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Abstract

Chagas disease is a leading cause of heart disease affecting approximately 10 million people in
Latin America and elsewhere worldwide. The two major drugs available for the treatment of
Chagas disease have limited efficacy in Trypanosoma cruzi-infected adults with indeterminate
(patients who have seroconverted but do not yet show signs or symptoms) and determinate
(patients who have both seroconverted and have clinical disease) status; they require prolonged
treatment courses and are poorly tolerated and expensive. As an alternative to chemotherapy, an
injectable therapeutic Chagas disease vaccine is under development to prevent or delay Chagasic
cardiomyopathy in patients with indeterminate or determinate status. The bivalent vaccine will be
comprised of two recombinant 7. cruziantigens, Tc24 and TSA-1, formulated on alum together
with the Toll-like receptor 4 agonist, E6020. Proof-of-concept for the efficacy of these antigens
was obtained in preclinical testing at the Autonomous University of Yucatan. Here the authors
discuss the potential for a therapeutic Chagas vaccine as well as the progress made towards such a
vaccine, and the authors articulate a roadmap for the development of the vaccine as planned by the
nonprofit Sabin Vaccine Institute Product Development Partnership and Texas Children’s Hospital
Center for Vaccine Development in collaboration with an international consortium of academic
and industrial partners in Mexico, Germany, Japan, and the USA.
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Disease burden

Chagas disease, also known as American trypanosomiasis, is one of the world’s most
important neglected tropical diseases and a leading cause of poverty in Latin America,
resulting in economic losses of US$1.2 billion annually [1-4]. An estimated 10 million
people are infected with 7rypanosoma cruziworldwide with more than 99% of the cases
occurring in Latin America, especially in the poorest countries in the region [1,2]. Therefore,
Chagas disease affects approximately 10% of Latin America’s ‘bottom 100 million’ — that
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is, the region’s poorest people who live in poverty [4]. Based on disability-adjusted life-
years (DALYSs) the disease burden of Chagas disease is five times greater than malaria, and
is approximately one-fifth of that of HIV/AIDS in the Latin American and Caribbean region
[1]. Most of the disability and deaths from Chagas disease result from chronic Chagas
cardiomyopathy that develops in approximately 20-30% of individuals infected with 7.
cruzi [5]. Megaviscera (megaesophagus and megacolon) are also important clinical sequelae
of chronic 7. cruziinfection [5].

Chagas disease primarily affects people living in poverty, as the ‘kissing bug’ vector has the
ability to live in poor-quality dwellings [1]. Furthermore, impoverished populations lack
access to essential medicines and vector control practices [1-3]. Today, the greatest number
of new cases of Chagas disease occurs in Bolivia [1], but the disease has either emerged or
re-emerged in Colombia and in the region of Mesoamerica, which includes Mexico and
Central America [6-8]. In Mexico, between 2 and 6 million people are infected, with the
highest overall prevalence in the poorest southern states of Chiapas, Oaxaca, Puebla,
Veracruz and Yucatan [7], and in at least one area of central Veracruz the disease is
hyperendemic with seroprevalence rates approaching 50% [8]. Chagas disease has also
emerged in the USA and Europe [9-13]. In the USA there are an estimated 300,000 cases,
although some estimates indicate that there may be as many as 1 million cases, with the
largest number in Texas and other states bordering Mexico [6,9-11]. Overall, there is a
phenomenon known as the ‘globalization of Chagas’ that reflects the importation of this
disease into North America, Europe, Japan and Australia as a consequence of immigration
(Figure 1)[5,14].

Although vector-borne transmission remains the most common mechanism for acquiring 7.
cruzi infection, mother-to-child transmission (MTCT), transfusion- and organ
transplantation-associated infections, and the ingestion of contaminated foods (especially in
the Amazon region) have also emerged as an important transmission routes [5]. Regarding
MTCT, pregnancy can increase 7. cruz/ parasitemia, resulting in vertical transmission rates
as high as 5-10% to cause congenital Chagas disease [4,15-17]. Each year thousands of
cases of congenital Chagas disease are believed to occur in Latin America, including an
estimated 2000 7. cruziinfected newborns in North America alone [4,18]. Aside from
congenital infection, 7. cruz/in pregnancy is associated with several other adverse birth
outcomes for both mother and child [17], and independent of pregnancy, some large studies
have revealed a higher prevalence of Chagas disease and chronic Chagasic cardiomyopathy
in women relative to men [19]. Thus, Chagas disease has emerged as an important maternal—
child global health disparity.

Disease progression

Following initial exposure to the 7. cruzi parasite (typically through autoinoculation in the
skin by the feces from the kissing bug vector), patients develop acute infection lasting 1-2
months [5]. This phase of the infection is typically asymptomatic or associated with fever,
hepatosplenomegaly and edema [5]. Most of the acute infections are self-limited and
become asymptomatic, even without antiparasitic treatment [5]. Importantly, virtually all of
the acutely infected individuals seroconvert to 7. cruzi following the acute phase. Of these
seroconverters, approximately 60—70% do not develop clinical symptoms and are considered
of indeterminate status, while 30-40% are initially indeterminate and progress to develop
chronic disease (determinate status) characterized by cardiac and/or gastrointestinal signs
and symptoms [5]. Currently, there are no available biomarkers to predict which patients
will develop such chronic disease manifestations. The cardiac complications (occurring in
20-30% of patients) are the most severe and are characterized by arrhythmias, aneurysms,
thromboembolic events and heart failure [5]. According to Rassi et al., sudden death as a
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result of ventricular tachycardia and fibrillation accounts for most of the deaths, with the
remaining deaths linked to heart failure and thromboembolic events [5].

