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Cures for the Third World’s problems

The application of genomics to the diseases plaguing the developing world may have huge
medical and economic benefits for those countries and might even prevent armed conflict
* by Samuel Broder, Stephen L. Hoffman & Peter J. Hotez

The sequencing of the human genome
has been heralded as a major milestone in
biological science that will, without
doubt, provide fundamentally new ways
of studying the human condition (Lander
et al., 2001; Subramanian et al., 2001a;
Venter et al., 2001). Yet, for a substantial
portion of the world’s population, the
human condition is defined by diseases
such as malaria, tuberculosis, cholera,
filariasis, soil-transmitted helminthiasis,
trypanosomiais, schistosomiasis, oncho-
cerciasis, yellow fever, dengue, measles
and rotaviral gastroenteritis. And, of
course, the pandemic of HIV/AIDS looms
as an ever-increasing threat over the Third
World. It is in the developing countries
where genome science could make the
biggest impact. Indeed, the World Health
Organization, in its report on ‘Genomics
and World Health’ published this April,
sees it the same way. ‘Within the next few
years, new diagnostic agents, vaccines
and therapeutic agents will likely be
available for communicable diseases,” the
report’s authors expect, and state that ‘the
time has come to plan how this technology
and its potential clinical advances can be
distributed fairly among the world’s popula-
tion. Otherwise, this new field will simply
widen the gap in health care between the
rich and poor countries of the world’
(WHO, 2002).

Moreover, the diseases of the develop-
ing world—sometimes referred to as trop-
ical diseases—can no longer be viewed in
a purely medical or public health context.
There is an emerging body of evidence
that suggests that infectious diseases pose
a major risk to the economic survival of
many Third World nations. Even more
striking, recent data suggest that some of
these diseases may have wider impli-
cations for geopolitical stability or the
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probability that a nation will experience
armed conflict.

Clearly, genomics is already advancing
our knowledge of infectious diseases
(Subramanian et al., 2001b). Automated
DNA analysers and powerful software
have made it possible to establish the
complete genomic sequence of many
pathogens responsible for morbidity and

It is in the developing
countries where genome
science could make the
biggest impact

mortality in the developing world, includ-
ing cholera, trachoma and tuberculosis
(www.tigr.org, www.niaid.nih.gov). The
new tools in comparative genomics, com-
putational biology and informatics have
already yielded promising results in the
study of invertebrate parasites. But ironi-
cally, even though the source for some of
this research is the endoparasitic hook-
worm, a major parasite in many developing
countries, it is being conducted for the
benefit of patients in the First World.
Through the process of evolution, hook-
worms have completed successful ‘research’
programs to produce and secrete a battery
of pharmacologically active peptides that
anticoagulate blood, inhibit platelet
aggregation and downregulate the host’s
immune response (Stanssens et al., 1996;
Zhan et al., 2002). These peptides, or
their derivatives, make potentially inter-
esting new biopharmaceutical candi-
dates—one of the hookworm Vlla/tissue
factor inhibitor anticoagulants is now in
clinical trials for thromboembolic disease
(Stanssens et al, 1996), and a glyco-
protein that binds to CD11/CD18 on

leukocytes is in trials for the treatment of
stroke (Moyle et al., 1994). Also, three
gene products were discovered in Brugia
filarial nematodes with similarities to
mammalian cytokines, including macro-
phage migration inhibitory factor (MIF),
transforming growth factor § (TGF-B) and
translationally controlled tumor protein
(TCTP) (Maizels et al., 2001). And we are
only just beginning to analyse >200 000
expressed sequence tags from parasitic
nematodes (www.nematodes.org) (Parkin-
son et al., 2001). Potential sources for
new drugs also include blood-feeding
insects, such as Anopheles mosquitoes,
Reduviid kissing bugs and Phlebotomus
sandflies, which produce a large and
diverse array of salivary anticlotting,
antiplatelet, vasodilatory and other physio-
logically active substances (Ribeiro, 1995).

