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Human Resistance to Plasmodium falciparum Increases during Puberty

and Is Predicted by Dehydroepiandrosterone Sulfate Levels
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Immunity to Plasmodium falciparum develops slowly in areas of endemicity, and this is often ascribed to
poorly immunogenic or highly variant parasite antigens. However, among populations newly exposed to
malaria, adults acquire immunity more rapidly than children. We examined the relationship between pubertal
development and resistance to P. falciparum. During two transmission seasons in western Kenya, we treated the
same cohort of young males to eradicate P. falciparum and then obtained blood smears each week for 4 months.
We determined pubertal development by Tanner staging and by levels of dehydroepiandrosterone sulfate
(DHEAS) and testosterone in plasma. In multivariate and age-stratified analyses, we examined the effect of
pubertal development on resistance to malaria. In both seasons (n = 248 and 144 volunteers, respectively),
older males were less susceptible than younger males. Age-related decreases in the frequency and density of
parasitemia were greatest during puberty (15- to 20-year-olds). DHEAS and testosterone were significant
independent predictors of resistance to P. falciparum parasitemia, even after accounting for the effect of age.
Fifteen- to 20-year-old males with high DHEAS levels had a 72% lower mean parasite density (P < 0.01) than
individuals with low DHEAS levels. Similarly, 21- to 35-year-old males with high DHEAS levels had a 92%
lower mean parasite density (P < 0.001) and 48% lower frequency of parasitemia (P < 0.05) than individuals
with low DHEAS levels. These data suggest that the long period needed to attain full immunity could be
explained as a consequence of host development rather than as the requirement to recognize variant or poorly

immunogenic parasite antigens.

Plasmodium falciparum malaria is a leading cause of mor-
bidity and mortality in developing countries, infecting hun-
dreds of millions of individuals and killing up to 1 million
children in sub-Saharan Africa each year (2). This death toll
will rise as drug-resistant parasites spread (35), and meanwhile
the promise of a broadly effective malaria vaccine remains
unfulfilled despite important technological advances (27). Res-
idents of areas of endemicity develop protective immunity that
limits parasitemia and disease, providing a model for vaccine
development, but the responses conferring naturally occurring
protection have not been elucidated.

P. falciparum infection is more frequent and severe in chil-
dren than in adults (23; reviewed in reference 4), and resis-
tance is acquired over years of exposure. The long period
required to develop resistance has supported the widely held
views that the parasite is poorly immunogenic or that protec-
tive immunity is strain specific and requires exposure to the
many parasite variants circulating in a community (10, 14). The
recent observation that adult migrants to an area of endemicity
acquire resistance more rapidly than their younger counter-
parts implicates host development in decreased susceptibility
to P. falciparum (5, 7). In an area of holoendemicity in Kenya,
where malaria is ubiquitous, we examined pubertal hormones
as predictors of immunity to P. falciparum parasitemia. We
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show for the first time that pubertal hormone levels are directly
related to increased resistance to falciparum malaria in hu-
mans, and we conclude that present paradigms explaining ma-
larial immunity are inadequate to account for the epidemiol-
ogy of infection.

MATERIALS AND METHODS

Study population. The study site in western Kenya was 10 km north of Lake
Victoria, in the adjoining villages of Wangarot, Riwa Ojelo, and Waringa, Rar-
ieda Division, Nyanza Province. The entomological inoculation rate in this area
can exceed 300 infectious bites per person per year (8). This study was conducted
according to a protocol approved by ethical review boards of both the Walter
Reed Army Institute of Research and the Kenya Medical Research Institute. All
volunteers gave signed informed consent prior to entry into the study.

After the exclusion of individuals with abnormal hemograms or evidence of
chronic disease on physical examination, 248 males aged 12 to 35 years entered
the study at the beginning of the high-transmission season in April 1996. To
initiate the study, volunteers were simultaneously treated for 3 days with quinine
sulfate (10 mg/kg twice daily) and for 7 days with doxycycline (100 mg twice daily)
to eradicate current malaria infections. Five volunteers were removed from
first-season analysis because they did not complete the eradication treatment; the
remaining 243 volunteers became aparasitemic during the week following treat-
ment with quinine and doxycycline.

Thick and thin blood smears were obtained from each volunteer prior to initial
treatment with quinine and doxycycline and then weekly for 16 weeks after initial
treatment. Each smear was interpreted by two microscopists, and the mean of the
two values was used to quantify parasitemia. Posttreatment blood smears were
used to calculate malaria infection end points for the season. These end points
included time to reappearance of parasitemia, mean parasitemia on all blood
smears taken during the season, and frequency of parasitemia. Analyses using
mean parasitemia of only positive blood smears produced results similar to those
using mean parasitemia of all blood smears, and therefore only the latter results
are reported.