Current gaps in treatment

It is generally accepted that end-organ and tissue damage depends on the persistence of the
parasite and resultant cardiac and gastrointestinal disease [5,20,21]. The goal of treatment
for Chagas disease therefore depends on both the specific antitrypanosomal chemotherapy
and targeting the associated cardiac and gastrointestinal manifestations [5]. Currently, anti-
trypanosomal treatment is frequently provided for all children with infection and for all
individuals with chronic disease up to the age of 50 years without advanced heart disease.
Treatment is contraindicated in pregnancy and with advanced kidney and liver disease [5].
Benznidazole and nifurtimox are the two drugs of choice [5]. A 60-day treatment regimen is
required for benznidazole, while a 60-90-day treatment regimen is required for nifurtimox
[5]. Such prolonged treatment courses present a logistic and economic burden in vulnerable
populations where access to healthcare providers is limited, as is the ability to assure that a
patient continues regular treatment throughout the full period.

Overall, the current gaps in treatment can be summarized as follows [4]:

»  Lack of efficacy: only two randomized controlled trials on antitrypanosomal
treatments have been published [22], and whether there is true benefit from these
drugs in the treatment of Chagas disease of indeterminate status or for Chagasic
cardiomyopathy remains controversial [23]. A recent systematic review and meta-
analysis has strongly questioned the efficacy of Chagas disease treatment in late
chronic infection [24]. Currently, a large Latin American multicenter trial,
BENEFIT, is underway to compare benznidazole with placebo in 3000 patients
[25]. Of added concern are the findings that these drugs do not eradicate the
parasite among heart transplant recipients, and they do not usually result in
seroreversion [26]. Such studies suggest that antitrypanosomal therapy does not
eradicate the parasite in the host.

« Intolerance and unacceptable side effects of current therapy. Antitrypanosomal
treatments with benznidazole or nifurtimox have been criticized for their side
effects, as well as efficacy [26-28]. Serious side effects have been noted in up to
30-50% of treated individuals, including peripheral neuropathy and bone marrow
suppression in addition to digestive intolerance, urticaria and petechial rashes and
hepatitis. Furthermore, both drugs are mutagens [26-28]. Between 12 and 18% of
patients who undergo treatment have to suspend their therapy prematurely because
of side effects [28]. The major drugs are also contraindicated in pregnancy, adding
to the maternal—child health disparity of Chagas disease [4]. Overall, the 2010
Latin American Guidelines for Chagas cardiomyopathy indicate that unrestricted
treatment for patients with chronic Chagas disease should not be regarded as
standard therapy [26].

»  Cost of current therapy: there is also an issue of prohibitive costs. A 2008 analysis
from Colombia indicates that the treatment of a chronic Chagas disease patient can
cost between US$46.4 and US$7981 per year depending on the level of care used
[29]. Combining cost and utilization estimates, the expected cost of treatment per
patient-year is US$1028, with lifetime costs averaging US$11,619 per patient [29].
Estimates for Mexico are even higher, with the cost ranging from US$3000 to US
$14,580 per patient-year, depending on the level of care considered [30]. As
Chagas disease is a neglected tropical disease and therefore a disease of the poor
[4], an estimated 22% of patients never seek care and many more have limited
access to health care facilities [29].
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In summary, there is an urgent need for new therapeutics for use in chronic Chagas disease
together with expanded preventative efforts that include vector control programs
[5,22,31,32].

Recently, a number of comparisons have been made between patients with indeterminate
and determinate Chagas disease status and those living with HIV/AIDS, especially AIDS
patients who lived during the first two decades of the global AIDS pandemic [33]. The
comparisons include the chronicity of both diseases, high rates of MTCT and transfusion-
associated infections, as well as the costs of treatment, lack of access to available drugs and
the poor efficacy of the drugs [33]. Advances in new drug development for Chagas disease
have been recently summarized [31,32].

Comparative advantage of a Chagas vaccine

An alternative approach for developing and testing new small molecular drug targets and
candidates would be to develop and test a therapeutic vaccine, which could be administered
as an immunotherapy either to individuals with chronic Chagas disease or those with
indeterminate status who may go on to develop cardiomyopathy. The advantages of a
therapeutic Chagas disease vaccine compared with benznidazole alone (the current major
competing product in clinical use) could include the following:

« Reductions in toxicities, thereby allowing its expanded use in indeterminate and
determinate patients;

» Higher efficacies at preventing cardiac complications;
» Higher rates of seroreversion to 7. cruzi antigens not contained in the vaccine;
« Potential use in pregnancy to prevent congenital Chagas disease.

An effective therapeutic vaccine for human Chagas disease could prevent cardiac
complications among the estimated 40,000 new cases of Chagas disease that occur in Latin
America annually [22], avert over 600,000 DALY's annually that result from
cardiomyopathy and gastrointestinal disease [1], and prevent 10,000 deaths or more annually
(Box 1) [22].

Three recent comprehensive reviews have summarized work on the development of a
Chagas vaccine, with an emphasis on the development of a preventive vaccine [34-36]. Here
the authors summarize recent efforts by a product development partnership (DP) to begin the
development of a new therapeutic vaccine, with an emphasis on its development in Mexico
and its use for Latin America and elsewhere.

