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Abstract

Comparing the origins of AIDS and malaria may provide insight for gauging the prospect of future
pathogen transmissions from apes to humans.

Two of the most widespread and virulent diseases of modern humans appear to have
originated in our closest relatives, the African apes. There is evidence that the parasite
Plasmodium falciparum, the cause of malariain humans, is of gorillaorigin (1, 2), whereas
the pandemic form of human immunodeficiency virustype 1 (HIV-1), the cause of acquired
immune deficiency syndrome (AIDS), stems from alentivirus infection of chimpanzees (3).
Istheir great ape origin a coincidence, or are there important parallels that could provide
insight into the prospects of future zoonoses in which other pathogens from the great apes
might successfully colonize humans?

Pathogens must interact with alarge number of host proteins to replicate in infected cells
and thus tend to spread more readily between closely related hosts (4). Hence, the precursors
of HIV-1and P, falciparumthat originated in great apes were likely better suited to infect
humans than lentiviruses or malaria parasites from other mammals. However, despite
substantial exposure and possibly humerous cross-species transfers, humans appear to have
been successfully colonized by each of these pathogens only once. Thisimplies that even
ape pathogens have to overcome substantial adaptive hurdles to become established in the
human host. For example, it has long been assumed that a human-specific mutation in the
sialic acid biosynthetic pathway protects humans from infection by the species of
Plasmodiumthat infect apes (5). However, not all P, falciparum parasites use sialic acids to
invade erythrocytes, whereas an interaction between a parasite protein and the Ok blood
group antigen basigin appears to be an obligatory step in this process (6). The ape homologs
of basigin are quite divergent, and so it is likely that the gorilla precursor of P, falciparum
had to adapt to spread efficiently in the human host. Similarly, lentiviruses, such asHIV-1
and its chimpanzee precursor—a strain of simian immunodeficiency virus called SIV cpz—
are susceptible to various host-specific restriction factors, including tetherin, a protein that
inhibits the egress of virions from infected cells. There are four groups of HIV-1 (called M,
N, O, and P), which each arose from an independent ape-to-human transmission event;
however, only group M viruses have achieved full anti-tetherin adaptation, and only this
group has become pandemic (7).

That only asmall subset of ape pathogens has successfully colonized humans highlights
another point. Although two subspecies of chimpanzees, Pan troglodytes troglodytesand P,
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t. schweinfurthii, are each endemically infected by distinct forms of SIVcpz, only strains
from the former have been identified in humans (8) (see the figure). Similarly, the ancestor
of P, falciparumrepresents just one of at least six distinct Alasmodium species within the
subgenus L averaniathat infect either western gorillas or chimpanzees (1). Thus, at least in
these two cases, African apes harbor a much greater variety of related pathogens than have
been found in humans, raising the question: Are the seemingly unsuccessful pathogens
incapable of infecting humans, or do they have the same potential to cross-infect and adapt,
but have not yet had the opportunity? The latter possibility has obvious public health
implications.

In addition to L averaniaparasites, wild apes also harbor close relatives of 2. vivax, P,
malariae, and P, ovale(1, 9), raising the possibility that each of these human parasites was
also acquired from apes. The case of P. vivaxis particularly intriguing: The closest known
relatives of P. vivax had been thought to be parasites infecting macaques (which are
monkeys, not apes) in Southeast Asia, suggesting that 2. vivax may have originated in this
region (10). However, a mutation that confers protection against ~. vivax by inhibiting
expression of its receptor, the Duffy antigen present on the surface of red blood cells, is not
found in Asian populations. This mutation has a frequency nearing 100% in human
populations in west and central Africa, which has been taken to indicate that 2. vivaxis
more likely to have originated there (11). That wild African apes harbor closely related
Plasmodium strains is consistent with this interpretation (12). Thus, searching for pathogens
related to known infectious agents could reveal additional potential zoonoses. A casein
point is HIV-2, alentivirus that originated in sooty mangabeys (monkeys found in west
Africa), which was discovered to also cause human AIDS while screening for HIV-1 (8).

The ability of ape pathogens to colonize humans also appears to have depended on a number
of historical (and even prehistorical) events. Timing the origin of P. falciparumin humansis
problematic because of difficulties calibrating the rate of molecular evolutionary changein
Plasmodium. Although it has been suggested that 2. 7alciparum emerged out of Africawith
modern humans, around 60,000 years ago (13), others have argued that 2. falciparum could
only have been sustained in the human population within the last 10,000 years, after the
advent of agriculture and the concomitant changes in human (and mosquito) population
density (14). By contrast, pandemic HIV-1 emerged much more recently, around a century
ago (8). Again, thistiming would reflect not the opportunity for cross-species transmission,
but rather the potential for onward spread, provided in this case by socia changes associated
with colonial rule and the rapid growth of west central African cities (15). Thus, the
emergence of both P, falciparum and HIV-1 were likely contingent upon changes in human
demography and behavior that opened new niches for these parasites.

Although the circumstances that aided the initial expansions of P. falciparumand HIV-1
may no longer be relevant, other human-controlled factors may open new niches for ape-
derived pathogensin the future. For example, effortsto eliminate P. falciparummalariain
Africawill undoubtedly reduce the density of human Plasmodiuminfections, but this may
ease the competitive burden for any newly transferred parasites. The monitoring of human
populations that are at a higher possible risk, such as hunters and forest dwellers, may detect
new cross-species transmissions. Such studies require new diagnostic tools to detect
emerging pathogens. An example is the macaque parasite P. know/es, which went
unrecognized as a public health threat (although it was long known to infect humans) until
molecular screening revealed hundreds of zoonotic transmissions each year (16). It will also
be important to study the ape precursors of the human pathogens in their natural hosts. For
SIVcpz such studies have aready produced invaluable information about its susceptibility to
host restriction factors, pathogenic potential, and adaptability (7, 8); as yet nothing is known
about the course of Alasmodiuminfectionsin apes. Such studies may also address the
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intriguing question of why successful pathogen transfer from apesto humansis arare event.
And athough it is difficult to predict whether or not newly discovered ape pathogens have
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the potential to infect humans, new diagnostic tools will place researchersin a better
position to provide advance warning that could benefit any subsequent public health
response.
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Figure 1. Figure Apereservoir

(Left) The subgenus L averaniacontains six Plasmodium species, three that infect
chimpanzees (blue) and three that infect gorillas (pink); only one of these has givenriseto a
human parasite (P, falciparum; black) (12). (Right) There are two major SIVcpz lineages
that infect the central (upper blue clade) and eastern (lower blue clade) subspecies of
chimpanzees, respectively. SIV cpz At strains from central chimpanzees have crossed the
species barrier to humans, generating HIV-1 groups M and N (black), and to gorillas,
generating SIVgor (pink). Group P isof likely gorillaorigin, whereas the ape precursor of
group O has not yet been defined (light blue) (8). Despite widespread distribution among
eastern chimpanzees, SIVcpzPtshas not been found in humans.
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