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Abstract

Latin America contributes 1 to 1.2 million clinical malaria cases to the global malaria burden of
about 300 million per year. In 21 malaria endemic countries, the population at risk in this region
represents less than 10% of the total population exposed worldwide. Factors such as rapid
deforestation, inadequate agricultural practices, climate change, political instability, and both
increasing parasite drug resistance and vector resistance to insecticides contribute to malaria
transmission. Recently, several malaria endemic countries have experienced a significant
reduction in numbers of malaria cases. This is most likely due to actions taken by National
Malaria Control Programs (NMCP) with the support from international funding agencies. We
describe here the research strategies and activities to be undertaken by the Centro Latino
Americano de Investigacion en Malaria (CLAIM), a new research center established for the non-
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Amazonian region of Latin America by the National Institute of Allergy and Infectious Diseases
(NIAID). Throughout a network of countries in the region, initially including Colombia,
Guatemala, Panama, and Peru, CLAIM will address major gaps in our understanding of changing
malaria epidemiology, vector biology and control, and clinical malaria mainly due to Plasmodium
vivax. In close partnership with NMCPs, CLAIM seeks to conduct research on how and why
malaria is decreasing in many countries of the region as a basis for developing and implementing
new strategies that will accelerate malaria elimination.

Keywords

malaria; Plasmodium falciparum; Plasmodium vivax; Anopheles mosquitoes; vector control;
epidemiology; malaria elimination; malaria pathogenesis; non-Amazon regions; Latin America

1. Malaria control in non-Amazonian regions of Latin America

Approximately 170 million people, corresponding to almost 60% of the total population of
Latin America (LA) and the Caribbean, live in malaria endemic areas where 1 to 1.2 million
clinical malaria cases occur every year(Guerra et al., 2010; WHO, 2009). Sixty percent of
these cases are reported from Brazil whereas the remaining 40% of the cases occur in
another 20 countries mainly located in the Andean region (PAHO and WHO, 2008; WHO,
2008). Plasmodium vivax is the predominant species (~74%) followed by P. falciparum
(~26%) and P. malariae (< 0.1%) (Guerra et al., 2010; WHO, 2009).

During the Global Malaria Eradication Program (GMEP) from 1955 to 1969, several
countries in LA made significant progress toward malaria elimination (Gabaldon, 1983;
Gabaldon et al., 1961). Importantly, even highly endemic countries such as Venezuela,
Colombia, Peru, and Panama significantly reduced malaria transmission. However, parasite
resistance to several anti-malarial drugs (Corredor et al., 2010; Feachem et al., 2009; WHO,
2005), mosquito resistance to DDT and other insecticides, economical constraints, and
unclear malaria control policies significantly limited the progress of this early program
(Roberts and Andre, 1994; WHO, 1998).

Since 1969 when the GMEP ended, most countries of the region experienced overall
increases in malaria incidence. However, since 2000, substantial decreases in malaria
incidence have been observed due to regional policies and efforts to improve malaria
surveillance, early case detection, prompt diagnosis and treatment, integrated vector
management, and health systems strengthening (WHO, 2009). The initiation of other
programs like the “Malaria Control Program in Andean-country Border Regions”
(PAMAFRO) sponsored by the Andean Health Organization (ORAS), The Global Fund to
Fight AIDS, Tuberculosis and Malaria (GFATM), and The Amazon Network for the
Surveillance of Antimalarial Drug Resistance (RAVREDA) sponsored by the Pan American
Health Organization/World Health Organization (PAHO/WHO) have significantly
influenced the Annual Parasite Index (API) in this region. Moreover, some of the countries
from the Mesoamerican region like El Salvador, Costa Rica, Mexico and Nicaragua have
decreased malaria incidence by over 90% through intensive control activities (SM2015,
2010). To date, three countries, Argentina, El Salvador and Mexico, have scaled-up their
malaria control strategies and are working toward malaria elimination (WHO, 2006).
Significantly, these success stories in malaria control strongly encourage the initiation of
strategically focused efforts towards malaria elimination throughout the LA region.
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2. Key gaps for effective malaria control/elimination in LA

Although malaria elimination in LA countries appears more feasible than in most other
regions of the world (Feachem et al., 2009), moving from control to elimination in low-
endemic malaria areas of the region still represents a great challenge. Despite increased
funding for malaria control in the region, coverage with preventive measures and access to
effective treatments still remain below expected levels in some countries. Major gaps
include the availability of suitable diagnostic tests with high sensitivity and specificity for
mass use, an adequate understanding of the taxonomy, ecology, and behavior of vector
species relative to available tools for vector control, increasing limitations in the availability
of effective antimalarials, mapping of the extent and spread of drug resistant parasites, and a
limited understanding of P. vivax biology and epidemiology (WHO, 2008).

