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Abstract
The study of malaria parasites on the Indian subcontinent should help us understand unexpected
disease outbreaks and unpredictable disease presentations from Plasmodium falciparum and from
Plasmodium vivax infections. The Malaria Evolution in South Asia (MESA) research program is
one of ten International Centers of Excellence for Malaria Research (ICEMR) sponsored by the
US National Institute of Health. In this second of two reviews, we describe why population
structures of Plasmodia in India will be characterized and how we will determine their
consequences on disease presentation, outcome and patterns. Specific projects will determine if
genetic diversity, possibly driven by parasites with higher genetic plasticity, plays a role in
changing epidemiology, pathogenesis, vector competence of parasite populations, and whether
innate human genetic traits protect Indians from malaria today. Deep local clinical knowledge of
malaria in India will be supplemented by basic scientists who bring new research tools. Such tools
will include whole genome sequencing and analysis methods; in vitro assays to measure genome
plasticity, RBC cytoadhesion, invasion, and deformability; mosquito infectivity assays to evaluate
changing parasite-vector compatibilities; and host genetics to understand protective traits in Indian
populations. The MESA-ICEMR study sites span diagonally across India, including a mixture of
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very urban and rural hospitals, each with very different disease patterns and patient populations.
Research partnerships include government-associated research institutes, private medical schools,
city and state government hospitals, and hospitals with industry ties. Between 2012-2017, in
addition to developing clinical research and basic science infrastructure at new clinical sites, our
training workshops will engage new scientists and clinicians throughout South Asia in the malaria
research field.
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malaria; Plasmodium falciparum; Plasmodium vivax; India; South Asia; epidemiology; drug
resistance; ICEMR

1. Introduction
This review discusses the study plan for the US-India Program Project titled “Malaria
Evolution in South Asia” (MESA). It is part of a broader global effort by the US National
Institutes of Health to support ten International Centers of Excellence for Malaria Research
(ICEMR) worldwide (Rao, 2011 in this issue). Here, we present some important questions
related to malaria evolution in South Asia and we describe the selection of our study sites,
research tools being deployed, anticipated new findings, and training plans for long-term
health and continuity of multinational collaborations. We also review how our MESA-
ICEMR activity dove-tail with exciting in-country malaria research in India. Overall, we
hope that the MESA-ICEMR will identify questions and study sites that will help the Indian
National Programme and international programs understand and control malaria more
efficiently and effectively with the long-term of goal of global malaria eradication (Rao,
2011 in this issue).

2. Malaria in India Today
Before discussing the goals of the MESA-ICEMR, it is worthwhile reviewing what is known
and unknown about malaria in India. In an accompanying review in this special issue of
Acta Tropica (Kumar et al, 2012), we discuss geographic and clinical diversity of malaria in
South Asia and the public health challenges presented by the disease. Below, we briefly
review the highlights:

2.1 Number of cases and deaths
Today, of 1.2 billion people in India, 80% live in malaria risk areas. Officially, there are at
least 1.5 million malaria cases every year in India and they are divided evenly between P.
falciparum (Pf) and P. vivax (Pv) (Fig 4 in this issue Kumar et al, 2012; Singh et al. 2009).
Malaria-related economic losses are roughly $0.5 to 1.0 billion USD, annually.

The question of mortality from malaria has significant uncertainties. The Government of
India in recent years has reported as few as 1,000 annual deaths attributable to malaria, but
WHO estimates are an order of magnitude larger (WHO, 2009). Verbal autopsy studies
conducted around 2000 and independent analysis based on reporting inconsistencies of
certified deaths suggest that malaria deaths in India may have been as high as
150,000-200,000 per year (Dhingra et al, 2010; Kumar et al, 2011). If the higher estimates
of mortality, which are sensitive to rural areas of India far from hospital infrastructures, are
correct, the raw number of cases of malaria infections may be significantly higher than 1.5
million. A special commission has been summoned in 2011 by the Government of India to
estimate the true malaria burden of India.
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2.2 Variations in endemicity
Of the 1-2 million confirmed cases of malaria every year in India, 4% are from high risk
areas, 32% from moderate risk areas, and 44% of the patients live in low risk areas for
malaria (http://www.searo.who.int/). Based on numbers from the Indian National Vector
Borne Disease Control Programme, the areas of low endemicity include large stretches of
Northern, Western and Southern parts of the country (Fig 3 in this issue, Kumar et al. 2012).
Districts with moderate malaria risk are scattered across central India. The most malaria
prone districts, with a Annual Parasite Incidence (API) of >5, can be found in the eastern
states of Chhattisgarh, Jharkhand, Orissa, and the Northeastern states, which are located East
of Bangladesh near the Myanmar border. Localized hyperendemic districts are found in
Orissa, Arunachal, Meghalaya, Chhattisgarh, Assam, Mizoram, Jharkhand, and Andaman
and Car Nicobar Islands. In 2008, the 20 districts with the highest malaria burden had API
ranging from 21% to 74% with a population of 10.7 million (In this issue, Kumar et al.
2012).