Ideally, the recognition that pathogenic
invertebrates can yield useful products for
the pharmaceutical industry may also
revive and extend governmental and phil-
anthropic support for research into devel-
oping world diseases, as some of these
proteins could also be reformulated into
vaccine targets (Hotez, 2002a). In the
case of hookworm, a vaccine initiative is
underway, which relies heavily on elicit-
ing host antibodies against the major
secreted hookworm proteins—an idea
that was first put forward >50 years ago
by Chandler and Thorson (Chandler,
1936; Thorson, 1956). Researchers have
also shown that a family of cysteine-rich
proteins, known as the Ancylostoma
secreted proteins, are promising vaccine
antigens for many parasitic nematode
infections, including hookworm, rumi-
nant gastrointestinal parasites, lymphatic
filariasis and onchocerciasis (Sharp and
Wagland, 1998; Sen et al.,, 2000). Simi-
larly, SP15, a 15 kDa protein secreted by
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Phlebotomus sandflies, is now being
developed as a vaccine to interrupt the
transmission of leishmaniasis through the
insect (Valenzuela et al., 2001).

But on the whole, as malaria, African
trypanosomiasis, lymphatic ~filariasis,
hookworm and leishmaniasis occur
among the world’s poorest people, there
has been little or no commercial interest
in developing treatments against these
diseases. It is difficult for large pharma-
ceutical companies to persuade their
shareholders to develop such products
without affecting their own requirements
to succeed in the highly competitive and
unforgiving markets closer to home. In a
few instances, drug companies have
donated drugs that were originally devel-
oped for veterinary use when it became
apparent that they were effective against
Third World diseases—ivermectin for the
treatment of human onchocerciasis or
benzimidazoles to treat lymphatic filaria-
sis. And although organisations such as
The MacArthur Foundation, The Rockefel-
ler Foundation, The Wellcome Trust and
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the National Institutes of Health (NIH)
have previously devoted some of their
resources to tropical medicine, these funds
were sometimes not adequate to take the
first significant steps towards vaccine and
drug development (Hotez , 2001).
However, some improvement in
research support has taken place over the
past decade, mainly with the infusion of

An emerging body of evidence
suggests that infectious diseases
pose a major risk to the
economic survival of many
Third World nations

>$1 billion from The Bill and Melinda
Gates Foundation to develop an HIV vac-
cine. This also included support for either
new or improved vaccines to combat

malaria, tuberculosis, leishmaniasis,
African  trypanosomiasis  hookworm,
meningococcal meningitis, shigellosis,

cholera and measles. Perhaps one of the
most important goals for the future of

research on tropical diseases will be the
linking of these funds to parallel efforts in
parasite genomics and proteomics, many
of which are being funded by the NIH or
The Wellcome Trust (Table I).

Malaria is a prime example of how
these initiatives could dramatically
improve the quality of life for millions of
people in the developing world. The
enormous suffering caused by the sporo-
zoite Plasmodium falciparum is astonish-
ing in its own right, and, in many ways, it
is the classic emblem for the public health
burden of poor countries. The disease
kills up to 2.7 million people every year,
the vast majority of them children under
the age of five. In Africa alone, at least
300 million clinical attacks of malaria
occur annually, although this figure may
well be an underestimate, as many take
place in rural dispensaries or at home and
may not be reported. Malaria is particu-
larly dangerous during pregnancy, with a
substantial risk of severe anaemia in the
mother and intrauterine growth retardation,
as well as other acutely life-threatening and

Table I. New genome projects (completed or in progress) and Gates Foundation-funded orphan drug and vaccine initiatives for developing countries

Infectious disease Genome project Genomics funding Drug Vaccine initiative Amount
($ million)
African trypanosomiasis ~ TIGR/Sanger NIAID/Beowolf Drug development University of North Carolina 15
Children’s Vaccine Fund GAVI (Geneva) 750
Cholera/Typhoid/Shigella TIGR/Sanger/University NIAID/Wellcome International Vaccine 40
of Wisconsin Institute (Seoul)
HIV/AIDS International AIDS Vaccine 125
Initiative
Hookworm Washington University/ ~ NIAID/Beowolf Hookworm Vaccine Sabin Institute 18
Sanger
Leishmaniasis SBRI/Sanger Beowolf/EC/NIAID Leishmaniasis Vaccine IDRI 15
Lymphatic filariasis Sanger/Smith College Beowolf/NIAID Drug control World Bank 20
Malaria TIGR/NMRI/Sanger NIAID/BWF/Wellcome Malaria Vaccine Initiative =~ PATH 50
SAIC Malaria Vaccine NIH 40
London School of Hygiene 40
& Tropical Medicine
Measles Improved vaccine Johns Hopkins University/ 20
UMD
Meningococcal meningitis TIGR/Sanger Chiron/Wellcome Meningitis Vaccine PATH-WHO 70
Trachoma TIGR NIAID Drug control International Trachoma 20
Initiative
Tuberculosis Sanger/TIGR Wellcome/NIAID TB Vaccine Initiative Sequella 25
MDR TB Control Harvard 45
TB Diagnosis Initiative/TDR WHO 10

Sources: www.gatesfoundation.org, www.niaid.nih.gov, www.tigr.org, Hotez (2001).
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chronic complications for the baby. Even
harder to quantify are the hardships and
economic damage suffered by survivors
due to permanent neurologic sequelae
(Holding and Snow, 2001).