2.1 Vectors of malaria parasite transmission

Nine out of 90 anophelines species described in the region have been incriminated as vectors
of primary and secondary importance with regard to malaria parasite transmission (Rubio-
Palis and Zimmerman, 1997; Sinka et al., 2010) but there is insufficient information on
vector species distribution as well as uncertainties regarding the impact of anthropogenic
environmental changes on the dynamics of transmission. The great diversity of Anopheles
species in LA together with the limited understanding of their taxonomy urgently requires
integrated approaches to determine which Anopheles species and species complexes are
serving as malaria vectors in the region. Moreover, besides limitations in effective tools for
vector control, NMCPs are likely to be using under-developed Integrated Vector
Management (IVM) strategies (WHO, 2011b). There is only a limited understanding of
vector biology, particularly mosquito ecology and behavior, geographic distributions and
seasonality of vectors and the dynamics of local malaria parasite transmission, all of which
limit the ability of health authorities to select and utilize adequate vector control measures.
Appropriate IVM strategies for vector control in the diverse environments of LA must
consider local malaria epidemiology and how malaria vector species respond to available
tools for vector control.

2.2 Malaria Diagnosis and Parasite Genetic Diversity

With malaria, clinical diagnosis is not specific and leads to a high proportion of
misdiagnoses, inappropriate use of medicines and exposure to potential drug toxicity, and
wastage of economical resources. Although microscopic diagnosis using Giemsa stained
thick smears has been the reference method for field malaria diagnosis for ~100 years, it has
numerous limitations. These include the lack of personnel with appropriate or adequate
training in slide preparation techniques, an overwhelming workload, poor microscope
maintenance and the substandard quality of essential laboratory supplies(Wongsrichanalai et
al., 2007). Rapid Diagnostic Tests (RDT) have become popular because they are simple to
perform, easy to interpret, have high specificity and sensitivity, and do not require electricity
or much capital investment. However, although RDTs are sufficiently effective to detect
malaria parasites in symptomatic patients seeking medical attention, standardized protocols
for Quality Assurance (QA), especially to confirm potentially large numbers of negative
results are not yet available. Their usefulness for active case detection programs still needs
validation. As an alternative, DNA-PCR techniques are highly sensitive and specific but
require further development to be adapted for broad-based field work (Moonen et al., 2010).
One of the most serious limitations for malaria control is the difficulty in detecting and
treating low-density infections particularly in asymptomatic patients (Coleman et al., 2002a;
Coleman et al., 2002b). As well, there is a need to define how to approach diagnosis and
treatment in those countries moving toward malaria elimination, .e.g. El Salvador or Costa
Rica where the incidence has decreased by more than 90% (SM2015, 2010).
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Another critical issue regarding malaria parasites is the pattern of genetic diversity in
parasite populations with low recombination rates and relatively high population
differentiation as it occurs in LA. This issue is particularly relevant in the context of parasite
drug resistance and the importance of polymorphisms for vaccine development.

Low levels of transmission characterize malaria in LA, and as a consequence, multiplicities
of infection are also low, as consequence a low rates of decay of genetic linkage as relatively
high indexes of differentiation between parasite populations. (Anderson et al., 2000)

These factors constitute a useful epidemiological tool to follow patterns of migration and the
dissemination of genotypes of epidemiological relevance (e.g. drug resistance genotypes) in
countries where the complex geography creates natural barriers (and a variety of optimal
niches for a number of different vector species) that impede the spread of mosquito vectors
and contribute to the isolation and genetic differentiation of Plasmodium populations.
(Machado et al., 2004)

An understanding of the population genetics and the nature of Plasmodium genetic diversity
in LA conditions is key to explain how selective forces, such as immune responses, vaccine
trials, and drug administration policies, act upon parasite populations.

2.3 Limitations of the antimalarial drug arsenal

In order to face Malaria Multidrug Resistance (MDR), in 1998 WHO recommended the use
of artemisinin based combination therapies (ACTs) (Bosman and Mendis, 2007; WHO,
1998), and since then, countries have been using these antimalarials with the rather common
belief that artemisins are not vulnerable to resistance. In 2009, P. falciparum strains resistant
to artemisinin were first described in the Thailand/Cambodia border (WHO, 2011a). There
have been suggestions that there appears to be emergence of artemisinin tolerance or
resistance in African countries and Thailand, apparently due to operational constraints,
political instability or a lack of dedicated funds for their correct use (Dondorp et al., 2010).
Therefore, WHO recently recommended increasing the length of the follow-up for some
ACTs to 42 days as well as the use of PCR techniques to distinguish between recrudescence
and reinfection. This recommendation has increased the cost of therapeutic efficacy studies
(WHO, 2008, 2009). Currently there is growing concern about the catastrophic result that
would produce the dissemination of parasite strains resistant to artemisinin.