2.3 Parasite species distribution
Overall, India has a 50:50 distribution of P. falciparum and P. vivax, but the areas of
concentration of the two species can vary in different parts of India. The plains in the middle
of the country, the hilly states to the North, the states in the northwest alongside Pakistan,
and the southern states have predominantly P. vivax and less than < 10% P. falciparum
infections. The hyperendemic districts of Orissa, the forested districts with traditional ethnic
tribes in surrounding states of Jharkhand, Chhattisgahr, West Bengal, and the states of the
Northeast (East of Bangladesh) have the highest representation of P. falciparum, frequently
reaching or exceeding 90%. The representation of P. falciparum over P. vivax has been
increasing in India over the last 30 years (Fig 4 in Kumar et al 2012).

2.4 Clinical severity
In India, the incidence of disease severity differs across the country and by parasite species.
Mortality rates from complicated P. falciparum malaria are usually not high if patients are
diagnosed and treated early, but can approach 20-30% in the tertiary care centers of
hyperendemic districts and during outbreaks in any part of India (Sukla et al. 1995; Harris et
al. 2001). In complicated cases, cerebral malaria and multi-organ failures are common.

Advanced clinical complications from the “benign species” P. vivax have been reported
from Bikaner, India and also from other sites in recent years (Valecha et al. 1992; Patial et
al. 1998; Beg et al. 2002; Kochar et al. 2005). Patient populations with microscopically
confirmed and PCR confirmed mono infection of P. vivax can present with one or more
symptoms of jaundice, severe anemia, respiratory distress with acidosis, acute renal failure,
cerebral dysfunction with multiple convulsions, abnormal bleeding, shock (hypotension),
pulmonary edema and hemoglobinuria (Kochar et al. 2005). Among patients with severe
vivax malaria, approximately 50% had these complications. In the Rajasthan study, though
of limited scope, several pregnant women with P. vivax infection had abortions, still births
and preterm deliveries (Kochar et al, 2005). A case in Goa, for the first time, showed
histopathological evidence for parasite accumulation in newly effected organs (Kochar et al.
2005; Valecha et al. 2009).

Amongst severe cases, malaria with Acute Respiratory Distress Syndrome (ARDS) is of
biggest concern due to the high case fatality rates associated with such presentations
(Valecha et al. 1992; Patial et al. 1998; Beg et al. 2002; Kochar et al. 2005)
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3. Malaria management in India
3.1 History of malaria control programs

In 1953, the National Malaria Control Programme (NMCP) was launched in India. DDT was
used for vector control and chloroquine for treatment. This resulted in spectacular decline in
malaria6. Buoyed by the confidence of achieving malaria control in pilot projects of the
NMCP, India joined worldwide campaign to eradicate malaria in the late 1950s and early
1960s and converted NMCP to full scale National Malaria Eradication Programme (NMEP).
Initially, the malaria eradication campaign achieved great success in India and parasite rates
decreased in many regions of the country, but overtime these successes were lost due to a
series of obstacles, including operational and financial difficulties (Singh et al. 2009). In
1977, India created a revised plan for malaria control, known as the Modified Plan of
Operation (MPO) and the National Institute of Malaria Research (NIMR) was established.

To this day, the Indian Council of Medical Research (ICMR)-sponsored NIMR provides
short-term as well as long-term solutions to the problems of malaria through basic, applied
and operational field research. Along with the additional ICMR-based Regional Medical
Research Centers (RMRC), NIMR provides critical intelligence to the National Vector
Bourne Disease Control Program (NVBDC) and local public health entities around India.

3.2 Down and up: Historical numbers
The anxieties of undertaking and completing malaria elimination programs reflect historic
estimates of malaria in places like India. In 1947, when India became independent, 75
million malaria cases in a population of 330 million were estimated. Sinton (1935) also
estimated between 1.0 and 1.35 million deaths attributable to malaria per annum in India.
The incidence of malaria significantly declined to just 100,000 by 1964. That is over a 100-
fold decrease in malaria incidents. However, soon, the numbers reversed and malaria staged
a comeback. By 1976, malaria cases had touched the 6.4 million mark (Singh et al, 2009).
The malaria resurgence was characterized by a continued rise in P. falciparum and, today,
nearly 50% of malaria around India is due to this species. While the recent reported
incidences of malaria to National Vector Borne Diseases Control Programme (NVBDCP)
have declined since 2005 from 1.9 million to 1.6 million cases in 2009, the long term burden
has not improved, and the incidence of P. falciparum infections continue to rise over the last
20 years.

4. Malaria research in India
Today, the ten US-sponsored ICEMR programs around the world face very different
opportunities and challenges in terms of how they may participate and contribute to malaria
research and disease control in their respective regions and areas of expertise. To understand
how the projects related to malaria evolution were selected by the MESA-ICEMR, it is
worthwhile to first review the exciting science that is already in place or underway in India,
a vast country with an advanced research and technology base as well as a rapidly expanding
economy. A broad understanding of current malaria research activities in India help place
today’s MESA-ICEMR goals in the correct context.

