








advantage to carrying E4 in some environments and at
some life stages (24, 37) that are a trade-off against dele-
terious consequences (5, 9, 50). Although there may be
some advantages (cognitive benefits and an increased
ability to clear some infections) for E4 carriers during de-
velopment when exposure risk to toxins (36) or disease is
high (22, 24, 35), E4 is also associated with increased car-
diovascular and AD risk (4, 10), as well as decreased lon-
gevity after age 65 (50–52) in industrial populations.
However, it is not known whether E4 affects late-life
mortality in populations with a high infectious burden.

Overall, our data do not support the antagonistic plei-
otropy hypothesis with respect to early or late-life
advantages. E4 was generally beneficial to individuals
facingahighparasite load regardless of age (H1). Findings
among Tsimane children are consistent with the better
cognitive performance of E4 carrying children in Mexico
City (36) and Brazilian favelas (low income urban areas)
(35). Among Tsimane children, nearly all measures of
cognitive performance were positively associated with E4
status, although because of the relatively small sample
size, a statistically significant difference was not detected.
Rather, these gene-by-environment interactions are con-
sistent with balancing selection in areas with endemic
parasitism or fluctuating selection in environments with

variable parasite exposure. Thus, E4 may be adaptive in
some environments (with high parasite and pathogen
load) and detrimental in others, such as industrialized
areas with populations having a low parasite burden.
Tropical regions rich in helminths have higher frequencies
of the E4 allele (15), whichmay be protective against some
parasites and infections (2, 23). In many industrialized
populations, the much higher prevalence of elevated
cholesterol, blood pressure, and obesity make vascular
dementias a significant concern; in these populations, E4
may negatively impact cognitive performance and de-
mentia risk via increased amyloid deposits in the brain (8,
9). Approximately 24% of Tsimane are carriers of E4,
which iswellwithin the rangeofwhathasbeen reported in
EuropeandNorthAmerica, suggesting that our results are
not related to outlier frequencies of APOE genotypes, as
has been reported in some populations (15, 20).

In populations facing adiversity of endemic pathogens,
E4maybeprotectiveagainst age-related cognitivedecline,
and possibly even AD. A meta-analysis concluded that
bacterial pathogens also increase risk of AD, with spiro-
chetal bacteria being associated with a 10-fold higher risk
and Chlamydophila pneumoniae with a 4-fold higher risk
(53). Moreover, the human amyloid-b peptide has been
shown to have protective antimicrobial benefits against

Figure 2. Each cognitive measure by eosinophil count in carriers of E4 (dashed line) and E3 (solid) in adults aged 30–88 yr (n =
242). Note that for nearly all measures of cognitive function E3/E3 genotypes perform better with nonclinical eosinophil counts
(eosinophil count, ,500 cells/ml) similar to what has been seen in industrial populations, whereas E4 carriers perform better in
participants with higher eosinophil counts.
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cerebral bacterial infections in transgenic mouse models
(54). More than two-thirds of adult Tsimane have in-
testinal helminths, and 50% of adults are anemic (38–40).
Thus, in populations facing recurring pathogen exposure,
the E4 allele may be adaptive by helping to clear infection
and by decreasing the rate of cognitive decline during
normal adult aging. In healthier populations, adults show
progressive, slow attrition of cognitive processing and
synapse loss (55), that is accelerated by E4 (7). These adult
aging processes may involve different functions of the
APOE protein than are protective for the cognitive devel-
opment of children (23, 35, 36). In industrialized pop-
ulations, sanitation, cleanwater, refrigeration, food safety,
and medical advances have led to significant changes in
the prevalence and incidence of parasitic and pathogenic
infections, and thus may reduce the potential positive
protective impacts of the E4 allele. In addition to vascular
consequences of E4 that include higher risk of ischemic
events, the potential benefit of the E4 allele for pathogen
resistance may have less adaptive value for industrial
populations with a lower pathogen burden from im-
proved hygiene and modern medicine.

These results highlight the need for additional studies
of the E4 gene by environmental interactions, especially in
various nonindustrial environments, and for focusing on
the neurobiology of middle age in addition to older age
and the need to take a life-course perspective (55, 56).

Other studies have found evidence of protective interac-
tions between E4 alleles, cognitive function, and a host of
other phenotypic characteristics, including testosterone
(57), estrogen (58), and physical activity (59). Considered
together, the evidence suggests that the impacts of the E4
allele are not always deleterious andmay be adaptive and
beneficial in some populations with a high infectious
burden.Wedidnot detect interactionsbetween sex andE4
status in cognitive performance [for example, the female-
E4 excess of cognitive deficits in AD (6)], perhaps because
of the younger ages of most subjects or to the lower levels
of circulating testosterone reported in male Tsimane (45).