Global access: economics & cost—effectiveness

An analysis of the economic value of a preventive Chagas disease vaccine in Latin America
was reported by the Public Health Computational and Operations Research (PHICOR) group
at the University of Pittsburgh (PA, USA) [3]. Results of their analysis indicated that
vaccination would likely be beneficial across a wide range of infection risk (as low as 1%)
with vaccination being economically dominant (i.e., less costly and more effective than not
vaccinating) when vaccination cost <$5 and vaccine efficacy was =50%, highly cost-
effective (i.e., <1 times the gross domestic product per capita) when vaccination cost <$20
and vaccine efficacy was =50%, and cost-effective (i.e., 1-3 times the gross domestic
product per capita) as long as vaccination cost <$30 and vaccine efficacy was =50% [3].
More recently, we developed an economic model evaluating the potential cost—effectiveness
and return on investment of a therapeutic Chagas disease vaccine for use in Mexico [37].
This analysis, which evaluated the likely benefit of a vaccine that delays or prevents the

Expert Rev Vaccines. Author manuscript; available in PMC 2013 November 07.



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

1duasnuey Joyiny vd-HIN

Dumonteil et al.

Page 6

onset of cardiomyopathy, suggests that such a vaccine would be cost-effective and often
“economically dominant” (i.e., providing both cost savings and health benefits) across a
range of protection duration, adverse risks and dosing regimens [37]. Although a vaccine
that delays the onset of cardiac outcomes by 10 years or more may remain cost-effective, a
positive return on investment may only result if the vaccine prevents (rather than delays) the
onset of cardiomyopathy [37].

Target product profile

A proposed target product profile for a therapeutic vaccine is outlined in Table 1. Briefly,
the product would be a therapeutic vaccine to prevent (desired target) or delay (minimally
acceptable target) the onset of Chagasic cardiomyopathy in patients with indeterminate
Chagas disease (determined by antibody seropositivity using a licensed diagnostic kit) or in
patients with early-stage evidence of clinical Chagas disease (as determined by antibody
seropositivity, together with cardiac clinical manifestations, ECG or echocardiographic
alterations) [4]. The vaccine would be administered by intramuscular injection and could be
used for both children and adults, although adults alone would represent a minimally
acceptable target. Ideally a therapeutic vaccine would require at most only two injections
and would exhibit an 80% efficacy at preventing or delaying cardiac pathology and possibly
also megaviscera-based sequelae. Downstream, the vaccine might also be used during
pregnancy to prevent MTCT [4]. The desired and minimally acceptable target prices were
selected based on previously reported studies from Colombia and Mexico on the costs of
treating a Chagas disease patient with anti-parasitic chemotherapy [29,30].

Proposed first-generation therapeutic Chagas disease vaccine

Antigen selection

The authors recently proposed to accelerate the development of a bivalent vaccine for the
immunotherapy of human Chagas disease [4,36]. The vaccine would be comprised of two 7.
cruzi recombinant protein antigens that were selected based on the evidence of protection in
laboratory mice and dogs as DNA vaccines [4,36,38-44]. These two antigens include a 7.
cruzi 24 kDa trypomastigote excretory—secretory protein known as Tc24 and a 7. cruzi
trypomastigote surface transialidase known as TSA-1 [4]. The antigens are formulated on
alum, together with an aqueous formulation of a novel Toll-like receptor 4 (TLR 4) agonist
(see below [45,46]). Evidence that these antigens work as a therapeutic vaccine is based on
immunizations in 7. cruziinfected mice and dogs, with evidence that protection is linked to
T. cruzi-specific CD8* immune responses (Box 2) [4,38-44]. These studies were conducted
in the Laboratory of Parasitology of the Autonomous University of Yucatan (UADY;
Merida, Mexico) under the direction of Eric Dumonteil, where since 2004 both Tc24 and
TSA-1 have undergone preclinical testing as preventative and therapeutic vaccines for
Chagas disease. Previous to these studies, TSA-1 was one of the first 7. cruziantigens to
exhibit protective immune responses in laboratory conditions [47,48]. Subsequently, testing
at UADY has confirmed the protective efficacy of both Tc24 and TSA-1 as DNA vaccines
[36,38-44]. Plasmids encoding either of these two antigens were shown to protect BALB/c
mice infected with an otherwise lethal dose of parasites following two immunizations
postinfection, as evidenced by reduced parasitemia and cardiac inflammation and >70%
survival (although sterilizing immunity was not achieved) [38]. The vaccine was efficacious
even when it was delayed until 10 and 15 days postinfection [38]. DNA vaccine
immunotherapy was also evaluated at 70 days postinfection in ICR (CD-1) mice infected
with a low dose (500 7. cruzi parasites) in order to simulate a chronic infection and this also
resulted in improved survival and reduced cardiac tissue inflammation [38]. The protection
from TSA-1 DNA immunization was associated with the induction of CD8" T-cell activity
and IFN-y production [39], with additional evidence showing that the protection was
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antigen-specific and required plasmids encoding either Tc24 or TSA-1 but not other
antigens tested [40]. Combining Tc24 and TSA-1 resulted in significantly lower parasitemia
and inflammatory cell density in the heart compared with controls in acutely infected
BALB/c and C57BL/6 mice, and reduced cardiac tissue inflammation in chronically infected
ICR mice [36,44]. In dogs, therapeutic administration of two doses of DNA vaccines
encoding TSA-1 and Tc24 during the acute phase resulted in a decrease in cardiac
arrhythmias [42], while when used as a preventive DNA vaccine the two antigens reduced
the 7. cruziparasite load in the heart (density of amastigote nests), as well as the number of
cardiac arrhythmias, and ultimately mortality [36].