Over the centuries, India has experienced a great burden of malaria and has a rich tradition
of malaria research to support public health initiatives (Singh et al. 2009). After all, Ronald
Ross, who was born in Almora, India, received a Nobel prize in 1902 for demonstrating in
1897 that mosquitoes transmit malaria parasites.

Presently, India has more than 200 health research institutions (ICMR- WHO Health
Research Directory, 2007). There are ongoing initiatives in India to study the prevalence and
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susceptibility patterns of present day malaria (Dhangadamajhi et al., 2009; Dhiman et al.,
2010; Sharma, 2009; Singh 2009; Singh et al., 2010a, 2011; Valecha, 2009), complemented
with molecular epidemiology of parasites, especially relative to known drug resistance
markers (Awasthi et al., 2011; Choudry and Sharma, 2009; Dhangadamajhi et al., 2009;
Garg et al., 2009; Gupta et al., 2010; Lumb et al., 2009a, 2009b, 2011; Mixson-Hayden et
al., 2010; Mohanty et al., 2009a; Prajapati et al., 2011; Rajesh et al., 2007; Rout et al.,
2009). The basic molecular sciences are well balanced with detailed studies on clinical
presentations and pathogenesis of malaria in India (Baliga et al., 2011; Kochar et al., 2010;
Mahajan et al., 2011; Rout et al., 2011; Tanwar, 2011). The capacity for in-country human
clinical trials is in place (Mullick et al., 2011; Valecha et al., 2010a; Valecha et al., 2010b).
Many strong groups are also undertaking synthetic chemistry as well as natural product
chemistry to develop new antimalarial drugs (Kumar et al., 2011b; Lakshmi et al 2011;
Mishra et al, 2011). In-country efforts to evaluate vaccine candidates and to develop tools
for malaria vaccinology are well developed (Chauhan et al., 2010; Imam et al., 2011; Mayor
et al., 2009; Ozarkar et al., 2007; Parween et al., 2011). Basic science studies from malaria
labs cover all the major disciplines including biochemistry and cell biology (Balusu et al,
2011; Gaur and Chitnis, 2011; Nagaraj et al., 2010a, 2010b; Kumar et al., 2011a; Pattakotu
et al., 2011; Prusty et al.,2010; Sahar et al., 2011; Singh 2010b; Vaid, 2010), computation
and structural biology (Chitnis and Sharma, 2009; Gil et al., 2009; Gogia et al., 2011; Maity
et al., 2011; Mohanty 2009b; Rawat et al., 2011), human genetics (Balgir 2008; Deepa, et
al., 2011; Dey et al., 2009; Sarkar et al., 2010), biophysics (Bambardekar et al., 2008),
parasite genomics (Acharya et al., 2009, 2011; Ranjan et al., 2011) and other new
technologies (Sharma et al., 2010, 2011). The initiatives listed above are not a
comprehensive list of malaria research activities in India, but rather a glimpse for
perspective.

The projects mentioned above emerge from diverse organizations within and outside the
structure of the Government of India. The Indian Council of Medical Research directly
supports the National Institute of Health (NIMR) and the Regional Medical Research
Centres (RMRC). The Ministry of Health supports the National Vector Borne Disease
Control Program (NVBDCP) including its research activities. Other important contributors
include the All India Institute of Medical Sciences (Delhi), the Armed Forces Medical
College (Pune), the Central Drug Research Institute (Lucknow), and the Defence Research
and Development Establishment (Gwalior). Premier research institutes with academic
components across the country contribute to interactions between malaria basic science and
applied malaria research. These include Jawaharlal Nehru University (Delhi), Jawaharlal
Nehru Centre for Advanced Scientific Research (Bangalore), University of Delhi, India
Institute of Chemical Biology (Kolkata), the Institute of Life Sciences (Bhubaneshwar), the
Indian Institute of Science (Bangalore), the Indian Institute of Technology (Delhi, Mumbai),
the Indian Statistical Institute (Kolkata), Pune University, Postgraduate Institute of Medical
Education & Research (Chandigarh), and the Tata Institute for Fundamental Studies
(Mumbai). Non-governmental, international organizations have played a major role for
several decades in public health as well as basic science initiatives, especially the
International Centre for Genetic Engineering and Biotechnology (Delhi) and the World
Health Organization – Southeast Asia Office (Delhi).