Besides these constraints, there is an urgent need to develop new antimalarials with activity
against parasite liver forms. Primaquine is the only treatment available today to eliminate P.
vivax liver parasite stages, and it requires extended therapeutic regimens of 7 to 14 days to
effectively eliminate liver parasite forms. While insufficient treatment may result in drug
resistance, extended treatment may lead to lack of compliance which would also result in
high risk of primaquine resistance. In addition, this antimalarial has serious toxicity
problems in populations with glucose-6-phosphate dehydrogenase (G6PD) deficiency
(Wells and Poll, 2010) and a systematic screening of this deficiency is not always
performed. In addition, there is a general lack of information about G6PD prevalence in the
LA region.

2.4 Health system gaps

Following policies established by the World Bank (World Bank, 1993) many countries of
the LA region began processes of health reform, including decentralization. In some
countries, decentralization was also applied in NMCPs and the transition process coincided
with a decrease in malaria incidence reports, which may be attributed to deficiency in data
collection and, therefore, to malaria underreporting. It has also been shown, that as an effect
of decentralization, those municipalities with fewer trained and experienced health care
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workers in malaria control programs had a greater number of malaria cases. Moreover, in
small municipalities where malaria control programs are carried out by local hospitals, it
was observed that when there was delay in salary payments the number of malaria cases
decreased significantly, most likely because all cases were not being registered. Thus, the
goal of health sector reform to increase access to health services for poor people has been
operationally complicated (Carrasquilla, 2006; PAHO, 2006).

2.5 Education and socio-economical development

Despite educational programs, health promotion and disease prevention activities are not
always successful because educational materials designed at central levels by officers of
health ministries do not consistently take into account the perspective and beliefs of the
affected target populations. In the case of malaria, which generally occurs in poor
communities with low levels of education, popular knowledge and beliefs about the disease
greatly influence the outcomes of any efforts on disease promotion, prevention, detection
and treatment. Public health activities for malaria control need to include active community
participation (Nieto et al., 1999), and educational materials designed according to cultural
and ethnographic characteristics of the target population must be made available to increase
knowledge and improve practices for malaria control (Carvajal et al., 2010). For example,
the risk of malaria in an endemic area of the Colombian Pacific coast has been associated
with the knowledge of the population about control measures; those with a knowledge of the
disease and preventative practices (e.g., mosquito breeding site elimination) have significant
lower risk ( RR 0.49, 95%CI 0.26, 0.95) of malaria (Mendez et al., 2000). Educational
interventions to increase knowledge and practices (e.g., treated bed nets, no self medication)
decreased the risk of malaria ( RR 0.58, 95% CI 0.39, 0.87) (Alvarado et al., 2006) and such
programs generally are more cost effective than more traditional control programs lacking
an educational component (Giron et al., 2006; Kroeger et al., 1996). Likewise, vector control
programs are more effective with community involvement, and generally, better results are
obtained from government-supported community-based programs (Ruebush and Godoy,
1992). Moreover, research suggests that the participation of women in malaria control
programs is critical, indicating a need to better understand how women influence their local
environment, family habits, hygiene, and prophylactic activities (Rodriguez et al., 2003).

The education and preparation of health care staff along with scientists in specialized topics
are compromised when governments are forced to lay-off doctors and nurses to meet new
civil services ceilings and reduce their costs on health in favor of productive sectors of the
economy (Rodriguez et al., 2003; Stratton et al., 2008). Another reality is that malaria risk is
determined by the prevailing economic and political systems. For example, during the 1980s
the number of malaria cases increased in numerous endemic countries due to cuts in public
spending on health and education due to need to free national resources for servicing
national debts. Moreover, although donor investment for fighting malaria has increased in
recent years, the funds available are clearly not sufficient to meet the financial needs of
high-priority malaria control programs and for malaria elimination in high-burden countries.
Moreover, there is no guarantee that current donors will be a long term sustainable source of
financing for malaria elimination. Therefore, countries must explore innovative alternatives
to self-finance malaria elimination programs (Feachem et al., 2010), including greater
community participation.