Therefore, a therapeutic target for a human vaccine would be similar reductions in parasite
burden and inflammation in the heart in order to prevent or delay Chagasic cardiomyopathy.
Tc24 and TSA-1 were down-selected from a larger pool of candidate antigens, including
rSA85-1.1, Tc52, ASP9 (ASP-2 like clone 9) and TS, on the basis of their performance as
immunotherapeutic DNA vaccines in laboratory mice [35,36,38,40]. Performance metrics
included increased IFN-y and CD8* cellular responses, decreased parasitemia, decreased 7.
cruzi parasite burden in the heart, increased survival and decreased inflammation (reviewed
in [36]). Although in laboratory animals IFN-y did not result in increased pathogenicity, the
possibility that this cytokine could be immunopathogenic in humans will be considered and
monitored. It is possible that additional candidate therapeutic vaccines may also undergo
evaluation, including the multicomponent DNA-prime/DNA-boost TcVacl and TcVac2,
which have shown some promise recently as a preventive vaccine in dogs [49,50]. However,
based on the evidence of therapeutic efficacy of Tc24 and TSA-1 vaccines in reducing 7.
cruzi-induced cardiac disease in mice and dogs, the authors are pursuing Tc24 and TSA-1 as
lead candidate antigens. Although it has been more than 20 years since it was discovered
that plasmid DNA injections induce Th1-type immunity in mice and other laboratory
animals, to date the ability of such first-generation DNA vaccines to replicate similar
responses in humans has met with mixed success at best. While second-generation DNA
vaccines are being developed, especially for chronic noncommunicable diseases such as
cancer [51], the authors believe that this approach is still not ready to be considered for the
development of a therapeutic Chagas disease vaccine. Therefore, our focus is to attempt to
reproduce the effect of DNA vaccines by immunizing with their recombinant protein
counterparts. The authors have already shown proof-of-principle for expression of Tc24
using bacterial and yeast expression systems, and are currently evaluating clones selected
from expression systems for TSA-1.

Formulation & adjuvants

Based on successful studies conducted in laboratory mice of DNA immunizations with two
of the lead vaccine candidates, Tc24 and TSA-1, it was shown that therapeutic vaccination
resulted in parasite-specific IFN-y-producing CD4* and CD8* T cells in the spleen and in
infected cardiac tissue [36,44]. These results were abrogated in CD8-deficient mice but not
as much in CD4-deficient mice, suggesting that CD8" T cells play a major role in the control
of this infection by a therapeutic vaccine [36,44]. Therefore, achieving Thl-type immunity
would be an important goal of human therapeutic vaccination. However, purified
recombinant protein vaccines are sometimes limited by their weak immunogenicity and the
observation that they may not always stimulate adequate Thl-type immune responses
[52,53]. For this first-generation therapeutic recombinant Chagas vaccine, efforts will be
made to enhance Th1l immunity by formulating the protein antigens on alum and co-
injecting with a second adjuvant, E6020. E6020 consists of an aqueous formulation of a
well-characterized synthetic lipid A derivative, which is a TLR 4 agonist [45,46]. Previously
it was shown that the addition of E6020 can preferentially induce Th1 immunity [46].
Ultimately, the requirement for this second adjuvant will be determined pending preclinical

Expert Rev Vaccines. Author manuscript; available in PMC 2013 November 07.



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

1duasnuey Joyiny vd-HIN

Dumonteil et al.

Page 8

studies and early clinical trials. As an alternative or parallel approach, the authors will
investigate polymer-based delivery systems for the delivery of antigens and
immunopotentiating adjuvants to antigen-presenting or dendritic cells [4]. Polymeric micro-
or nano-particles can enhance uptake of antigen and adjuvant to dendritic cells, while
simultaneously protecting antigens against degradation [53]. In addition, particulate delivery
systems have been shown to cross-present antigen in order to generate cytotoxic T
lymphocytes against intracellular pathogens. Our group has identified a promising
microparticle technology based on a new pH-sensitive biodegradable polymer. The pH-
sensitive microparticles are designed for rapid intralysosomal degradation and release of
antigen and TLR agonists. Protein antigen formulated in this manner elicited robust antigen-
specific CD8" T-cell responses with dose-sparing of antigen and TLR3 agonist [54]. Other
polymer-based systems include viscous polysaccharide solutions, which can create an
extracellular depot of protein antigen and immunostimulatory molecules and have been
shown to induce Thl-type immune responses in animal models [55]. Thus, as an advance
the authors can re-engineer the bivalent vaccine candidate using microparticles or other
polymer-based technologies to deliver protein antigen and immunopotentiating agents. As a
back-up strategy, it may also be possible to employ viral vectors including adenovirus and
modified vaccinia Ankara encoding Tc24/TSA-1 [4,56-58].