Many hospitals and medical colleges, which frequently also serve as tertiary care centers for
many states of India, see a vast number of malaria patients and participate in clinical
research. Amongst the more visible in the last few decades have been the Sardar Patel
Medical College (Bikaner, Rajasthan), the Ispat General Hospital run by the Steel Authority
of India Limited (Rourkela, Orissa), the Calcutta School of Tropical Medicine (Kolkata,
West Bengal), Seth G. S. Medical College and K. E. M. Hospital (Mumbai, Maharashtra),
TN Medical College and BYL Nair Ch. Hospital (Mumbai, Maharashtra), S.C.B. Medical
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College (Cuttack, Orissa), and the Postgraduate Institute of Medical Education and Research
(Chandigarh). While these institutions are staffed with highly experienced infectious disease
specialists and have provided fantastic descriptions of malaria in India, many such
healthcare institutions have had limited opportunities to directly conduct or participate in
clinically-relevant basic science research with public health implications. During the days of
scarce resources, basic science tended to be centralized, as was the expertise to formulate
appropriate questions for clinical and basic research. While the Regional Medical Research
Centers (RMRC) provide well-equipped, modern research laboratories away from cities, the
majority of medical schools in India still lack the necessary basic scientific infrastructure for
malaria research.

All this is now changing. Government organizations such as the Indian Council of Medical
Research (ICMR) and the Department of Biotechnology are aggressively funding
biomedical research across India. Within the ICMR structure to promote biomedical
research, extramural research is promoted through the Centres for Advanced Research in
select departments of medical colleges, universities and non-ICMR research institutes. Task
force studies, often in multicentric structures, with defined targets, specific time frames,
standardized and uniform methodologies are also possible. Open-ended research is
conducted on the basis of applications for grants-in-aid much like R01s in the US. Career
development in biomedical research is promoted through research fellowships, visiting
fellowships, research studentships, and various training programmes and workshops. For all
such reasons, there is excitement that clinicians will enjoy increasing opportunities to
engage regularly with the best malaria scientists within India and outside India too.

5. Opportunities for joint learning, cooperation and collaboration
With this background, it is possible to articulate how the NIH-supported MESA-ICEMR
will fit in and contribute to the larger malaria research activities in South Asia. The MESA-
ICEMR program will hire and train research staff in India and meet international standards
for sample management, data management, and data sharing. Even though the program will
not have the reach of the Indian national disease control and surveillance programs, the
select sites of the MESA-ICEMR span across critical parts of India where there are
significant uncertainties about disease prevalence and severity.

5.1 Broad goals
The two most important goals of the MESA-ICEMR program are to:

i. Establish a network of dedicated and reliable clinical sites for malaria research
across India that offer contrasting views of the disease in the country.

ii. Understand variations in the genetic makeup of Indian malaria parasites and the
effects of these genetic variations on severity of disease outcomes.

5.2 Operationalization of clinical and scientific objectives
The MESA-ICEMR will combine the best of basic sciences and clinical research by:

i. Bringing together Indian physicians and scientists, alongside US physicians and
scientists with interest in medical research, to study the molecular basis of
pathogenesis, virulence, and treatment efficacy.

ii. Bringing “state of the science” technologies to MESA-ICEMR sites and facilitating
engagement between Indian clinicians and both Indian and US technologists.
Amongst other things, this will include whole-genome sequencing and DNA
microarrays to reconstruct evolutionary history of parasites at the ICEMR study
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sites, microfluidic tools to understand the role of cytoadhesion and RBC
deformability limits in pathogenesis, stem-cell technologies to understand invasion
and growth of P. vivax in reticulocyte-like cells, and mosquito assays to define
vector compatibilities.

5.3 Training opportunities
Beyond specific new scientific questions in India and new tools to address the questions, we
are an integral part of the larger US-supported ICEMR programs committed to development
of long-term, sustainable relationships across the globe:

i. The MESA-ICEMR team will sponsor national workshops to allow scientists and
clinicians from across South Asia to exchange information and to initiate joint
studies with members of the ICEMR teams.

ii. The MESA-ICEMR team will facilitate opportunities for South Asian scientists and
clinicians to apply for national and international funding, to leverage activities
supported directly by the ICEMR, and facilitate international collaborations.

6. Overarching hypothesis of the MESA-ICEMR: ARMD parasites
The MESA-ICEMR has a defined, overarching scientific hypothesis that brings together
each individual, different scientific project and allows us to reach the broader public health
and operational goals articulated above.

6.1 The public health connection
Across South Asia, large variation in species-dominance from the NE to Southern states and
frequent epidemics of severe malaria sometimes associated with natural disasters such as
earthquakes or floods are observed, oftentimes for unexplained reasons. It is of both
intellectual and practical interest to understand and predict where it may be easy to carry out
malaria eradication operations, where it would be difficult to sustain such campaigns, and
where current elimination programs are unlikely to make a dent without aggressive
additional resourcing. Most importantly, it would be very useful to know if aggressive, but
incomplete, eradication campaigns may actually fuel the emergence of more robust and,
possibly, more virulent populations of malaria parasites.