2.6 Bio-medical research hope for the future

A major structural gap for malaria control and elimination programs is the lack of evidence-
based field research and rigorous evaluation of the impact or the reasons for failure of the
different control measures. Although there is growing enthusiasm about the possibility of
malaria elimination in LA and other regions, NMCPs could certainly be doing better with
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the currently available tools to control malaria. There is a growing consensus that
elimination may not be possible with the current control tools and state of knowledge. In
order to address the gaps in knowledge, during the last two years a comprehensive and
multidisciplinary global research and development (R&D) agenda for malaria elimination
and eventual global malaria eradication (malERA) has been defined with the participation of
a group of prominent scientists, public health decision makers, control program managers
and funders (Alonso et al., 2011). The most significant gaps for the LA region are centered
on three key points. First, it is recognized that malaria caused by P. falciparum and P. vivax
is a disease with different spectra in different target groups and epidemiological settings, and
both species can be transmitted in LA by all described anopheline vector species, which
have diverse breeding and feeding habits. However, there is a lack of fundamental baseline
data on the bionomics and vector potential of primary and secondary vector species
responsible for malaria parasite transmission in the region. Second, current malaria control
and elimination programs face significant challenges in understanding the heterogeneity of
transmission dynamics, including differences in parasites, vectors, and human social and
environmental factors. Third, countries in this region face different combinations of
problems such as insufficient financial, social and human resources, poorly performing
health systems and lack of political will.

Moreover, despite the progress in malaria control in the LA region over the last several
years, there is insufficient documentation of how changing demographic patterns of human
populations are related to changes in vector population behavior, their parasite transmission
potential, and their adaptations to avoid the lethal effects of vector control measures. Better
malaria control and elimination can only be achieved by better understanding the complex
relationships between malaria and anthropogenic changes such as intense deforestation,
illegal agriculture, political instability, and possibly climate change (Feachem et al., 2009;
Vittor et al., 2009; WHO, 2006).

2.6 Understanding malaria immunity and development of malaria vaccines

Another significant gap for malaria elimination is the lack of a malaria vaccine that could
complement all current measures, particularly during advanced malaria elimination phases
when the cost effectiveness of other strategies may decrease (Marsh, 2010). Repeated
exposure to Plasmodium in malaria endemic areas eventually leads to significant degrees of
clinical immunity (Artavanis-Tsakonas et al., 2003). In areas of intense transmission
particularly in Africa, P. falciparum induces significant mortality in children but adult
individuals are able to develop an almost normal daily routine, even when they are harboring
clinically silent infections (Schofield and Mueller, 2006). However, the mechanisms of this
immunity are not yet deciphered and its parasite targets have not been completely identified,
although they would be most valuable for the development of vaccines that protect from
disease and/or block parasite transmission to mosquito and therefore its further
dissemination. Identifying the targets of these antibodies or mosquito functionally relevant
components susceptible to transmission blocking would be equally valuable as a basis for
developing malaria vaccines (Arevalo-Herrera et al., 2010). Despite these limitations,
progress has been achieved in identifying some valuable parasite components that are targets
of immune responses and therefore likely good candidates for vaccine development
(Arevalo-Herrera et al., 2010; Good and Doolan, 2010). Unfortunately, efforts have been
almost exclusively concentrated in developing vaccines that target P. falciparum (Crompton
et al., 2010; Moorthy et al., 2009), therefore vaccine candidates such as the RTS-S directed
to block the P. falciparum pre-erythrocytic development, are currently under advanced
phase Il clinical testing in Africa (Cohen et al., 2010a). However, such a vaccine is likely to
have very limited effects in the LA region. First, because P. vivax dominates, P. falciparum
in LA accounts for <30% of cases in most areas and even <10% in numerous areas. Second,
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as countries in the LA region are challenged with the need for elimination, there is a need
for vaccines that block transmission; the value of RTS-S appears to be basically preventing
clinical complications in African children. Since severe and complicated disease is minimal
in LA, vaccinated communities would have little benefit from vaccination. Indeed, use of
PfRTS-S in LA might create false expectations in the communities and would spoil further
efforts to engage the communities in the deployment of much needed P. vivax vaccines.

3. Prospects for malaria elimination

3.1 Recent malaria control initiatives toward elimination

The Roll Back Malaria program was launched in 1998 by the WHO, as a strategy to reduce
severe malaria morbidity and mortality particularly in children less than five years old and in
adults. The RBM agenda, involves programmatic components that must proceed
simultaneously and suitably to prevent failures: 1) Early diagnosis and prompt treatment, 2)
Strengthening and expansion of peripheral diagnostic Centers, 3) Enhancing passive case
detection at all rural health out lets, 4) Ensuring the availability of adequate and trained staff
and sufficient Anti Malarial Drugs, 5) Effective monitoring, supervision and evaluation, and
6) Capacity building by strengthening training and research components (Roll Back Malaria,
2008).