Product development of the vaccine

The studies described above provide a strong preclinical foundation for accelerating the
development of a therapeutic human vaccine for Chagas disease. The authors are currently
working to produce a vaccine for initial clinical testing in Mexico and elsewhere in Latin
America where Chagas disease is highly endemic. To actually produce a vaccine under
current good manufacturing practices (cCGMP) suitable for Phase | clinical testing requires
the implementation of a number of key steps, including:

»  The development of a process for the high-yield and low-cost expression,
fermentation and purification of the two component recombinant antigens of the
Chagas disease vaccine — that is, Tc24 and TSA-1 - followed by formulation on
alum (Alhydrogel® [Brenntag Biosector, Frederikssund, Denmark] or aluminum
phosphate) together with E6020, a synthetic TLR4 agonist;

»  The development and qualification of product-specific assays (including potency
assays), followed by the process and formulation optimization, which incorporates
biophysical profiling;

»  Technology transfer for the cGMP manufacture of both drug substance and drug
product;

»  Formal release of the drug product based upon qualified assays and a formal
stability program, which includes vaccine potency;

» A preinvestigational new drug meeting followed by completion of a good
laboratory practice (GLP) toxicology study;

» Investigational New Drug (IND) submission to begin clinical testing.

The major deliverable at the end of the project period is the concurrence of the US (FDA)
and Mexican (COFEPRIS) national regulatory authorities with plans for initial Phase |
clinical testing of the Chagas disease vaccine in Mexico, followed by further clinical testing
throughout other areas of Latin America. Thus, the authors are advancing the development
of two candidate antigens for the first vaccine against Chagas disease. The Carlos Slim
Institute for Health (Instituto Carlos Slim de la Salud; Mexico City, Mexico), together with
the Southwest Electronic Energy Medical Research Institute and Texas Children’s Hospital
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(TX, USA), has made an initial commitment to fund early development of the two 7. cruzi
vaccine candidate antigens. The vaccine development initiative is led by the nonprofit Sabin
Vaccine Institute (DC, USA) Product Development Partnership (PDP), an internationally
recognized PDP and one of the only PDPs with a specific mission to develop and test new
vaccines to combat the neglected tropical diseases [59]. PDPs are nonprofit organizations
that use industry practices to advance new neglected disease products, such as small-
molecule drugs, vaccines, diagnostics, microbiocides and insecticides [59]. Worldwide there
are approximately 16 PDPs including five committed to vaccine development. The Sabin
Vaccine Institute PDP has built the infrastructure and capacity for research, development
and scale-up technology transfer for potential vaccine candidates, especially to developing
country manufacturers in Brazil (i.e., FIOCRUZ BioManguinhos [Rio de Janeiro, Brazil]
and Instituto Butantan [Sao Paulo, Brazil]) and Mexico (see below), as well as a strong
management and administrative core experienced in vaccine development, quality
assurance, regulatory affairs and clinical trials. Sabin Vaccine Institute’s 11 years of
research and development experience has generated a comprehensive, low-cost model that
serves as a blueprint for vaccine development and ongoing efforts to fight public health
threats that adversely impact more than 1 billion people worldwide. Such activities include
new vaccines for hookworm infection and schistosomiasis, which have either entered or will
soon enter clinical testing [59]. The partnership for accelerating the first therapeutic Chagas
vaccine for human trials is illustrated in Figure 2 and summarized in Box 3. Briefly:

»  Sabin Vaccine Institute PDP, in collaboration with its affiliated Texas Children’s
Hospital Center for Vaccine Development, will express the recombinant antigens
(10-20 I fermentation scale for yeast, bacteria and other expression systems,
together with downstream purification) and perform process development and
technology transfer activities for manufacture in collaboration with Centro de
Investigacion y de Estudios Avanzados del Instituto Politécnico Nacional
(CINVESTAV), the center for research and advanced studies in Mexico City
(Mexico) [101]. Sabin will also provide regulatory affairs and quality assurance
support. A hallmark of this activity is that the Sabin Vaccine Institute PDP selects
processes — that is, microfiltration, ultrafiltration, centrifugation, column resins and
assays — which are compatible with the pilot manufacturing facility of the GMP
manufacturer at the 60-100 | scales. Upon execution of a manufacturing agreement
for the production of Phase I clinical trial material, a productive research clone will
be provided to the cGMP manufacturer for the generation of master/production cell
banks;

« UADY will evaluate the antigenicity, immunogenicity and preclinical efficacy of
the Chagas vaccine candidates;

«  Birmex (Laboratorios de Bioldgicos y Reactivos de México — Mexico’s leading and
public sector vaccine manufacturer) will perform cGMP manufacture. Birmex is a
Mexican state-owned institution under the supervision of the Federal Secretary of
Health, and is dedicated to research, development and production of venoms,
different anti-venom purified polyclonal immunoglobulins and vaccines [102].
Birmex currently produces a number of vaccines for Mexico;

e The partnership has obtained the access for the testing and evaluation of a novel
adjuvant through the commitment from the Japanese company Eisai Co., Ltd,
which has pioneered the development of the synthetic TLR4 agonist, E6020, as a
vaccine adjuvant [45];

» Additional partners include the Bernhard Nocht Institute for Tropical Medicine
(BNI; Hamburg, Germany), which has extensive experience in the immunology of
Chagas disease [60-62], University of Kansas (KS, USA) for biophysical and
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formulation assessments [63], and the PHICOR group of the University of
Pittsburgh School of Medicine and Graduate School of Public Health (PA, USA)

3.

Based on our previous success with technology transfer, the authors expect that the
production processes will yield Tc24 and TSA-1 drug substance and drug products of
sufficient yield, purity and stability for use in Phase | testing. Following GLP toxicology
testing, a regulatory filing for each of the candidate antigens will be prepared and submitted
both to the US FDA and the Mexican national regulatory authority (COFEPRIS) (Box 4).