6.2 A fight for relevant knowledge
There is little doubt that increasing allocation of resources and access to public health
support will make a major dent in malaria disease, as was seen in the 1960s. However, the
globally declared goal is not just to control malaria, but to eradicate it. Beyond more money
and improved infrastructure, limitations in our understanding of malaria as a complex,
population-based disease may limit the successful control of malaria and, particularly, true
elimination. For example, people cannot live under bed nets all day and every day, and
mosquitoes can evolve to alter their biting habits. Shrinking parasite population sizes appear
to help public health causes, but they could also place greater burdens on the pathogens to
change at faster rates and possibly contribute to higher virulence. Initially, such evolution
may be to acquire drug resistance. Once the capacity for faster genetic change is in place, it
is not difficult to see how the ability to change would favor acquisition of new niches on a
continental scale, within vectors, possibly to favor propagation of the disease, and even
within human hosts, possibly presenting new disease outcomes. In the fight against malaria,
it is vital to understand the capacity of parasite populations to change.
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6.3 Seeds of an overarching hypothesis
We have previously shown that parasites from Southeast Asia can acquire resistance to new
antimalarial compounds at frequencies that are 1,000-10,000 times higher than parasites
from Africa or South America (Rathod et al, 1997). These findings were consistence with
later molecular epidemiology studies that definitively showed the movement of drug
resistance traits from South east Asia to other regions of the world including Africa
(Wootton et al, Nature, 2002; Roper et al, Science,2004; Dondorp et al, N Engl J Med
2009).

It is known that resistance traits for individual drugs have spread from SE Asia to Africa,
through India. However, it is not clear whether hypermutating parasites occur outside SE
Asia. Using newly developed in vitro technologies, the presence of potentially
hypermutating malaria parasites will be studied in South Asia. Additionally, the potential
contribution of such parasites to disease and to parasite population diversity will be studied.
Sudden malaria epidemics occur in unexpected places throughout India, every year. An
ability to survey and monitor parasite populations on the basis of genome plasticity would
provide unprecedented tools for accessing disease threats for public health policy makers,
first in India, but later in other parts of the world.

6.4 ARMD malaria parasites: a formal hypothesis
We hypothesize that some parasite subpopulations in South Asia acquire high drug
resistance through enhanced genome plasticity. This Accelerated Resistance to Multiple
Drugs, or ARMD, trait may then in turn cause increased virulence through new mechanisms
of pathogenesis, improved propagation across the subcontinent, and possibly decreased
innate resistance in humans.

6.5 Why consider the ARMD hypothesis?
The scientific approach demands new hypotheses for explaining facts when existing
knowledge is inadequate to explain large gaps in our understanding of the universe. In
malaria research and public health, it is the inadequacy of our current disease models to
regularly explain, let alone predict, why certain villages or cities unexpectedly experience a
potent disease outbreak, but other nearby communities do not, despite the fact that they
experience the same rains and often harbor the same capacity to support vectors and
parasites. We cannot explain why some adults in hyperendemic areas come down with
severe malaria, even though they may have had sufficient immunity in previous years or
even if they carry host genes that are thought to protect against malaria.

Developing alternate possible explanations for existing facts and developing appropriate
tests to determine if the new explanations can account for current observations is at the very
core of the scientific method. This is particularly important in the public health arena where
the difference between good science and pedestrian data-gathering can affect lives, and
prioritization of precious resources. As the chemist Linus Pauling said, “The scientist, if he
is to be more than a plodding gatherer of bits of information, needs to exercise an active
imagination.” (‘Imagination in Science’, Tomorrow (Dec 1943), 38-9. Quoted In Barbara
Marinacci (ed.), Linus Pauling In His Own Words: Selected Writings, Speeches, and
Interviews (1995), 82.).

6.6 What if the ARMD hypothesis is wrong?
Science celebrates efforts that reveal new empowering principles of knowledge and share
new light on an old problem. We still enjoy the rewards of breakthroughs from the 1800s,
whether it is concepts like germ theory or the role of mosquitoes in malaria propagation.
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Today in malaria research and in the public health arena, new powerful hypothesis are
needed to have a complete understanding of malaria, ideas that have great predictive power
in guiding resources to control disease outbreaks and disease severity.

However, during this process, there are no guarantees that a highly plausible hypothesis will
be right. Breakthroughs in science would not occur if the community was constantly worried
that a reasonable hypothesis may be wrong. Breakthroughs come from various iterations of a
hypothesis or multiple hypotheses that are well-tested, some of which are eliminated until
one cannot be shot down. “A discovery is rarely, if ever, a sudden achievement, nor is it the
work of one man; a long series of observations, each in turn received in doubt and discussed
in hostility, are familiarized by time, and lead at least to the gradual disclosure of truth”. -
Sir Berkley Moynihan, 1865-1936 in Kuhn, Thomas S. (1962), The Structure of Scientific
Revolutions, Chicago, IL: University of Chicago Press. 2nd edition 1970. 3rd edition 1996.
It is always possible that large variations in disease presentations are due to other
considerations: For instance, co-infections with Hepatitis, TB, HIV and/or other enteric
diseases could complicate malaria infections and disease presentations (Baliga, K.V., et al
2011). Once the malaria research infrastructure is in place (with properly equipped facilities,
trained staff, and good administrative structures), alternate ideas may be pursued as
necessary based on preliminary data from current samples and planned activities.