With significant support from multilateral sources like the GFATM and ORAS, during the
last six years Colombia, Ecuador, Peru and Venezuela implemented the PAMAFRO project
to reduce malaria in the country borders. A total of 23 Border States (719 municipalities and
>6000 communities) have worked towards the goal by 2010 of decreasing malaria incidence
(Annual Parasitical Index) by 50% and overall mortality by 70%. Although a final
assessment of the impact of this project was to achieve an API <10 in all involved countries,
reports for 2008 showed that Peru was the only country to achieved the goal, whereas
Colombia, Ecuador and Venezuela only reached 40 — 85% of the planned achievement
(PAMAFRO, 2009). This project has been geographically complemented by the
RAVREDA/AMI program financially supported by several funding agencies for the
surveillance of anti-malarial drug resistance in eight countries of the Amazon region. These
countries have validated and adopted operational solutions to critical aspects of malaria
surveillance and control that have contributed to a significant reduction in the API in these
countries. Unfortunately, these programs did not include adequate evaluation strategies and
supporting research components. Therefore, documentation of the real impact and
constraints are unfortunately lacking. The RAVREDA/AMI program is currently being
extended to the Mesoamerican region.

Another important malaria intervention is currently being initiated in the frame of the
Mesoamerican Health Initiative 2015 (SM2015, 2010) which is aimed at closing or
narrowing down several other critical health problems. This five year initiative is co-
sponsored by the Bill and Melinda Gates Foundation (BMGF), the Instituto Carlos Slim de
la Salud (ICSS), the Spanish Agency for International Cooperation (AECID), the Inter
American Development Bank (IADB) and the Ministries of Health (MOH) of
Mesoamerican countries. The region is targeting vector-borne diseases (SM2015, 2010). The
malaria operational strategy of SM2015 is planned as a proof-of-concept to evaluate whether
malaria transmission could be eliminated in selected areas of the region, so as to provide
evidence-based interventions.

3.2 Overall CLAIM plan for inter-disciplinary and multi-country approaches

The Center was originally created as a consortium of multiple public and private research
centers from, Colombia, Guatemala, Panama and Peru in the first phase of the program with
activities in 21 sentinel malaria endemic sites. However, it envisages in a second phase,
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extending its activities to other countries of the region such as the Dominican Republic,
Ecuador, Haiti and Honduras and most likely other neighbor countries will join the CLAIM
project in further phases. (Figure 1)

Unless a comprehensive and integrated approach is used for malaria control/elimination, the
risk of failure is great. Therefore, our strategy for CLAIM consists of articulating and
helping to address in a coordinated fashion different disciplinary sectors of malaria control
as repeatedly recommended by other malaria programs (Roll Back Malaria, 2008; Shretta et
al., 2007; TDR/WHO, 2009) based on its close interaction with ongoing control programs
that includes: 1) Improved diagnosis, 2) Drug efficacy and drug resistance assessment, 3)
Vector control, 4) Modeling, 5) Monitoring, evaluation and surveillance, 6) Vaccines
development, 7) Integration strategies, and 8) Health systems and operational research.

3.3 Specific projects aimed at malaria elimination in Latin America

3.3.1 Epidemiology of malaria transmission in low to moderate settings of LA
—The diversity of the ecology and parasite populations in the areas of influence of CLAIM
will be related to the epidemiology and malaria clinical findings in order to establish a
scientific framework that may support the development of new intervention strategies in LA.
CLAIM has established a network of sentinel sites integrating bio-geographic criteria
(vector and ecological conditions) and epidemiological information is being established. The
sentinel sites will provide baseline information on malaria ecology and epidemiology with
the goal of characterizing parasite and vector populations resilient to control interventions.
Such a network will support current efforts directed to develop population models to
quantify disease dynamics and malaria risk-maps to support the elimination activities
developed by the MOH.

CLAIM will specifically study:

1. The epidemiology of seasonal malaria and its relationship with parasite population
diversity.

2. The environmental, social, and other types of risk factors associated with malaria
transmission in non-Amazonian areas of LA countries.

The proposed aims are directed to determine the real prevalence and incidence of malaria by
considering both symptomatic and asymptomatic individuals living in seasonal areas in LA.
A total of 21 sentinel malaria endemic sites will be included and studies will be carried out
in three phases: 1) A census of the sentinel sites population using a demographic
questionnaire and houses coordinates using a GPS system, 2) Malaria diagnosis in the
selected sentinels sites including random sampling to identify asymptomatic gametocyte
carriers, 3) These studies will also assess the use of anti-malarial drugs, adherence to
treatment protocols, self-medication and prophylaxis. Additionally, parasite MDR, the
nature of resistance genotypes, and the genetic diversity of parasite populations will be
assessed and 4) Clinical and parasitological follow-up of asymptomatic individuals in
selected areas.