For quality control and assurance, an extensive array of assays has been developed and
implemented for protein characterization. These assays are employed in the earliest stages of
the candidate antigen and are refined for the specific antigen concurrently with the early
process development. The Sabin Vaccine Institute PDP and Texas Children’s Center for
Vaccine Development performs assay qualifications to establish that assays used for the
recombinant vaccine antigen characterization are accurate, precise, sensitive, specific,
reproducible and robust. Based on these qualification procedures, a set of release
specifications will be established to support the regulatory submission to the FDA and
COFEPRIS for the recombinant antigen vaccine. All assays use standard published
procedures or modified procedures established by the Sabin Vaccine Institute PDP as a part
of its hookworm vaccine development program and will be codeveloped with Birmex/
CINVESTAV to assure smooth technology transfer and product release. These assays will
establish criteria for the evaluation of the expression during ‘scale-up’ and “final lock-down’
as well as for the stability program of the recombinant proteins. Most of these assays are
antigen-specific and will be developed through application and/or modification of methods
currently existing in our laboratories. In addition, a variety of assays have been developed,
maintained and qualified in order to analyze pH, protein concentration determination by UV
absorbance and endotoxin content. All assays will complement biophysical methods for the
generation of protein conformational maps or diagrams. This approach will provide
confirmation of a successful, consistent and reproducible process development strategy.

Preclinical & clinical development of the vaccine

In addition to the product development challenges, the clinical development (and even
preclinical development) of a therapeutic Chagas vaccine also presents a number of hurdles.

Autoimmunity

One potential concern is the possibility of inducing autoimmunity as a result of therapeutic
vaccination. The role of autoimmunity in the pathogenesis of Chagas disease is considered
controversial [5]. While it is generally accepted that persistence of parasites is a necessary
requirement for the subsequent development of chronic complications of Chagas disease,
including cardiomyopathy, it has not been well established whether tissue damage is
ultimately caused by the parasites themselves versus immunopathology and autoimmune
mechanisms [5,64,65]. However, no definitive pathogenic role has been ascribed from
autoimmunity, which would require showing evidence of the disease from antibodies or T
cells that result in chronic heart disease or myocarditis [5]. Indeed, the establishment of
chronic 7. cruziinfection can occur in the setting of depressed T-cell responses [5]. In a
recent article, Machado er a/. argue that there is “now a considerable body of evidence and
broad consensus that parasite persistence is requisite for pathogenesis and that antiparasitic
immunity can be protective against 7. cruzi pathogenesis without eliciting autoimmune
pathology.” However, it will be essential to consider and monitor autoimmune sequelae as a
part of the clinical development plan of the Chagas Vaccine Initiative. It is likely that
potential concerns about autoimmunity will result in a cautious and deliberate step-wise
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clinical development plan. One option will be to first test the vaccine in a non-human
primate model prior to clinical testing [67,68].

Antigenic variation

Biomarkers

Another challenge will be to examine each antigen for its genetic diversity and geographic
variation in its amino acid sequence. Strain-specific immunity has been shown for some
subunit preventive vaccines [34]. Currently 7. cruziis classified into six so-called “‘discrete
taxonomic units’ based on a recently proposed nomenclature (Tcl, Tcll, Tclll, TclV, TcV
and TcVI) [69]. The impact of this taxonomy and genetic diversity on the two proposed
antigens for the therapeutic vaccine is under evaluation.

Novel biomarkers for disease progression will also need to be evaluated and standardized to
allow for extensive vaccine evaluation, both in laboratory animals and in humans. These
include measurement of plasma levels of natriuretic peptide [70], ApoALl [71] or cardiac
troponin T [72], as well as immunological markers such as T-cell profiles [73] and cytokine
levels [74]. Recently, serum proteomic signatures were obtained from human Chagasic
patients in order to identify novel protein biomarkers of cardiac muscle injury in Chagas
disease patients, including myosin light chain 2, myosin heavy chain 11 and increased levels
of vinculin and plasminogen [75]. Such observations also offer expanded possibilities for
developing biomarkers for human study. Dog as well as non-human primate models will
also be considered for further evaluation of the vaccine and biomarkers. To evaluate the
success of vaccination, both for the mouse model as well as for the clinical Phase I trial, it
will be important to measure the HLA-restricted activation of both CD4* and CD8* T cells
in an autologous system. The authors propose to utilize a lentiviral transduction system
currently used for gene transfer and adapt it to the expression of 7. cruziantigens in primary
human APCs. The vaccine antigens will be cloned into the lentiviral system and the
transduction into primary cells needs to be established.

Generally, parasitemia is an acceptable read out for acute infection in mice. Nevertheless,
after the acute phase a PCR-based method will be used to measure the remaining tissue
burden to assess whether a prophylactic vaccine will result in either sterile immunity or at
least a reduced tissue burden. Similarly, parasite tissue burden will be assessed in the
chronic mouse model. Furthermore, it will be desirable to monitor the function of the
vaccine-induced 7. cruzi-specific CD8* T cells (in both acutely and chronically infected
mice) by either measuring their cytokine production (enzyme-linked immunosorbent spot
and/or intracellular flow cytometry) or by analyzing their cytotoxic potential using an /n
vivo killing assay (transfer of labeled target in vaccinated recipients and measurement of
remaining cells by flow cytometry). At least two different strains will be used for challenge
(Tulahuen and Y strain). Histology and/or release of marker enzymes (liver enzyme,
troponin C) will be assessed as possible signs for inflammation. Biomarkers of a successful
vaccination will be established and will be used for human volunteers enrolled in clinical
trials.