Malaria is also a prototype for under-
standing the complex interplay between
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gen, its arthropod vector and the human.
However, in some instances, the technol-
ogy of parasite genome science has out-
paced the capacity of the scientific com-
munity to assimilate the information
(Coppel, 2001). This is particularly true
for the field of tropical medicine, where

Poverty, political oppression and social or economic
inequalities have direct ramifications for both public
health and a predisposition towards conflict

science, medicine, economics and inter-
national security. It puts substantial stress
on the medical systems of affected
nations, to say nothing of their productiv-
ity and capacity to compete in global
markets. Indeed, there is an emerging rec-
ognition that malaria is a formidable
cause of poverty in sub-Saharan Africa,
rather than vice versa (Gallup and Sachs,
2001). The disease is an intractable force
retarding the economic growth of affected
nations or overtly contracting their per
capita gross domestic product. Poverty, in
turn, reverberates throughout society and
has independent health and geopolitical
consequences. Moreover, the biology of
P. falciparum, coupled with climate, ecol-
ogy and the biology of its vector, the
Anopheles gambiae mosquito, often
defeats malaria control measures.

It is therefore unlikely that existing
solutions or strategies will eliminate this
disease in the foreseeable future. We need
novel approaches to control mosquito
populations and interrupt human/
mosquito contact. We need creative
approaches to produce safe and effective
insecticides and to reverse the resistance to
established insecticides, including explor-
ing genetic strategies against A. gambiae,
whose genome sequence was recently
completed (Holt et al., 2002). We need to
develop new generations of therapeutic
agents to target Plasmodium and over-
come multi-drug resistance. And most
importantly, we need a practical anti-
malarial vaccine (Doolan and Hoffman,
2001). With variations on a theme, each
of these measures also apply to controlling
tropical infectious diseases in general.

The possibility of studying whole
genomes offers new opportunities—and
an antidote to a sense of futility—in each
of these areas. We will soon have in hand
the trio of complete genome sequences
relevant for malaria: the protozoan patho-
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many scientists have received little or no
formal training in bioinformatics and also
lack adequate access to sequence data.
Efforts, such as the PlasmoDB database
(www.plasmodb.org), may help to stimu-
late the nascent field of malaria functional
genomics.

Indeed, based on this approach,
researchers are already devising novel
strategies for developing antimalaria vac-
cines (Hoffman, 2000; Doolan and Hoff-
man, 2001; Hoffman et al., 2002a). There
is a proof-of-principle for a successful
vaccine by using radiation-attenuated
sporozoites (Hoffman et al., 2002b), but it
is not a practical option for a clinical vac-
cine. Another field under intense study is
acquired immune protection. In areas of
Africa with the most intense malaria trans-
mission, children who survive to the age
of 7-10 rarely develop life-threatening
P. falciparum infections, because their
immune system is able to control subse-
quent infections. Probably central to this
‘naturally acquired’ protective immunity
are antibodies against parasite proteins
expressed on erythrocytes that prevent
sequestration in the microcirculation and

case of naturally acquired immunity, this
‘breadth’” would be expanded by expo-
sure to many polymorphic strains of
P. falciparum. If so, the malaria genome
and various projects to define single
nucleotide polymorphisms in Plasmodium
and human host surface proteins (Broder
and Venter, 2000; Subramanian et al.,
2001b; Hoffman et al., 2002b) may pro-
vide the essential foundation for duplicat-
ing this aspect of immunity and thereby
developing effective malaria vaccines.
However, genomics alone will not be
enough. Immune responses are generally
directed against proteins or carbohydrates,
not genes per se, and the parasite
expresses different proteins at different
stages of its life cycle. We anticipate that
gene expression and proteomics studies
will lead to the generation of comprehen-
sive databases that catalogue stage-specific
expression of all genes and proteins in the
P. falciparum genome and the polymor-
phisms in the DNA sequences of these
genes in field isolates. Concurrent efforts
to establish the functional importance of
each gene, and the significance of protein—
protein interactions, will take time, but
will form the foundations on which to
build effective vaccines.

