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Cumulative Plasmodium
falciparum infections do not
drive long-term telomere
shortening in Kenyan children
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Oscar Kai4, Philip Bejon4,6, Alex Maccharia4,
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Stockholm, Sweden, 3Center for Molecular Medicine , Karolinska Institutet, Stockholm, Sweden, 4Kenya
Medical Research Institute, Centre for Geographical Medicine Research Coast, Kilifi, Kenya,
5Department of Biostatistics, Environmental Medicine, Karolinska Institutet, Stockholm, Sweden,
6Nuffield Department of Medicine, Oxford University, Oxford, United Kingdom, 7Institute of Global
Health Innovation, Department of Surgery and Cancer, Imperial College, London, United Kingdom,
8Centre for Tropical Medicine and Global Health, University of Oxford, Oxford, United Kingdom,
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Background:Malaria is a severe and fatal disease in the non-immune, but severity

lessens with increasing exposure. Children in endemic areas are at a particularly

high-risk for malaria, often experiencing multiple sequential clinical and

asymptomatic P. falciparum infections annually. Whether the associated

persistent cellular activation has additional hidden costs, as reflected by cellular

aging, has not been studied.

Methods: We measured correlations between telomere length (TL) in cross-

sectional blood samples (2007, 2010 and 2013) and cumulative malaria and P.

falciparum infection episodes in children from two longitudinal cohorts under

active weekly surveillance for febrile malaria. TL was quantified by qPCR in 218

children from Junju, an area of moderate transmission, and 90 age-matched

controls from Ngerenya, where P. falciparum transmission is no longer endemic.

Results: Although TL declined with age (independently of cumulative malaria

exposure; linear effects model, p>0.05) in both cohorts, the decline was more

pronounced in those with longer TL at baseline. Asymptomatic P. falciparum

parasitaemia, at the time of the cross-sectional survey, was associated with a

positive change in TL of 0.22 kb (95% confidence interval 0.02-0.42, p=0.03).

Conclusion: Overall, repeated asymptomatic and symptomatic P. falciparum

malaria episodes were not associated with TL shortening in the children in our

cohorts. The apparent increase in length with asymptomatic malaria was of

marginal statistical significance and could have been a chance finding.

Alternatively, the suppression of cellular activation and proliferation, recently
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reported in asymptomatic Plasmodium spp infections, preserves TLs

from degrading.
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Introduction

Despite recent progress in malaria control, including the

introduction of routine immunisation with RTS,S, malaria resurged

globally, with case numbers increasing from 249 million in 2022 to

263 million in 2023 (WHO, 2024). In malaria-endemic countries,

both symptomatic episodes and asymptomatic infections are

common in children (Botwe et al., 2017). Repeated exposure leads

to partial immunity that reduces the severity of clinical disease,

however, individuals frequently experience persistent, often

chronic, asymptomatic infections throughout life, suggesting that

naturally acquired immunity is not sterlile (Langhorne et al., 2008).

In areas of high to moderate transmission, the burden of severe, life-

threatening malaria and associated mortality is most pronounced in

infants and young children (Brooker et al., 2017). Severe malaria

can affect multiple organ systems, including the central nervous

system (cerebral malaria), the pulmonary system (respiratory dis-

tress), the renal system (acute renal failure), the hematopoietic

system (severe anaemia), and is frequently associated with meta-

bolic acidosis (Bartoloni and Zammarchi, 2012). Beyond acute

morbidity, malaria exposure has been linked to impaired neuro-

cognitive and socio-economic development, and poor school per-

formance in children, with potentially other long-term hidden

health-costs for affected individuals (Vitor-Silva et al., 2009; Fink

et al., 2013).

Evidence from animal and clinical studies suggests that malaria

may have lasting biological effects beyond acute infection. In birds,

chronic asymptomatic malaria reduces life span and fitness by

accelerating telomere shortening (Asghar et al., 2015). In humans,

a single acute malaria episode in Swedish adult travellers returning

from the tropics was associated with accelerated telomere shorten-

ing in peripheral blood leukocytes, which reversed within a few

months following treatment (Asghar et al., 2018). A more modest

but similarly reversible reduction in telomere length (TL) was also

observed in malaria-naïve volunteers undergoing controlled human

malaria infection (CHMI) (Miglar et al., 2021). However, the extent

to which repeated clinical episodes and persistent asymptomatic

infections influence telomere dynamics in children living in en-

demic areas remains poorly understood (Wakai et al., 2025).

Telomeres are non-coding repetitive DNA sequences that

protect chromosome ends from inappropriate DNA damage rec-

ognition and progressive sequence loss (Jacobs, 2013). In telomere

biology, it is important to distinguish between telomere length (TL)

as the length of telomeric DNA measured at a given time point, the

telomere shortening rate as dynamic indicator of longitudinal

attrition, and telomerase activity, which reflects the ability of

telomerase to mitigate telomere loss by adding telomeric repeats,

particularly in stem and activated immune cell populations (Hoare
02
et al., 2010; Lopez-Otin et al., 2013). Telomere shortening is a

hallmark of ageing and is closely linked to cellular senescence

(Shawi and Autexier, 2008; Hoare et al., 2010; Lopez-Otin et al.,

2013). In both humans and animals, TL and the rate of telomere

attrition have been associated with host fitness, disease risk,

including cancer, and life expectancy (Cawthon et al., 2003; Wu

et al., 2003; Yang et al., 2009). Together, these studies highlight the

importance of understanding how lifelong exposure to infections

such as malaria influences telomere dynamics and long-term health.