In humans, the induction and functional capacity of 7. cruzi-specific T cells will be assessed
by measuring release of proinflammatory cytokines. For this purpose, peripheral blood
leukocytes from vaccinated patients will be stimulated with 7. cruzilysate or the antigens in
question at an early time point (T-effector cells) and at a late time point (T-memory cells)
and the subsequent production of cytokines will be measured by enzyme-linked
immunosorbent spot, intracellular flow cytometry or by multiplex ELISA. For this purpose,
primary autologous cells will be transduced using a lentiviral vector encoding the protective
antigens included in the vaccine. These cells will be used as target for the CD8* cells of
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vaccinated patients in cytotoxicity or cytokine release assays. The assays in mice/patients
will be established at an early stage of the project.

Expert commentary

A total of 8 years of published preclinical studies in mice and dogs provide a strong
evidence base for a therapeutic effect of a bivalent DNA vaccine encoding the antigens Tc24
and TSA-1, with substantive reductions in parasitemia and tissue parasites, specific
antiparasitic T-cell immunity, reduced cardiac inflammation and increased host survival.
These observations provide a basis for accelerating the development of a human therapeutic
Chagas vaccine. Because DNA vaccines have not yet translated into effective human
vaccines, the therapeutic Chagas vaccine is being developed as a bivalent recombinant
protein vaccine on alum, together with the synthetic TLR4 agonist E6020. Leading vaccine
development efforts is a PDP, together with a consortium of Mexican and other institutions
for formulation, process development, cGMP manufacture, lot release, preclinical and
clinical testing and modeling. Ultimately, the vaccine would be manufactured and first
tested in Mexico in order to initially address Latin America’s heavy burden of Chagas
disease from vector-borne transmission, and MTCT downstream. Key scientific and
technical challenges to overcome will include demonstrating that a therapeutic recombinant
vaccine can induce protective Thl-type immunity while simultaneously avoiding the
induction of autoimmunity, as well as the development and implementation of a satisfactory
set of biomarkers to effectively monitor clinical efficacy. Ultimately, given the recent
literature pointing overwhelmingly to the importance of parasite persistence in promoting
progression of Chagas disease and cardiomyopathy, a therapeutic vaccine offers great
promise for complementing or possibly replacing current drug therapy.

Five-year view

Pending success in process development and technology transfer to Birmex in Mexico, the
two antigens comprising a prototype therapeutic vaccine for human Chagas disease could be
manufactured under cGMP within the next 5 years. Formulation of the vaccine on alum,
together with E6020, would need to stimulate Th1-type immunity in preclinical testing.
Following product lot release, GLP toxicology testing and simultaneous regulatory filings in
the USA (FDA) and in Mexico (COFEPRIS), Phase I clinical trials (for safety and
immunogenicity) could commence in healthy volunteers followed by studies in patients with
indeterminate or determinate Chagas disease. Success in the clinical development of a
therapeutic Chagas disease vaccine will require advancement in the status of biomarkers to
monitor its impact on halting the progression of disease, especially with regard to the
vaccine’s ability to prevent or delay Chagasic cardiomyopathy.
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102. Laboratories de Bioldgicos Reactivos de México. www.birmex.gob.mx

103. Wikipedia File: Trypanosomiasis world map. http://en.wikipedia.org/wiki/
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cGMP: Current good manufacturing practice; GLP: Good laboratory practice.

Box 3. Activities of the Chagas vaccine initiative

Scale-up process development (10-20 | scale) and formulation of the two lead
candidate protein antigens

» Development of a process for fermentation, purification and
formulation of the recombinant antigens at high yield (>200 mg/l),
purity (>98%), and binding to alum (>90%)

Confirmatory preclinical efficacy testing for material generated during process
development and re-engineering, including testing of E6020, an experimental
adjuvant, and development of biomarkers

» Confirmation of protective immunity; independent confirmatory testing
in at least two sites; and qualification of biomarkers for clinical
assessment during Phase | and beyond

Technology transfer to Mexico

»  Transfer of batch production records for a scaled-up process at the 60—
100 | scale for the cGMP manufacture of Tc24 and TSA-1 and the
Chagas disease therapeutic vaccine

c¢GMP manufacture

e cGMP manufacture of >1 g each of recombinant Tc24 and TSA-1 at
purity >98% and formulated on alum + E6020 with >90% protein
binding, passing lot release and 1-year stability testing

Regulatory filing with US FDA and COFEPRIS

» Parallel filings to perform GLP toxicology and to obtain approval for
future Phase | testing

Clinical capacity building and site preparation for clinical testing

»  Personnel trained, sites evaluated and selected in preparation for future
clinical testing year 5 and beyond

Mathematical modeling and cost—effectiveness

» Cost—effectiveness conferred
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Box 4. Strengths of the partnership

Sabin Vaccine Institute is a product development program with an 11-year
successful track record of partnering with developing country manufacturers and
transitioning discoveries to the clinic.

In preclinical testing studies conducted at Autonomous University of Yacutan
(Yacutan, Mexico), proof-of-concept of protective efficacy of the two antigens
when combined.

