the NTD pathogens or that can accurately reproduce human disease or protective
immunity.

Clinical development
Clinical trials in resource-poor settings.

Highly modulated immune response from infection with many NTDs, especially helmith NTDS, present some dangers for vaccination.
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Table 4

A case study in a technical challenge for an neglected tropical disease (NTD) vaccines: developing a potency
test for an recombinant protein NTD vaccine

The Na-GST-1 Hookworm vaccine consists of recombinant NVa-GST-1, produced in Pichia pastoris, adsorbed to Alhydrogel® (aluminum
hydroxide gel) and is intended for the prevention of moderate and heavy hookworm infections caused by Necator americanus, the leading cause
of human hookworm infection (see full description below). The primary ‘biological activity” of the AMa-GST-1 hookworm vaccine is a reduction
intestinal blood loss by limiting the number of adult hook worms resident in the host lumen. To measure the ‘essential biological activity’ of the
Na-GST-1 vaccine, a protection against hookworm-induced iron deficiency anemia (IDA) would need to be achieved, which is an endpoint not
easily attained in current animal models of hookworm infection (65). The most appropriate models to study hookworm infection are canines and
hamsters. Canines can be experimentally infected with Ancylostoma caninum, which very closely resembles human Necator hookworm
infection; and the hamster Mesocricetus auratus can be infected with Ancylostoma ceylanicum and N. americanus (70). While these animal
models are extremely valuable for antigen discovery, they are of limited use in a bioassay for potency of a recombinant hookworm vaccine for
the following reasons (65):

. Due to limitations in the canine and hamster models of experimental challenge infection, it is difficult to assess the efficacy of a
hookworm vaccine on such important clinical endpoints as IDA and physical development, both of which are the result of chronic
hookworm infection (usually over years) and the nutritional background of the human host (71-74). Both animal models become
“refractory” (resistant) to hookworm infection within weeks of the initial challenge. In the case of canine hookworm infection, dogs
can become refractory to infection and even reinfection after 20 weeks of patent infection; that is, the animals are no longer
permissive to infection or re-infection, possibly due to an acquired immune response or to physiological changes such as thickening
of the skin or changes in hormone levels that occur with age (71-74). As such, it is nearly impossible to measure the long term
benefits of a hookworm vaccine in this model, as hookworm disease in humans is the result of a chronic infection (with much re-
infection) and long term blood loss, with long term pathological outcomes such as IDA and a decline in cognitive development and
a reduction in physical development. As with most NTDs, hookworm disease is not acute but chronic, with the clinical outcomes of
the diseases, taking years or sometimes decades to manifest (71-74).

. Experimental infection in either model results in marked variation in the number of worms recovered and in the blood loss (if any)
found after patent infection. A natural infection (as would be the case with human infection) would occur slowly (a trickle rate) and
would accumulate slowly over time (e.g., weeks or years), with the debilitating effects of the infection directly related to the
chronicity of the infection, e.g., long-term blood loss leading to anemia. The most common method for experimental challenge
infection is to apply a single large “bolus” of infective L3 over the course of 1 or 2 days and then measure worm burden (patent
infection) or blood loss (anemia) several weeks of patent infection. The greater magnitude and shorter duration of the experimental
challenge can alter the natural progress of the worms to patency, making the results of experimental infection in these animal
models difficult to extrapolate to human infection. Moreover, it is even harder to extrapolate vaccine efficacy between the
experimental animal model of challenge infection and human infection and clinical disease (74).

. No correlate of protection has been found for human hookworm infection. The fact that the immune system reacts vigorously to
hookworm infection and yet does harm the parasite not only hampers identification of target vaccine molecules antigen discovery
(about which much has been written) but also provides challenges for vaccine product and clinical development (65).

For the Na-GST-1 vaccine, we developed a potency test that would be appropriate for the stage of vaccine’s development (preclinical) as well
as for its indications for use (see below). While our available data indicate that Na-GST-1 will probably require neutralizing antibodies to be
protective and that these antibodies will have to have the correct conformation in order to elicit this protective response, the correlation of these
responses with clinical protection has yet to be established and, therefore, could not be used to claim that the potency test was measuring an
‘attribute essential for effect’(65). As described for the development of recombinant malaria vaccines (68), the potency assay for Na-GST-1
Hookworm Vaccine does not measure the biological acitivity related to vaccine efficacy. As stated in Jariwala et al (65), it measures an 1gG
response in mice immunized with a predetermined dose of the drug product as an indicator of consistent manufacture and stability over time”
(65). The Na-GST-1 potency assay is one assay among many quality assurance measures and does predict or reflect clinical efficacy (65).
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Table 5

Barriers to performing clinical trials where neglected tropical diseases are endemic

A W N

Low socioeconomic and educational attainment.
Limited access to standard medical care.
Limited health literacy.

Inadequate models for understanding clinical research.
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