To separate the impact of malaria from other environmental

variables would require data from individuals with similar charac-

teristics, such as environment, genetics and socio-economic level,

but with differential exposure to malaria. Such data is scarce in

natural populations. The present study addresses this gap by

examining the association between cumulative malaria exposure

and telomere shortening over time, using blood samples and

detailed weekly records of children under longitudinal surveillance

for malaria for over 10 years. The study was conducted in two

coastal regions of Kenya inhabited by the Miji Kenda people, with

similar cultural practices, nutrition, and socio-economic character-

istics but different malaria exposures (Ndungu et al., 2012;

Illingworth et al., 2013). As TL was measured in peripheral blood

leukocytes at three cross−sectional time points, our analyses pri-

marily address longer−term patterns and associations rather than

the previously reported short−term TL dynamics following

acute episodes.
Methods

Ethical approvals

The study was approved by the KEMRI Scientific and Ethics

Review Unit (Prot. no. KEMRI/SERU/CGMR-C/017/3149), and by

the Swedish Ethical Review Authority (Dr. nr. 2008/998-31–3 and

2019-05746). Informed written consent was given by the parents of

all the participants, or their guardians.

Study population and procedure

The study cohorts in Junju and Ngerenya are in Kilifi County,

on the Indian Ocean coast of Kenya and are nested within the Kilifi

Health and Demographic Surveillance System (HDSS) that includes

350,000 participants (Cowgill et al., 2006; Olotu et al., 2010).

Despite their geographic proximity, which measures about 40 km,

similarities in ethnic make-up, social and economic structures,

nutrition, and culture, the populations living in Junju and
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Ngerenya are exposed to different levels of malaria (Mwangi et al.,

2005; Bejon et al., 2007; Ndungu et al., 2012; Illingworth et al.,

2013). Malaria remains endemic in Junju with moderate transmis-

sion during the biannual malaria seasons (May-July and October-

December), and with an average of 27% prevalence of asexual P.

falciparum parasitaemia during the dry season in the years 1998

-2016 (Mwangi et al., 2005; Ndungu et al., 2012; Illingworth et al.,

2013; Muthui et al., 2019). In contrast, in Ngerenya, malaria

transmission fell to low levels in the early 2000s, with few reported

cases of clinical or asymptomatic Plasmodium infections, as deter-

mined through both passive surveillance and annual cross-sectional

qPCR-based surveys (Ndungu et al., 2012). Children from both

cohorts are routinely recruited at birth into long-term longitudinal

studies for malaria immunology. Ngerenya was under active weekly

surveillance for malaria between 1998 and 2007, before shifting to

passive surveillance in 2014 owing to the scarcity of malaria

infections. Junju remains under active weekly surveillance for

malaria since 2005. During the weekly visits, field workers measure

axillary body temperature, P. falciparum positivity by rapid diag-

nostic test (RDT), and document the history of fever. In the event of

fever, or its recent history and a positive RDT, a venous blood

sample is drawn, and the child is treated for malaria.

Annual cross-sectional surveys are conducted in both cohorts in

March, following a three-to-four-month dry period with minimal P.

falciparum transmission, where anthropometric and parasitological

data are collected, alongside with a 5 ml venous blood sample,

which was collected if the child had fever (≥37.5˚C). The blood is

processed into peripheral blood mononuclear cells (PBMC) and

plasma and stored in liquid nitrogen and -80˚C, respectively, until

use. An additional whole blood pellet (0.3ML) in EDTA is stored for

DNA extraction.

The data and samples analyzed in this study are a subset of both,

the annual surveys and longitudinal malaria surveillance conducted

between 2005 and 2018 for Junju, and between 2002 and 2013 for

Ngerenya. Inclusion criteria for this study were the age of ≤1–9
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years in year 2007 (first study time-point) from Junju and age-

matched children from Ngerenya. Telomere length was analyzed on

three cross-sectional time points (years 2007, 2010 and 2013). The

study design and workflow are presented in Figure 1.

Case definition of malaria

Symptomatic malaria was defined as fever (temperature ≥ 37.5 °

C) and parasite detection by microscopy or qPCR. A new episode of

symptomatic malaria was defined as subsequent febrile parasitemic

episode that occurred later than 7 days after the previous acute

malaria illness. Asymptomatic infections were defined as axillary

temperature <37.5 °C and Plasmodium sp. parasitaemia detected by

RDT, microscopy and/or qPCR. Febrile children with axillary

temperature ≥ 37.5 °C and who were parasite negative by RDT,

microscopy and/or qPCR are referred to as non-malarial fever cases,

while parasite negative individuals without fever are referred to

as healthy.