To minimize unreported antimalarial use, trained field workers visited volun-
teers each day to assess their well-being. Sick volunteers were transported to the
study clinic for a complete physical exam. Volunteers with positive blood films
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FIG. 1. Increasing age is associated with longer time to reappearance of parasitemia. Kaplan-Meier analysis of time to reappearance of

parasitemia in the first season (A) and second season (B) is shown.

and clinical syndromes suggestive of acute malaria were treated with three tablets
of Fansidar (Hoffman-LaRoche).

In April 1997, 144 of the 248 volunteers who entered the first-season study
were reenrolled at the start of the subsequent high-transmission season, again
treated with quinine and doxycycline, and then monitored for 18 weeks in the
same manner as for the first season. One volunteer was removed from second-
season analysis because his parasitemia persisted during the week following
treatment with quinine and doxycycline. Immunologic studies with these volun-
teers have been reported elsewhere (25).

Entomology. At the end of the first season, mosquitoes were collected by the
daytime resting indoors method (19). This procedure was performed once at
each volunteer’s house between 22 July and 1 August 1996. The number of
anopheline mosquitoes in each house was used to control for recent exposure in
subsequent analyses.

Blood collection and processing. In the second season, volunteers donated 10
ml of blood into heparinized tubes 2 weeks after treatment with quinine and
doxycycline. Samples were centrifuged within 4 h of collection, and plasma was
aliquoted and stored at —70°C for subsequent hormonal analyses.

Clinical laboratory tests. Hemograms were obtained from heparinized blood
by using a model T-890 cell counter (Coulter Corp., Hialeah, Fla.). ABO blood
group and hemoglobin phenotype were determined for 154 volunteers with
commercially available reagents (Sigma, St. Louis, Mo.).

Hormonal assays. Quantitative assays for total plasma testosterone levels
(Immuno-1; Bayer, Tarrytown, N.Y.) (normal range for 20- to 49-year-old males
in the United States, 2.7 to 11.94 ng/ml) and dehydroepiandrosterone sulfate
(DHEAS) levels (Immunolite; DPC, Los Angeles, Calif.) (normal range for 12-
to 17-year-old males in the United States, 30 to 550 pg/dl; normal range for 18-
to 29-year-old males in the United States, 280 to 640 wg/dl) were performed at
a College of American Pathologists accredited clinical laboratory using auto-
mated enzyme immunoassay-based techniques.

Tanner staging. Tanner staging was performed for 141 volunteers in the
second season by a single physician (J.D.K.) according to standard techniques
(32). Briefly, testicular size and scrotal-penile development were scored on an
ordinal scale from 1 (prepubescent) to 5 (adult). Pubic hair quantity and distri-
bution were also scored on an ordinal scale from 1 to 6. The results of these two
scores were averaged to produce the Tanner stage.

Statistical analyses. We examined relationships among age, puberty, and
parasitemia. Measures of parasitemia included time to reappearance of para-
sitemia, frequency of parasitemia, and mean parasitemia. Data for time to re-
appearance of parasitemia were examined with Kaplan-Meier models for nom-
inal covariates (group differences were evaluated with a log rank test) and Cox
proportional hazards models for continuous covariates. The density and fre-
quency of parasitemia were log, transformed [In(value + 1)] to normalize the
data; the logarithmic mean was obtained by taking the antilog, of the mean of
transformed data. Mean parasitemia and frequency of parasitemia were evalu-
ated with Pearson’s correlation analysis. Potential confounding by ABO blood
group, hemoglobin phenotype, and recent exposure was explored with analysis of
covariance and multivariate linear regression where appropriate. Stratified anal-
yses were performed to examine the association between age and parasitemia in

several age strata. The relationship between pretreatment prevalence and age
was examined with Student’s two-tailed ¢ test.

Multivariate linear regression was used to evaluate the association between
measures of puberty and parasitemia after accounting for the effects of age.
Stratified analyses were performed to further explore the associations among
pubertal hormone levels, age, and parasitemia. Within each age strata, differ-
ences in parasitemia between hormone strata were evaluated by analysis of
variance with Fisher’s protected least-significant difference (PLSD) for post-hoc
contrasts. DHEAS and testosterone levels were stratified into high, medium, and
low strata based on the means and standard deviations of the values for adults in
the cohort (ages 21 to 35).