6.7 A low risk–high payoff initiative
Beyond the philosophy of good science, in the current context of the ICEMR program, a
well-designed plan to test the ARMD trait will yield many benefits including (i) high quality
study-sites and highly trained investigators in a strategically important part of the malaria
world, (ii) development of new tools to characterize the genetic structure of malaria parasite
populations, (iii) development of new phenotypic assays that capture the essence of clinical
variation in malaria, (iv) identification of molecular events associated with virulence in
malaria parasites, and (v) a more complete understanding of the human capacity for innate
resistance to malaria.

The hypothesis that ARMD parasites can drive unpredictability in diseases comes with
standard risks of imaginative science directed at unknown puzzles, but the plan to test the
hypothesis is not risky at all. Regardless of the outcome of the test of the hypothesis, the
efforts will yield powerful advances in understanding malaria presentations in South Asia
with direct benefits to national and international disease control programs.

7. A research plan
To penetrate into the diverse types of malaria presentations in India, we have identified a
mix of diverse study sites ranging from the very urban to very rural. Our study sites span
from the northeast of South Asia (including the states of Assam, Tripura, and West Bengal)
across the middle of India (through Ranchi, Jharkhand and Wardha, Maharashtra) to the
western coastal cities (Panaji, Goa and Mumbai, Maharashtra). The sites cover a variety of
geographies: Kolkata and Mumbai are large urban centers with over 10 million people
including many migrant workers from other parts of India. Ranchi, Dibrugarh, and Agartala
have high levels of hemoglobin disorders and other potential protective traits common in
tribal areas. Wardha represents a rural community with a more homogeneous human
population, but still very high levels of severe malaria.

Our interactions will touch diverse aspects of modern biomedical research in India including
the Government of India (Indian Council of Medical Research institutes, NIMR and
RMRC), a semiautonomous research institute (NIBMG), both state-run and private medical
schools (Goa Medical College, Goa; Jawaharlal Nehru Medical College, Wardha;
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Maharashtra; Assam Medical College, Dibrugarh; Calcutta School of Tropical Medicine,
Kolkata; Agartala Medical College), those run by city municipal corporations (Kasturba
Hospital and Topiwala Medical College & BYL Nair Hospital, Mumbai), and a private,
rural hospital (Shalini Memorial Hospital, Ranchi, Jharkhand).

To help fill some important gaps in our knowledge of malaria in India and to test the specific
hypothesis that rapidly changing malaria parasites (ARMD parasites) may be responsible for
the uneven and changing profile of the disease in India, the MESA-ICEMR will undertake
four different, but tightly integrated, projects.

7.1. Epidemiology
Our goal is to study prevalence and accurately map the profile of malaria in a variety of sites
across India that capture very different epidemiology, particularly in regions where deep and
complete epidemiological studies have been lacking. Our center includes sites where there
are varying and often changing ratios of P. falciparum and P. vivax, where district data point
to different presentations of disease severity and deaths from malaria, and where our
understanding of vector specificities and preferences are incomplete. We will also determine
the drug susceptibility and resistance profiles of parasites from clinically defined patients at
our different study sites. We also assay for phenotypic characteristics that are expected to
influence malaria disease presentations across India. The background data on patient clinical
history, the quality of drugs they use, and their responses under standard care will provide an
independent crosscheck for information from others, including the national disease control
program.

An important aspect of the MESA-ICEMR partner selection was and continues to be the
engagement of experienced, practicing academic clinicians who have not previously
practiced basic science research, and established basic scientists who have not worked on
malaria at endemic sites. Through such partnerships, we hope to gain new insights into
previously unexplored and nontraditional areas of malaria research.

7.2 Parasite Plasticity
Traditional antimalarials are beginning to fail in many parts of India (Shah, et al, 2011).
Artemisinin-based combination therapies are common in India, but there is evidence for
artemisinin resistance in neighboring Southeast Asia (Dondorp, A.M., et al 2009, 2010) The
in vitro capacity for parasites from India to change genetically may be correlated to disease
severity in donor patients and to genome sequences of the parasites. We hypothesize that
some parasite subpopulations in South Asia acquire high drug resistance through enhanced
genome plasticity. This Accelerated Resistance to Multiple Drugs (ARMD) trait may then,
in turn, cause increased virulence through new mechanisms by which disease is caused,
improved propagation across the subcontinent and, possibly, decreased innate resistance in
humans.