Such application of genomics and other
biotechnologies has implications that
extend beyond simply fighting infectious
diseases. Since the end of the Cold War,
an increasing body of evidence has sug-
gested that the public health of develop-
ing nations is a global economic and
security issue (Moodie and Taylor, 2000;
Kassalow, 2001; Hotez, 2002b). One way
in which endemic infectious disease can
contribute to the destabilisation of a
nation or region is to disrupt its economy.

Global efforts to stem the AIDS pandemic are absolutely essential,
otherwise any gains made in transferring genomics technology to
the developing world would be eroded

antibodies against surface proteins of the
merozoites that prevent invasion of
erythrocytes.

But all efforts to develop subunit
vaccines comparable to irradiated sporo-
zoites and naturally acquired immunity
have shown little success. It is quite likely
that immunisation with only a few para-
site proteins cannot duplicate the immu-
nity elicited by exposure to a parasite
expressing thousands of proteins. In the

It is worth remembering that malaria was
an important contributor to the economic
underdevelopment of Italy, Greece and
Spain prior to World War I, with dra-
matic catch-up growth following the
eradication of Anopheles mosquitoes
through aggressive use of DDT in the
post-war period (Gallup and Sachs,
2001). Today, malaria is slowing the
economic development in Africa, as
discussed above, and the same may be
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Fig. 1. Relationship between under-5 childhood mortality (per 1000) and armed conflict during the 1990s.

Reproduced from Hotez (2001).

true of hookworm in China
2002c¢).

There is also evidence that infectious
diseases may have consequences for
global security and play a role in the
‘pathophysiology’—or possibly even the
‘pathogenesis’—of armed conflict in the
developing world (Hotez, 2001). Rela-
tively recent analyses suggest a relation-
ship between infectious disease-related
childhood mortality rates or tuberculosis
incidence and the probability of a nation
becoming engaged in armed conflict. We
do not claim that a cause-and-effect rela-
tionship has been proven, nor would it be
surprising if cause and effect sometimes
become one in this context. However,
there is clearly a complex interplay
among medical, economic and political
factors linking infection rates and the risk
of armed conflict. Poverty and various
forms of political oppression and social
or economic inequalities have direct
ramifications for both public health and a
predisposition towards conflict (Murray
et al., 2002; Stewart, 2002), and wars
disrupt the food supply and medical infra-
structure.

Moreover, a high infant mortality rate
was recently shown to be a significant
predictor of nation-state collapse through
coups d’etat, civil strife and other means
(Esty et al., 1999). It is generally thought
that infant mortality is an exceedingly
powerful indicator, or ‘surrogate marker’,
for overall quality of material life. The
percentage of countries at war sharply
increases when childhood mortality rates
exceed 100 deaths per 1000 (Figure 1)

(Hotez,

and the incidence of tuberculosis exceeds
200 per 100 000 (Figure 2) (World Bank,
1997). Nations such as Niger, Sierra
Leone and Afghanistan, which suffer from
the world’s highest childhood mortality
rates, are thus dramatically more likely to
be engaged in armed conflict than nations
with low childhood mortality rates.
Alexander the Great was probably
among the first to experience infectious
diseases altering the outcome of wars, but
he was certainly not the last. ‘In 1943, for
every man evacuated with wounds, we
had 120 evacuated sick. The annual
malaria rate alone was 84% per annum of
the total strength of the army and still
higher among the forward troops [...].

A simple calculation showed me that in a
matter of months at this rate my army
would have melted away. Indeed, it was
doing so under my eyes,” wrote Field Mar-
shall General Slim, commander of the
British Army in Burma (Slim, 1956). We
also believe it is worth considering that, in
effect, infectious diseases might also influ-
ence the onset or ‘pathogenesis’ of mod-
ern wars in the developing world. And the
terrorist attacks of September 11 have
shown that these wars have a global effect
when terrorists use nations sunk in civil
war or anarchy as training grounds and
hideouts.