End points of malaria infection were calculated using blood smears obtained
before the first treatment with Fansidar. All analyses were performed with
StatView version 5.0.1 on Macintosh computers.

RESULTS

Parasitemia reappeared in most volunteers after eradica-
tion treatment. At the start of the rainy season in 1996 and
again in 1997, the same cohort of young Kenyan males were
treated to eradicate parasitemia and then monitored with
weekly blood smears to quantify frequency and density of par-
asitemia. In the first season, 48% of the volunteers had P.
falciparum present on the blood smear prior to eradication
treatment. Among the 243 volunteers included for analysis,
parasitemia reappeared in 50% within 5 weeks (Kaplan-Meier
estimate) and reappeared in a total of 223 within 16 weeks.

In the second season, 53% of the volunteers had P. falcipa-
rum present on the blood smear prior to eradication treatment.
Among the 143 volunteers included for analysis, parasitemia
reappeared in 50% within 6 weeks (Kaplan-Meier estimate)
and reappeared in a total of 135 within 18 weeks.

Increasing age predicts resistance to P. falciparum. At the
start of the first season, individuals with negative pretreatment
blood smears were 3.64 years older than individuals with pos-
itive pretreatment blood smears (P < 0.0001). After malaria
eradication, older individuals were more resistant to P. falci-
parum than younger individuals as assessed by Pearson’s anal-
ysis of age versus mean parasitemia (r = —0.195; P < 0.005)
and frequency of parasitemia (» = —0.298; P < 0.001) and
Kaplan-Meier analysis of time to reappearance of parasitemia
(P < 0.0001) (Fig. 1A). In multivariate analyses, older individ-
uals were more resistant to parasitemia by all three measures
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FIG. 2. Associations between Tanner stage (a physical measure of
pubertal development) and age. Puberty occurs at between 15 and 20
years of age in this study group. Box plots indicate medians (center
lines), 75th percentiles (boxes), and 90th percentiles (bars). Remaining
values are individually plotted as circles.

than younger individuals after accounting for ABO blood type,
hemoglobin phenotype, or recent exposure measured by the
daytime resting indoors method (all P < 0.01).

Similarly, at the start of the second season, individuals with
negative pretreatment blood smears were 2.95 years older and
0.7 Tanner stage higher than individuals with positive pretreat-
ment blood smears (P < 0.004 and P < 0.01, respectively).
After malaria eradication, resistance to parasitemia increased
with age. Older individuals had lower mean parasitemia (r =
—0.383; P < 0.001), frequency of parasitemia (r = —0.404; P <
0.001), and longer time to reappearance of parasitemia (P =
0.03) (Fig. 1B) than younger individuals.

Resistance to P. falciparum increases most rapidly during
puberty. We examined the development of resistance before
(12- to 14-year-olds), during (15- to 20-year-olds) and after
(21- to 35-year-olds) puberty. These age strata were selected
based on the results of Tanner staging in this population (Fig.
2). In both seasons, resistance to P. falciparum increased with
age during puberty but not before puberty (Table 1). After
puberty, the frequency of parasitemia decreased with age in
the second season. Neither time to reappearance of parasite-
mia nor parasite density was associated with age in this group.

TABLE 1. Associations between age and
parasitemia split by age strata®

Age Season 1 Season 2
stratum

o) n  MP FP” TR »n  MP FP TR
12-14 90 -0.06 -0.113 0.013 45 0.06 -0.07 0.05

15-20 86 —0.231¢ —0.361° —0.233° 60 —0.265Y —0.252 —0.09
21-35 67 —0.138 —0.141 -0.008 38 —0.189 —0.351¢ —0.04

“n, sample sizes; MP, mean parasitemia; FP, frequency of parasitemia; TR,
time to reappearance of parasitemia.

b Pearson’s correlation coefficient (r) for relationship between age and para-
sitemia, stratified by age group.

¢ Coefficient for age in Cox proportional hazard model of time to reappear-
ance of parasitemia.

4p =0.05.

¢ P < 0.005.
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TABLE 2. Correlation between measures of pubertal
development and parasitemia®

Pubertal measure (1) MP? FP? TR®

Tanner stage (141) —0.293¢ —0.339¢ —0.1224
DHEAS (139) —-0.376° —-0.325¢ —0.003¢
Testosterone (140) —0.383¢ —0.363¢ —0.0724

“ MP, mean parasitemia; FP, frequency of parasitemia; TR, time to reappear-
ance of parasitemia.

b Pearson’s correlation coefficient (r) for relationship between age and para-
sitemia.