To test this hypothesis, stretching from NE India to Western India, we will compare clinical
presentations of malaria to in vitro measurements of genome plasticity for parasites from
those patients (Rathod et al, 1994; Rathod et al, 1997). Given that parasites will be isolated
from patients with prospectively obtained clinical records and treatment information, large
data sets will be useful to determine whether the ARMD status of a parasite population helps
drive their overall evolutionary success with respect to drug resistance, increased virulence,
vector compatibilities, and capacity to infect a wider pool of humans with different levels of
innate or acquired resistance.
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We will also use parasite genomics and genomic associations to identify chromosomal
regions that drive success of the most disease-enhancing forms of malaria (Dharia, et al,
2009; Ganesan et al, 2008; Gardiner, et al, 2002; Gupta, B., et al 2010; Trimnell, A.R., et al,
2006). Beyond understanding the nature of how parasites drive genetic variation, the
genomic studies are also expected to yield molecular insights into the mutational outcomes
that confer select traits: the basis for resistance to specific drugs (Mixon-Hayden, et al,
2010; Roper, C., et al, 2004; Wootton, J.C., et al, 2002), the determinants of vector
compatibility, and the basis for broader infectivity (Rao, T.R., 1983; Sharma, S.K., 2004,
2006; Sharma, V.P., 1991) and virulence in previously exposed adults (Beg, M.a., et al
2002; Kochar, D.K., et al 2010; Patial, R.K., et al 1998; Rout, R., et al, 2009; Singh, N., et
al, 2011; Shukla, R.P., et al 1995; Tanwar, A. R., 2011).

7.3. Pathogenesis
Malaria pathogenesis involves a complex set of physiological changes in the parasite and the
host, and not always in a predictable way (Miller, L.H., et al 2002). Much od what we know
about pathogenesis is based on studies in Africa, and much less from the Indian
subcontinent. In the ICEMR program, parasites will be collected from patients with diverse
disease presentations in children, in adults and in pregnant mothers. Parasites will be
characterized in vitro for capacity for genetic change, but also with respect to pathogenesis-
related phenotypes. The Pathogenesis project questions and experiments will fall into two
general groups. One set of studies will be on biochemical alterations of invasive merozoite
parasites or mature parasite-infected red blood cells whose surfaces are altered. Such
changes can affect properties such as cytoadherance to host ligands to avoid host immune
responses, the ability of sera to interfere with cytoadherance, and increased or more efficient
invasion mechanisms. Variations in these processes will be studied using classic
cytoadhesion studies (Avril, et al, 2008), newer microfluidic approaches (Herricks et al,
2011), and invasion assays of host cells modified with the most current methods to
manipulate differentiation of proginator erythroid lineages (Crosnier, et al., 2011).

A second set of studies will focus on variations in the physical characteristics of infected red
blood cells and possible variations in spleenic clearances of parasitized RBCs. These studies
will utilize variations of microfluidic devices that capture limits of deformability of
thousands of circulating red blood cells in any patient (Herricks, et al, 2009).

Upon invasion, malaria parasites affect the shape, rigidity and minimal cell diameter of an
infected cell (Cranston, et al 1984; Miller, L.H., et al 1971), making them more susceptible
to filtration (David, P. H. et al, 1983; Dondorp, A.M., et al, 2002). Differences in splenic
filtration may control the number of infected erythrocytes that survive in peripheral
circulation, which may affect the pathological progression during malaria infection
(Dondorf, A.M., et al 1997, 2002). Stringent filtration of infected erythrocytes may lead to a
more slow progression of infection leading to anemia. Less stringent filtration may lead to
the more rapid onset of acute symptoms by allowing parasite load to increase at a higher
rate. The rate of infected erythrocyte pitting or splenic filtration may further relate to
hemoglobinopathies such as the sickle cell trait or thalassemia; many of which appear to
have been selected by malaria parasites.

Our group has developed novel microfluidic assays that allow us to indirectly observe
splenic filtration by measuring surface area, volume and minimum cylindrical diameter of
large numbers of infected and uninfected erythrocytes ex vivo from malaria infections
(Herricks, et al, 2009). In this project, we will investigate if splenic filtration is a modifier of
disease severity. Specifically, we will investigate if splenic filtration capacities are innate or
altered during the course of malaria infection, how splenic filtration function may be
modulated by hemoglobinopathies, and investigate if there are differences in splenic
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filtration between individuals and how this is associated with infection outcome
(hyperparasitemia or severe malaria anemia).

7.4 Host Genetics
Given the distribution of genetic diversity in India (Majumder P.P., 2010), the MESA-
ICEMR team will also determine the relationships between the genetic background of
human hosts and malaria disease severity. The goal of the human genetics studies will be to
identify host genomic factors involved in protection from P. falciparum and P. vivax
infections or disease. The studies will help identify polymorphisms in genes from
immunological and inflammatory pathways of individuals who present with severe and
asymptomatic infections either with the Accelerated Resistance to Multiple Drugs (ARMD)
trait or without. Additionally, genetic polymorphisms at the whole-genome level associated
with susceptibility to Plasmodium infections and delayed clearance of parasitemia after use
of common antimalarials will be identified.