The problem of HIV/AIDS requires a
special discussion. In parts of sub-Saharan
Africa and, more recently, in Asia, AIDS
threatens to destabilise almost a dozen
nations where, in some cases, the infec-
tion will eventually kill one in four adults.
Approximately 40 million people world-
wide are HIV positive and most will die
from the disease (Dixon et al., 2002)
(www.unaids.org/epidemic_update). The
economic effects include reduced labour
supply and reduced labour productivity,
causing reduced exports and increased
imports. A new report published by the
International Crisis Group in Washington,
DC, and Brussels links the AIDS pan-
demic to deteriorations in national and
even global security by promoting human
migration, creating orphans, threatening
social and economic progress and affect-
ing police and civil service capability.
A South African military analyst warned
that AIDS is interfering with peacekeeping
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operations in some parts of sub-Saharan
Africa (ICG, 2001). As shown in Figure 3,
there is also a tentative correlation
between HIV prevalence and armed con-
flict during the 1990s. As we are still in
the early stages of the AIDS pandemic, it
unfortunately—in many senses—remains
to be seen whether HIV prevalence rates
will correlate with conflict in the coming
decade.

Western nations have been able to
quickly develop therapeutic interventions
to halt the progression of the HIV virus.
However, antiretrovirals are very expen-
sive and have in large measure been
beneficial only for patients in the First
World, as developing countries simply
cannot afford to pay for these drugs. A
recent report in a prestigious medical
journal has explored the ethically sensi-
tive possibility that ‘to maintain economic
stability it may be necessary to target
expensive antiretroviral drugs at highly
productive socioeconomic groups in spe-
cific industries on the basis of their contri-
bution to economic output rather than
healthcare needs’ (Dixon et al., 2002).
We do not endorse this view. Sir Richard
Sykes, chairman of GlaxoSmithKline, has
noted that ‘it is easy although misguided
to assume the costs of drugs used to treat
HIV and AIDS is the primary barrier to
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Fig. 3. Relationship between adult HIV/AIDS prevalence in 1994 and armed conflict during the 1990s.

people in poor countries having general
access to such drugs’ (Sykes, 2002). In
any event, the overall scientific, medical
and ethical dilemmas are not likely to dis-
appear in the near future. There are also
substantial programmes to develop an
antiretroviral vaccine (Nabel, 2001),
although none is as yet available. With
the support of the World Bank, UN Secre-
tary General Kofi Annan has called for a

global fund, which would commit $10
billion per year in order to provide anti-
retroviral therapy for 3 million of the
world’s poorest AIDS patients, treatment
for opportunistic microbial and parasitic
agents in 6 million individuals and pre-
ventative measures.

In a sense, the HIV/AIDS pandemic
illustrates the limits of what genomics and
basic science can accomplish. Unlike
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Fig. 4. Overview of countries that experience armed conflict and suffer from high rates of endemic infection.
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malaria, HIV may be controllable using
cost-effective measures for primary pre-
vention that are within reach in the devel-
oping world. Explicit public education is
thus an absolute priority, but these pro-
grammes cannot succeed without consider-
able resources from both the public and
private sector. Global efforts to stem the
HIV/AIDS pandemic are therefore abso-
lutely essential, otherwise any gains made
in transferring genomics technology to the
developing world would be eroded.

As pointed out above, there is clear
evidence that infection rates reflect a
nation’s likelihood of engaging in armed
conflict (Figure 4). The urgency to develop
new tools for preventing the conditions that
promote conflict is apparent, given new
estimates indicating that 160 million
people perished in violent conflicts over
the last 100 years (McNamara and Blight,
2001). Itis an irony of our time that medical
technology cannot be effectively trans-
ferred to the developing world, whereas
military technology can be transferred
with great speed and efficiency. Because
itis unlikely that such technology will dis-
appear or abate, some have argued for the
need to develop innovative counter-tech-
nologies.

Perhaps biotechnology coupled with
genomics could be one such foil. The
number of lives saved from childhood
vaccines in the 20th Century approxi-
mates to the numbers of individuals killed
in warfare (McNamara and Blight, 2001).
Genomics might emerge as the new key
counter-technology of the 21st Century.
With calls for a new-generation Marshall
Plan to aid the poorest in developing
nations (Newman, 2001), it will be essen-
tial to look to emerging biotechnologies
as part of the solution. Reducing the intol-
erable health and economic burdens of
infectious/parasitic diseases should be an
urgent priority for biology and medicine.
But this should also be an urgent priority
for nations pursuing global stability. The
new tools provided by genomic science
makes the task more urgent, and the fail-
ure to act, more tragic.
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