CLAIM generates an exceptional opportunity to study and define the dynamics of malaria
epidemiology taking advantage of the availability and feasibility of new sequencing methods
that currently allow studying P. falciparum genetic variation at the genome level and
knowing in high detail the type and pattern of genetic variation in Plasmodium populations
in LA. This is important as a way to determine the extent of genetic differentiation between
populations, establish patterns of human migration and their contribution to the
dissemination of drug resistance genotypes as well as the magnitude of genetic exchanges
between populations. This type of approach can shed light on the contribution of specific
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types of mutations (deletions, duplications, rearrangements, SNPs) and their effect on fitness
on Plasmodium populations that are transmitted under the conditions of LA.

Moreover, this information will constitute an important baseline of genetic diversity data
against which the effects of vaccine trials can be evaluated in the field, establish drug
resistance dissemination patterns and, in addition to environmental and human demographic
data, can be particularly useful for the epidemiological modeling of malaria transmission
under different circumstances.

CLAIM would also generate a unique opportunity to understand the epidemiological
dynamics of acquired immunity and its relationship with P. vivax antigenic diversity. We are
proposing to apply the power of next-generation sequencing to investigate antigenic
sequence variation within this clinical sample set to an unprecedented depth. Through
multiplexed sequencing of PCR-amplified antigenic loci, we will characterize the genetic
profile of each sample at selected loci most likely engendering acquired immunity. By
longitudinal follow up we will assess relative changes in genotypes and multiplicity of
subsequent infections in individuals, and define the infection burden required to build up
clinical immunity. We will also identify genetic loci that display distinct antigenic variants
in subsequent infections and therefore may be associated with protective immune responses.

3.3.2 Vector biology research and integrated vector management for malaria
control—The CLAIM research agenda will address major gaps in understanding the
ecology, behavior, vector potential, and control of Anopheles malaria vectors present in this
region, to guide the development and implementation of more effective IVM strategies.
Studies will be based on preliminary data and experience in each country. Successful
malaria control will be focused on effective control of Anopheles mosquitoes confirmed to
be malaria vectors in each country. We will: 1) Investigate the ecology, behavior, and
malaria parasite transmission potential of malaria vector species to identify key factors that
would facilitate more effective targeted vector control, 2) Determine how known and
suspected malaria vector species from each country in the CLAIM network differ in their
innate vector competence for P. falciparum and P. vivax, 3) Assess the efficacy of current
vector control operations of NMCPs and conduct multi-country field trials of new vector
control products that may strengthen capacities of NMCPs to implement effective IVM
strategies for vector control. Based on this approach, IVM in CLAIM would include the use
of treated nets, indoor residual spray and mosquito traps, control and management of
breeding sites, biological control, improvement of housing quality, and possibly the use of
new repellents. It would also include better diagnosis, opportunities which altogether would
allow a more rational decision-making process and optimal use of resources for vector
control.

In partnership with NMCPs, CLAIM will demonstrate the translational value of research
outcomes for improving vector control in ecologically diverse areas of the non-Amazonian
region through an interactive process of strengthening and evaluating IVM components of
NMCPs.

3.3.3 Studies on malaria immunopathogenesis in Latin America—Due to the
limited information on the most frequent malaria clinical manifestations and on their overall
impact in the affected communities in LA, CLAIM activities will focus on the study of the
prevalence, clinical spectrum and pathophysiology of malaria infection and its association
with parasite and human host factors. Like in other regions of low endemicity and easy
access to health services, severe and complicated malaria cases are rare, however, the
prevalence of clinical manifestations such as anemia or gestational malaria are critically
unknown. Moreover, few studies have been carried out in LA looking at the impact of
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malaria infection in pregnant women, and on neonatal health and child development
(Gonzalez et al., 2005; Pineros-Jimenez et al., 2008; Rodriguez-Morales et al., 2006). The
CLAIM activities will be conducted through the following specific aims: 1) Establishment
of the clinical profiles of malaria in different epidemiological settings and their association
with the parasite and host immunological status, 2) Assessing the prevalence of malaria
mixed infections and their influence in the clinical outcomes of the disease, 3) Determining
the prevalence of hematological manifestations related to malaria infection and their
association with concomitant immune status nutritional factors, and helminthes co-
infections, and 4) Assessing the prevalence of placental malaria and its impact on neonatal
health and child development.