¢ Coefficient for age in Cox proportional hazard model of time to reappear-
ance of parasitemia.

4p <0.05.

¢ P < 0.005.

Physical and hormonal measures of puberty predict in-
creased resistance to P. falciparum. The mean Tanner stage
and DHEAS and testosterone levels increased with age. The
physical changes associated with puberty (Tanner stage) oc-
curred principally in the 15- to 20-year-old age group (Fig. 2).
All three pubertal measures were strongly correlated with age
(r = 0.56 to 0.68; all P < 0.0001) and themselves (» = 0.56 to
0.82; all P < 0.0001).

Increased Tanner stage and DHEAS and testosterone lev-
els, measured at the start of the second season, were each
associated with lower mean parasitemia (P < 0.005), lower
frequency of parasitemia (P < 0.005), and longer time to re-
appearance of parasitemia (P < 0.05) (Table 2).

Increased DHEAS and testosterone predict resistance to
P. falciparum independent of age. In a multivariate linear
model, DHEAS was a significant predictor of mean para-
sitemia (P = 0.02) even after accounting for the effect of age,
hemoglobin phenotype, ABO blood group, and recent expo-
sure. Among volunteers 15 years or older (when the effects of
puberty on resistance are apparent), DHEAS was a significant
predictor of mean parasitemia (P = 0.02) after accounting for
both age and testosterone. Individuals with higher DHEAS
levels, independent of their age and testosterone level, had
lower mean parasitemias than individuals with lower DHEAS
levels. After accounting for age, increased DHEAS was asso-
ciated with decreased frequency of parasitemia, and this asso-
ciation was significant in the older age groups (P = 0.1 for all
volunteers; P = 0.04 for volunteers 15 years and older).

When stratified by age and DHEAS levels, 15- to 20-year-old
males with high DHEAS levels had 66 to 72% lower mean
parasitemias than individuals with lower levels of DHEAS
(P < 0.05 to 0.01) (Fig. 3A). Twenty-one- to 35-year-old men
with medium or high DHEAS levels had 92 to 94% lower mean
parasitemias than individuals with low DHEAS levels (P <
0.01 to 0.001) (Fig. 3A). Twenty-one- to 35-year-olds with high
DHEAS levels had a 52% lower frequency of parasitemia than
individuals with low DHEAS levels (P < 0.05) (Fig. 3B). In the
two older age groups, individuals with higher DHEAS levels
were more resistant to P. falciparum than individuals with
lower DHEAS levels.

In a multivariate linear model, testosterone was also a sig-
nificant predictor of mean parasitemia (P = 0.02) after ac-
counting for age but lost significance after accounting for the
effect of DHEAS (P = 0.07 for all volunteers; P = 0.1 for
volunteers 15 years and older). Individuals with higher testos-
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FIG. 3. Increasing DHEAS levels are associated with increased resistance to parasitemia in older age groups. Associations during the second
season among age, DHEAS, and mean parasitemia (A) or frequency of parasitemia (B) are shown. Groups are stratified by age and DHEAS levels
(low [O], intermediate [E], and high [E]). Box plots indicate logarithmic means (dashed lines), medians (solid lines), 75th percentiles (boxes), and
90th percentiles (bars). Remaining values are individually plotted as circles. Sample sizes are indicated at the bottom.

terone levels, independent of their age, had lower mean para-
sitemias than individuals with lower testosterone levels. After
accounting for age, increased testosterone was associated with
decreased frequency of parasitemia, but this did not achieve
statistical significance (P = 0.07). Among 15- to 20-year-olds,
individuals with high testosterone levels had a 48 to 55% lower
frequency of parasitemia than individuals with medium or low
testosterone levels (P < 0.05 and P < 0.005, respectively). No
other significant differences were observed when measures of
malaria were stratified by age and testosterone level.

DISCUSSION

In areas of endemicity, children are more susceptible to
malaria than adults (23). Resistance to parasitemia develops
over many years, and the lengthy nature of this process has
been attributed to the poor immunogenicity or highly variant
nature of parasite antigens (10, 14). Adults acquire resistance
to malaria more rapidly than children when nonimmune fam-
ilies move into malarious areas (5, 6), an observation at odds
with the notion that parasite immunoevasion alone accounts
for the slow acquisition of immunity. Adults and children do
not differ in susceptibility at the time of their first exposure to
malaria, so innate resistance cannot account for age-related
differences. Instead, acquired immunity develops more quickly
in adults than in children with similar exposure histories.