Limitations

Although there is a strong association between eosinophil
counts and chronic intestinal parasite load (42, 43), viral
infections can also result in elevated eosinophil counts.
That said, there was no interaction between E4 and other
leukocyte subtypes (all P. 0.17; Supplemental Table S5),
or ESR (P. 0.2), suggesting that current and past history
of macroparasites drives this effect. In the current study,
weused age-specific cutoffs to assess interactions between
cognition, genotype, and parasite burden, but future
studieswith larger sample sizes andmore statisticalpower
will examine these interactions in finer detail. Children in

Figure 3. Each cognitive measure by eosinophil count in carriers of E4 (dashed line) and E3 (solid) in postreproductive adults
aged 45–88 yr (n = 138).
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this study ranged in age from6–18yr of age.Although this
period encompasses significant cognitive development,
the critical window for brain growth may be before this
age range (60).

Given the overall small sample size of our study and of
the number of E4/E4 homozygous individuals, our study
does not have the power to test for a heterozygous
advantage. However, we consider this possibility to be
highly likely, given that none of the APOE alleles have
gone to fixation among theTsimane, aswell as the context-
dependent advantages and disadvantages of the E4 allele.
Other versions of antagonistic pleiotropy in which the
benefits and costs of allelic variants vary environmentally
could also explain the existing pattern of diversity. Al-
though our sample size is relatively small, our results are
consistent with those reported in other South American
populations with similar ancestry (22, 36).

CONCLUSIONS

Although being a carrier of the E4 allele is the single
strongest risk factor for AD and cognitive decline in in-
dustrial populations, it is associatedwith greater cognitive
performance in individuals who have a high parasite and
pathogen load, suggesting that the E4 allele may have
advantages in some environments. This finding may help
explain the persistence and geographic distribution of
such an otherwise deleterious allele.
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Stek,M. L., Scheltens, P., Eefsting, J. E., andWestendorp, R.G. (2009)
Vascular factors and markers of inflammation in offspring with a
parental history of late-onset Alzheimer disease. Arch. Gen. Psychiatry
66, 1263–1270

4. Alzheimer’s Association. (2016) 2016 Alzheimer’s disease facts and
figures. Alzheimers Dement. 12, 459–509

5. Alzheimer’s Disease Neuroimaging Initiative Investigators. (2014)
Sexmodifies the APOE-related risk of developing Alzheimer disease.
Ann. Neurol. 75, 563–573

6. Alzheimer’s Disease Neuroimaging Initiative. (2016) The APOE4 al-
lele showsopposite sexbias inmicrobleeds andAlzheimer’s disease of
humans and mice. Neurobiol. Aging 37, 47–57

7. Alzheimer’s Disease Neuroimaging Initiative. (2015) 2014Update of
the Alzheimer’s Disease Neuroimaging Initiative: a review of papers
published since its inception. Alzheimers Dement. 11, e1–e120

8. Mahley, R. W., and Rall, S. C., Jr. (2000) Apolipoprotein E: far more
than a lipid transport protein. Annu. Rev. Genomics Hum. Genet. 1,
507–537

9. Hagberg, J. M., Wilund, K. R., and Ferrell, R. E. (2000) APO E gene
and gene-environment effects on plasma lipoprotein-lipid levels.
Physiol. Genomics 4, 101–108

10. Eichner, J. E., Dunn, S. T., Perveen, G., Thompson, D. M., Stewart,
K. E., and Stroehla, B. C. (2002)ApolipoproteinEpolymorphismand
cardiovascular disease: a HuGE review. Am. J. Epidemiol. 155, 487–495

11. Song, Y., Stampfer, M. J., and Liu, S. (2004) Meta-analysis: apolipo-
protein E genotypes and risk for coronary heart disease. Ann. Intern.
Med. 141, 137–147

12. Bennet, A. M., Di Angelantonio, E., Ye, Z., Wensley, F., Dahlin, A.,
Ahlbom, A., Keavney, B., Collins, R., Wiman, B., de Faire, U., and
Danesh, J. (2007) Association of apolipoprotein E genotypes with
lipid levels and coronary risk. JAMA 298, 1300–1311

13. AmericanHeartAssociationStatisticsCommittee andStrokeStatistics
Subcommittee. (2013) Executive summary: heart disease and stroke
statistics—2013 update: a report from the American Heart Associa-
tion. Circulation 127, 143–152

14. Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., and Ferri,
C. P. (2013) The global prevalence of dementia: a systematic review
and metaanalysis. Alzheimers Dement. 9, 63–75.e2

15. Eisenberg, D. T. A., Kuzawa, C. W., and Hayes, M. G. (2010)
Worldwide allele frequencies of the human apolipoprotein E gene:
climate, local adaptations, and evolutionary history. Am. J. Phys.
Anthropol. 143, 100–111

16. Finch, C. E., and Stanford, C. B. (2004) Meat-adaptive genes and the
evolution of slower aging in humans. Q. Rev. Biol. 79, 3–50

17. Fullerton, S. M., Clark, A. G., Weiss, K. M., Nickerson, D. A., Taylor,
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23. Oriá, R. B., Patrick, P. D., Oriá, M. O., Lorntz, B., Thompson, M. R.,
Azevedo, O. G., Lobo, R. N., Pinkerton, R. F., Guerrant, R. L., and
Lima, A. A. (2010) ApoE polymorphisms and diarrheal outcomes in
Brazilian shanty town children. Braz. J. Med. Biol. Res. 43, 249–256
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