Malaria and pregnancy studies will be built up on an ongoing multi-site center study
sponsored by the European Community (Pregvax/CRESIB personal communication) aimed
to determine the burden of P. vivax infection in pregnant women. Parasitological,
hematological, and immunological evaluations and concomitant non-malaria infections will
be evaluated. These studies will not only provide a better understanding of the
immunopathogenesis of malaria in LA but will also generate useful information for malaria
case management, control strategies including anti-malaria therapy, future use of malaria
vaccines, and points of intervention to improve developmental outcomes of children.

3.3.4 Current perspectives for malaria vaccines and their use in elimination
programs in LA—Another valuable tool for malaria elimination/eradication programs
would be a polyvalent multi-species and multi-stage malaria vaccine. During the last two
decades, significant progress has been made in the assessment of a first vaccine candidate
directed to prevent infection by P. falciparum sporozoites (Crompton et al., 2010; Plowe et
al., 2009). The first generation sporozoite-based P. falciparum RTS-S vaccine currently
being tested in Phase I11 studies in Africa (Cohen et al., 2010a), and although it has formerly
shown some incomplete protective effect against infection and clinical complications in
Africa (Cohen et al., 2010b), it is opening the path for a faster development of other vaccine
against both P. falciparum and P. vivax (Sacarlal et al., 2009).

Due to the great epidemiological importance of P. vivax in LA, CLAIM will also focus
efforts on: 1) A comprehensive study on the immune responses to P. vivax antigen arrays, 2)
Studies directed at understanding how clinical immunity as well as transmission blocking
immunity develops in endemic communities, 3) The selection and establishment of field
sites for Phase Il and Phase 111 vaccine studies, which will provide support to current efforts
being made in Colombia on the identification and clinical development of a P. vivax malaria
vaccine (Arevalo-Herrera et al., 2010; Arevalo-Herrera and Herrera, 2001; Herrera et al.,
2007; Herrera et al., 2011). The simultaneous transmission of both parasite species in LA
will facilitate the evaluation of vaccines to both, P. falciparum and P. vivax as well as their
combination.

3.4 Interrelationships of the specific projects and cooperative activities with other projects
and organizations

The CLAIM has established an interdisciplinary research team composed of a broad group
of scientists from multiple public and private research centers from CLAIM’s partner
countries (Colombia, Guatemala, Panama and Peru) including centers and organizations
depending from, or associated to the MOH from all participant countries, as well as
consultants/collaborators from the Pan American Health Organization and/or the US Centers
for Disease Control and Prevention. It also involves a group of prominent and experienced
scientists from other endemic countries like Brazil and Ecuador, as well as from the United
States (USA), Europe (EU) and Africa. CLAIM profits from the valuable experience in
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malaria surveillance and control, anti-malarial drug resistance, sero-epidemiology and
molecular epidemiology, vector bionomics, public health, and social determinants of the
interdisciplinary group and is currently making efforts to closely articulate its research
agenda to malaria control/elimination activities initiated by the governments of the region.

In close partnership with the NMCPs in each country, this research will provide a strong
scientific basis for strengthening national surveillance programs, targeting and intensifying
integrated malaria control operations in focal areas of significant malaria transmission, and
improving evidence-based evaluations of NMCP operations. Overall, these investigations
will address the interaction between epidemiological endpoints and disease ecology while
translating into NMCP concepts and tools derived from evolutionary biology, ecology, sero-
epidemiology, and social epidemiology. As a proof of principle, CLAIM is currently joining
efforts with a large malaria control initiative directed to intensify malaria control in the five
departments with highest malaria transmission (Antioquia, Chocd, Cordoba, and Valle del
Cauca). The CLAIM will contribute its research component to this five-year project recently
initiated by the Colombian MOH with support from the GFATM: The articulation of this
GFATM project titled, INTEMAL, will provide valuable experience to be transferred to
other countries of the region. Moreover, an integrative approach is also being established
with the SM2015 as at least three of the countries covered by that initiative are originally
included as CLAIM partners.

3.6 Data management plan

Data produced as a result of the research activities undertaken by the CLAIM is
heterogeneous with respect to origin, format, and spatio-temporal scale. The data
management plan for this operation consists of a federation of several information systems,
and the procedures to enforce its correct use. There are several challenges in dealing with
this type of scenario (Kashyap et al., 2006; Wright and Sittig, 2008), such as: 1) Ethical
practices when dealing with personal information, 2) Quality control of data capture and
annotation, 3) The need of structured procedures, such as data standards, for collecting and
managing data, 4) Availability, e.g. the proportion of time a system is in a functioning
condition, 5) Scalability, e.g. the ability of a system to handle growing amounts of data and
use, 6) Maintainability, e.g. the ability of a system to make future maintenance and
adaptability easier, 7) Appropriate IT-security procedures that ensures correct data access
only by appropriate parties. Correct data capture, organization, and processing make it
productive beyond the context of their collection when a controlled flow of data is
channeled though the appropriate devices (Bauer, 2008).