In this prospective study of 12- to 35-year-old males, age
significantly predicted resistance to malaria. Malaria is ubiqui-
tous in this area and reappeared after eradication in nearly all
volunteers during both seasons. However, older individuals
were infected less frequently and at lower parasite density than
younger individuals. This relationship between increasing age
and increasing resistance was most apparent among 15- to
20-year-olds, the age when this population of males undergoes
puberty (Fig. 2), and was not apparent among 12- to 14-year
olds. In the years just before puberty, therefore, continued
exposure to malaria does not result in increased immunity.

Resistance increases during puberty, which could result from
either additional exposure, developmentally regulated mecha-
nisms of resistance, or the combined influence of both factors.

To evaluate these possibilities, we considered increasing age
to be a correlate of increasing cumulative exposure. Resistance
increased as the Tanner stage of pubertal development in-
creased, but this effect could not be separated from the effect
of age (i.e., increased cumulative exposure). However, in-
creased DHEAS (a measure of adrenarche) and testosterone
(a measure of gonadarche) were significant predictors of in-
creasing resistance, even after accounting for age (and, for
DHEAS, even after accounting for both age and testosterone).
We inferred that human pubertal development contributes to
resistance to malaria, separate from any effect of increasing
cumulative exposure. In healthy populations, puberty begins at
ayounger age in children with African as opposed to European
ancestry (11, 21, 31), and it is tempting to speculate that this
may be due to the selective effect of malaria in human evolu-
tion (20). Although our cohort experienced a delayed onset of
puberty compared to the standards of the developed world,
this is likely a consequence of malnutrition and disease asso-
ciated with their low socioeconomic status (11, 13).

The increase in resistance during puberty could be mediated
by innate or acquired mechanisms. Nonimmune populations
require several infections with P. falciparum before adults
demonstrate resistance greater than children (5), suggesting an
acquired response. Our results parallel these earlier findings:
moderate elevations of DHEAS were associated with in-
creased resistance in the oldest, but not the younger, age strata
(Fig. 3), implying that exposure subsequent to the elevation of
DHEAS augments resistance. Thus, puberty-related resistance
in humans may be an acquired form of immunity, distinguish-
ing it from the innate resistance observed in older chicks (17,
24) and rats (18), which are less susceptible than their younger
counterparts at first exposure to malaria.

DHEAS predicted a lower frequency and density of para-
sitemia in multiple comparisons, effects that could be mediated
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by the potent immunoactivating properties of this hormone. In
humans, DHEAS increases specific antibody responses (3, 15)
and augments NK cell number and function (12). Both im-
mune mechanisms contribute to resistance to malaria. Human
NK cells lyse P. falciparum-infected erythrocytes (30), and in-
creased NK cell cytokine production is associated with de-
creased parasitemia and mortality in murine Plasmodium
chabaudi infection (28). In humans, specific P. falciparum an-
tibodies are associated with resistance to both severe para-
sitemia and disease (1, 16, 33).

Testosterone levels were associated only with decreased fre-
quency of parasitemia in a single age strata. In multivariate
analyses, the effect of testosterone on resistance lost signifi-
cance after accounting for DHEAS and age. Although testos-
terone also has immunomodulatory effects (9, 22, 34), earlier
studies do not support a role for testosterone in resistance to
malaria. Testosterone increases the susceptibility of female
mice to fatal P. chabaudi infection (9). In humans, parasite
densities are lower in nonpregnant adolescent females than in
adolescent males (26, 29). We believe that testosterone is a
marker for another puberty-associated change (such as
DHEAS) that confers increased resistance to malaria. This
possibility should be addressed in studies with sample sizes
sufficient to simultaneously evaluate age, DHEAS, and testos-
terone, as well as parallel studies in females.

In summary, resistance to falciparum malaria increased with
age in males during puberty but not in males just before pu-
berty. Pubertal hormones were related to immunity indepen-
dent of host age and cumulative exposure. Further investiga-
tion is needed to define the relative contributions of DHEAS
and testosterone in resistance to parasitemia and to elucidate
the effects of these hormones on protective antimalarial im-
mune responses. We conclude that resistance to malaria does
not result solely from the accumulated recognition of parasite
variants or from additional exposure to poorly immunogenic
antigens. Host development independently predicts resistance,
and an understanding of protective immune responses that are
developmentally regulated could lead to new vaccine strate-
gies. Whether susceptibility to malaria is related to develop-
ment during early life, when mortality is greatest, remains an
important area for future study.
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