The proportions of malaria cases due to P. falciparum and P. vivax vary considerably across
geographical regions of India. Mutations in various human globin genes, the glucose-6-
phosphate dehydrogenase gene, and the Duffy blood-group locus are known to reduce
malaria susceptibility or to alter the clinical course of this disease (Abu-Zeid, YA, et al
1992; Balgir, RS, et al, 2008; Sarkar, et al 2010; Williams, et al, 2005). Mechanism of
protection may also involve innate or adaptive immunity, cytoadherence, and inflammation,
with pregnancy malaria often best described (Anderson, P. et al, 2008; Avril, M. et al, 2008;
Bockhorst, J., et al 2007; Duffy, P.E., Fried, M. 2003; Fried, M., and Duffy, P.E. 1996;
Fried, M., et al 1998; Kyriacou, H.M., et al, 2006; Marsh, K., et al, 1989; O’Neil-Dunne, I.,
et al, 2001; Schnitzer, B., et al, 1972).

There are two alternate approaches to identify human genes that confer protection against
infectious disease. The first is to identify suspected candidates based on knowledge of
malaria-associated alterations in human physiology and immunity (Abu-Zeid, YA, et al
1992; Balgir, RS, et al, 2008; Sarkar, et al 2010; Williams, et al, 2005). This approach has
the advantage that most scientists have faith in molecular or cellular precedents. The
disadvantage is that this approach limits discovery of new genes that confer resistance since
the approach only looks at a few candidate genes. The second approach is to take an open
ended genome-wide search at what confers protection (Jallow, M., et al 2009). Historically,
the disadvantage has been that this approach is very expensive and technology has limited
the resolution at which the genome could be probed. Recently, the advantages have been
winning out as causes of complex diseases are being deciphered successfully and the cost
and technology allow development of genome-wide association techniques (Ozaki, K., et al,
2002; Richards, J.B., et al 2008; Majumder, P.P., 2009; Scott, L.J.,2007).

Variations in traditional, specific human gene candidates for protection against infections
will be examined along with Genome-Wide Association Studies to find new genes in Indian
populations that may also confer protection. It is of particular interest to see if protective
traits in humans weaken when the parasite populations bear the ARMD trait compared to
when they do not.

The MESA-ICEMR will also investigate contributions of innate and adaptive immunity
functioning with genetic hemoglobinopathies and red cell disorders such as HbS, HbE, HbC,
and glucose-6-phoshate deficiency to confer protection against malaria.
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8. Summary
The ten worldwide ICEMR Program Projects vary tremendously in terms of disease
distribution in each country, the type of research currently ongoing or previously conducted
in the region, the existing and missing research structures in-country, and what new things
can be accomplished by leveraging ICEMR resources to build in-country capacity. At least
at the start of our ICEMR operations, it is important to get a handle on variations in malaria
presentations within India. In future, as based on our findings and as resources allow, our
studies will be expanded to additional neighboring countries. In an accompanying review in
this issue (Kumar, A., et al 2012), we discussed in some detail the prevalence and control
measures against malaria in South Asia, but also the tremendous economic and social
growth that South Asia is experiencing and the healthcare expectations and challenges that
come with such growth. In the present review, we have presented a context in which the
activities of the MESA-ICEMR will fit within and strengthen the broader malaria research
activities in South Asia and how pursuit of a specific hypothesis, the ability of malaria
parasites to change rapidly, may affect malaria epidemiology in different parts of South
Asia. We believe these activities will provide significance relevant data to control and
surveillance programs and will help expand malaria research capabilities and efficacy in the
region.
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Highlights

• A US-India team will study the origin of genetic diversity of malaria parasites

• Genetic diversity may be driven by plasticity of some parasite populations

• Plasticity will be directly assessed using de novo acquisition of drug resistance

• High diversity may drive epidemiological trends, pathogenesis, vector
compatibility, and human infectivity

• Genes promoting virulent traits will be identified using genomic tools
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Fig. 1.
Annual Parasite Incidence (malaria cases/1000 population) in India for the year 2008 (Left,
National Vector Borne Disease Control Programme, New Delhi). State map of India (right,
http://blog.lookindia.in)
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Fig. 2.
Fig. 2A. Annual Parasite Incidence (malaria cases/1000 population) in India for the year
2008 (Left, National Vector Borne Disease Control Programme, New Delhi).
Fig. 2B. Distribution of MESA- ICEMR study sites across India. (right)
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Fig. 3.
A generic scheme to illustrate how genetic plasticity is measured by selection of resistant
parasites from a minimum number of freshly expanded P. falciparum cells required to
reproducibly select for resistance to a new test antimalarial.
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Fig. 4.
Illustration of two different microfluidic platforms to characterize physical properties of P.
falciparum-infected RBCs from individual patients. (A) Cytoadhesion of surface attached
mammalian endothelial cells to parasitized erythrocytes under flow. Unattached, uninfected
RBCs are flowing too fast to be seen. (B) Entrapment of infected erythrocytes (upper set)
compared to uninfected RBCs (Lower set). The penetration of individual cells into the
wedges captures information on surface area and volume, which in turn is related to the
deformability of RBCs.
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