There are a number of traditional and non-traditional analytical tools that can be used to
extract information from the data. Ecological models can produce significant insights into
the ways in which density and distribution of human populations affect P. falciparum and P.
vivax in the zone studied and vice versa. Beyond the mathematical significance and
challenge of constructing such a modeling regime lays the necessity of connecting the
mathematical structure to test cases in such a way that prediction and prevention become
meaningful possibilities. Such an enterprise requires expertise to: 1) Construct a
mathematical framework via complex systems theory capable of conceptualizing
simultaneously the aims of CLAIM, 2) bridge the divide between mathematical theory on
the one hand and empirical data on the other by means of careful parameterization of
analytic models via simulation, GIS mapping, advanced sensing techniques, spatial
statistics, and biostatistics, 3) bridge models with field practice.

Spatial models driven by epidemic and environmental data have shown increasing promise
to reduce the burden of infectious diseases (Riley, 2007). In particular, distance-transmission
modeling may employ buffers and a distance decay functions based on vector and case data
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where the spatial coordinates are known. Such distance-transmission modeling was used
successfully to predict the effects of different culling strategies based on infection status
(infected or susceptible), species compositions and farm size during the 2001 foot-and-
mouth epidemic in the UK, for example (Keeling et al., 2001). Recent studies that utilize
spatial data on anopheline vectors in concert with environmental data have successfully
identified vector habitats with a high probability of supporting transmission at a variety of
scales (Sinka et al., 2010; Zeilhofer et al., 2007). The resultant maps that depict probabilities
of vector occurrence can significantly streamline implementation of IVM strategies by
targeting priority regions and habitats that have high risk for malaria transmission.

As anthropogenically induced environmental changes (e.g., deforestation and climate
change), progress into the 215t century other modeling tools originating from ecology hold
significant promise to predict future distributions of malaria parasites and vectors. For
example, ecological niche models (ENMs) have been used to predict future distribution of
different members of the medically important An. minimus complex found in Southeast Asia
(Foley et al., 2008). Because EMNSs are driven largely by information on vector presence
data, climate, land cover and landscape properties, projected changes in the independent
covariates can provide powerful inferences into likely future distribution of Plasmodium and
Anopheline species. Global warming, in particular, is likely to counteract to some extent the
successful elimination measures that have resulted in a marked decline in malaria incidence
worldwide (Gething et al., 2010). Moreover, the Intergovernmental Panel on Climate
Change (IPCC) syntheses suggest warming of 3—4°C throughout many parts of the Americas
by 2099 (Parry and Intergovernmental Panel on Climate Change. Working Group I1., 2007).
In this light, ENMs could play a vital role in predicting future malaria risk maps based on
current and projected environmental co-variants. However, despite the potential of ENMs to
map malaria risk, a survey of the malaria risk-mapping literature using the 1SI Web of
Science databases suggests that ENMs have rarely been employed to model vector or
pathogen distributions in the Central or South American contexts (Levine et al., 2004).

Data and information flow is facilitated at CLAIM by the use of tools such as MS
Sharepoint (document repository), Elluminate (webinar management), and OpenClinica
(open source information system for clinical form management). A website has been
established at CLAIM (www.caucaseco.org) that serves as the centralized gateway for data
management. This web site provides information in real time to all CLAIM members,
allowing controlled access to information to all parties involved.

3.7 Overall CLAIM vision and perspectives

In conclusion, CLAIM will closely interact with the NMCPs of the associated countries as
well as with major control/elimination projects being developed in the region with
multilateral funding in order to update or set the baseline of important variables such as: 1)
Age-specific attack rates, 2) asymptomatic parasitemia rates, 3) distribution of P. falciparum
vs P. vivax in space and time, among others.

The formidable array of competences covered jointly by the interdisciplinary research
groups of CLAIM and the experience staff of the NMCPs is likely to significantly contribute
to the continuous decrease in malaria incidence in the regions, to bring several countries into
eliminations phases, and, hopefully, the certification as malaria free of, some of the currently
most advanced countries in the region. The articulation of efforts being made in the region
among the BMGF, CARSO, PAHO, CDC, IDRC, the Global Fund, the local governments
and communities, and several others with this initiative from NIAID/NIH, is likely to
become a model for other malaria endemic regions.
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CLAIM participating countries and selected study locations, in which a total of 21 sentinel

sites will be studied.
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