As a deliverable, the advancement in development of an urgently needed new
medical intervention, a therapeutic vaccine for Chagas disease, one of the most
important neglected tropical diseases in the Americas and a major maternal—
child health threat.

High level of scientific innovation building on almost a decade of preliminary
data, published in peer-reviewed journals.

Capacity building with key Mexican institutions including CINVESTAV and
Birmex, the public sector vaccine manufacturers in Mexico.

Economic models confirming the cost—effectiveness of a therapeutic vaccine.
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Key issues

Chagas disease is a major neglected tropical disease affecting 10 million people
living in poverty in Latin America.

All patients seroconvert following initial infection with 7rypanosoma cruziand
20-30% of these patients subsequently develop Chagasic cardiomyopathy or
other heart sequelae.

The two major drugs currently used for Chagas disease, benznidazole and
nifurtimox, have limited efficacy in adults with indeterminate status (patients
who have seroconverted but do not yet show signs or symptoms) and
determinate status (patients who have both seroconverted and have clinical
disease). The drugs also require prolonged treatment courses, and are poorly
tolerated and expensive.

An injectable therapeutic Chagas disease vaccine is under early development to
prevent or delay Chagasic cardiomyopathy in patients with indeterminate or
determinate status.

The proposed first-generation bivalent vaccine is comprised of two recombinant
antigens, Tc24 and TSA-1, which are formulated on alum, together with a Toll-
like receptor 4 agonist known as E6020.

Proof-of-concept for the efficacy of these antigens was obtained in preclinical
testing in mice and dogs at the Autonomous University of Yucatan (location).

An important scientific hurdle is to reproduce the CD8* immune responses
generated using DNA vaccines with mice, but by substituting recombinant
proteins together with a Toll-like receptor 4 agonist.

The vaccine is being developed by the Sabin Vaccine Institute Product
Development Partnership and Texas Children’s Hospital Center for VVaccine
Development in collaboration with CINVESTAYV and Birmex, Mexico’s leading
vaccine manufacturer, with funding from the Carlos Slim Health Institute.
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Figure 1. Age-standar dized disability-adjusted life-year ratesfrom Chagas disease by country
(per 100,000 inhabitants)
Data taken from [103].
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Figure 2. Partnership for the development of a human therapeutic Chagas disease vaccine
cGMP: Current good manufacturing practice; GLP: Good laboratory practice; PDP: Product
development partnership.
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Chagas vaccine initiative: proposed target product profile.
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Item

Desired target

Minimally acceptable target

Indication

A therapeutic vaccine to prevent the onset of
Chagasic cardiomyopathy in patients with
indeterminate Chagas disease (as determined by
antibody seropositivity using a licensed diagnostic
kit) or in determinate patients with early-stage
evidence of clinical Chagas disease (as determined by
antibody seropositivity, together with cardiac clinical
manifestations; i.e., ECG or echocardiographic
alterations)

A therapeutic vaccine to delay the onset of Chagasic
cardiomyopathy in patients with indeterminate Chagas
disease (as determined by antibody seropositivity using a
licensed diagnostic kit) or in determinate patients with
early-stage evidence of clinical Chagas disease (as
determined by antibody seropositivity, together with
cardiac clinical manifestations; i.e., ECG or
echocardiographic alterations)

Target population

Children (>2 years) and adults

Adults >16 years

Route of
administration

Intramuscular injection

Intramuscular injection

Product presentation

Single-dose vials. 1.0 ml volume of delivery

Single-dose vials. 0.5 ml volume of delivery

Dosage schedule

Maximum of two immunizations regardless of age,
with the second injection given 1-2 months after the
first immunization

Maximum of four immunizations according to a 0,
1-2 months, 4-12 months and 5-year schedule

Warnings and
precautions/
pregnancy and
lactation

Mild-to-moderate local injection site reactions such
as erythema, edema and pain, the character,
frequency and severity of which is similar to licensed
recombinant protein vaccines. Less than 0.001% risk
of urticaria and other systemic allergic reactions.
Incidence of SAEs no more than licensed comparator
vaccines

Moderate local injection site reactions such as erythema,
edema and pain. Less than 0.1% risk of urticaria.
Temporary cardiac inflammation (carditis) as determined
by ECG changes lasting no more than 2-3 weeks
following administration of any one dose. Beyond the
ECG changes, the incidence of SAEs no more than
licensed comparator vaccines

Expected efficacy

80% efficacy at preventing the onset of cardiac
complications

80% efficacy of delaying the onset of cardiac
complications by =10 years

Coadministration

All doses may be coadministered with currently
available trypanocidal drugs, as well as heart
medicines

Essential heart medicines

Shelf-life

5 years

1 year

Storage

Refrigeration between 2 and 8°C. Cannot be frozen.
Can be out of refrigeration (at temperatures up to
25°C) forupto 72 h

Refrigeration between 2 and 8°C. Cannot be frozen.
Temperature monitor required

Product registration
and WHO
prequalifi cation

US FDA, in addition to licensure by COFEPRIS, the
Mexican National Regulatory Authority. WHO
prequalification of manufacturing facility at Birmex
(Mexico City, Mexico)

Licensure by COFEPRIS, the Mexican National
Regulatory
Authority

Target price

$46, the minimal cost of treating a patient with
Chagas

$200, one-fifth of the expected cost of treatment per
patient per year

SAE: Serious adverse
event.
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