Parasite detection by microscopy and
qPCR

Parasite detection in active surveillance data (weekly surveys) was

based on RDT and microscopy. For the Junju cohort, parasitaemia

was estimated based on actual leukocyte count measured for each

blood smear (Olotu et al., 2010). Asexual parasite density was

counted against 200 WBCs, and symptomatic parasite density

(parasite/ml of whole blood) was calculated as follows: (number of

parasites counted/WBC counted) × WBC count/µl of participant.

Parasitic assessment in passive surveillance data (yearly surveys) was

based on performing a Plasmodium species-specific real-time PCR

assay targeting the multi-copy 18S rRNA gene using an ABI TaqMan

7500 instrument (Applied Biosystems) (Shokoples et al., 2009). In our

analysis, we included only P. falciparum species parasitaemia, due to

very low prevalence of other Plasmodium species.
FIGURE 1

Study workflow.
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Genotyping for sickle cell trait and a-
thalassaemia

DNA was extracted from whole blood using Qiagen™ DNA

blood mini-kits (Qiagen Crawley, United Kingdom) and genotyped

for sickle cell trait (AS) and disease (SS) and a-thalassaemia using

PCR, as described previously (Chong et al., 2000; Waterfall and

Cobb, 2001).
DNA extraction and TL measurement

DNA was extracted from blood pellets (30uL) using an auto-

mated Qiaxtractor (Qiagen) and stored at -20 °C. Quantification

was done using NanoDrop™ 2000 Spectrophotometer.

TL was assessed by quantitative real-time PCR (qPCR) follow-

ing the method described in Asghar et al (Asghar et al., 2018). DNA

was diluted to approx. 2 ng/ml to measure TL on an ABI 7500 real-

time PCR system (Applied Biosystems) (Cawthon, 2002). A telo-

mere-specific amplicon set of primers (TEL1, TEL2) was used to

quantify TL together with a single-copy gene amplicon set of

primers (HBG1, HBG2), to control for total amount of DNA in

each reaction (Cawthon, 2002). The PCR reaction was prepared in a

25 µl final volume to the following concentrations: 1 × Platinum®

Quantitative PCR SuperMix-UDG (Invitrogen, cat # 1730025), 0.1

pmol of each primer; 0.1x ROX reference dye (Invitrogen, cat #

1730025) and 5 µl template DNA. Primer sequences for TEL1, TEL2

are found in Cawthon et al (Cawthon, 2009), and sequences for

single-copy gene primers are described elsewhere (Cawthon, 2002;

Zanet et al., 2013). Thermal profile of telomere PCR included an

incubation period for 2 min at 50 °C, activation of the polymerase

for 10 min at 95 °C, followed by 30 cycles of 95 °C for15 s, 53 °C for

45 s and 72 °C for 45s. The thermal profile for single copy PCR

included an incubation period for 2 min at 50 °C, activation of the

polymerase for 10 min at 95 °C, followed by 40 cycles of 95 °C for 15

s, 58 °C for 45 s and 72 °C for 45 s. A melt curve step was included in

each PCR setup including: 95 °C for 15 s, 62 °C for 1 min and 95 °C

for 10s. A serial dilution of a random sample (4 dilutions, 1:2) was

added to each run to create a standard curve to calculate PCR

efficiency, and a human genomic DNA reference sample was

included to control for inter- and intra-plate variability. All sam-

ples, standard dilution, reference sample and non-template control

were run in duplicates for each primer set, and each primer set was

run on a separate plate. To control for instrumental constrains, runs

for TEL and HBG of the same sample were performed the same day.

A cut-off for qPCR runs was set with PCR efficiency value reaching

100 ± 15%. Any plate producing an efficiency value out of this range

was repeated. Specificity of our qPCR runs were analyzed using the

melt curve on each plate. Relative TL were calculated using the

DDCT method after correcting for the PCR efficiency according to

Pfaffl et al (Pfaffl, 2001). Telomere length in kb was calculated using

a human genomic DNA reference of 515 kb (cat # 8918d; Science

Cell) that was included on each TL and single copy gene run and

calculated as follows: relative (2^-DDCT value)×515. The TL of a

diploid cell was then divided by the number of chromosome ends

(92) to receive the average TL at each chromosome end ((2^−

DDCT×515)/92). Inclusion of the reference sample on all PCR runs
Frontiers in Cellular and Infection Microbiology 04
resulted in non-significant variation and our method showed very

high intra- and inter-plate repeatability (ICC >0.98), which was in

line with our previous studies (Asghar et al., 2015; Karell et al., 2017;

Asghar et al., 2018). Analysis was performed using the

ThermoFisher Cloud software.

Statistical analysis

The study investigated the TL decline at both a population level

and an individual level with linear mixed effects models (lme) with a

random intercept, and a random slope.

To assess the association between malaria and TL and the

difference in change of TL between the two cohorts, we used a

linear mixed effect model, adjusted for the potential confounders,

age, sex, survey year, genotypes for a-thalassaemia and sickle

genotype. The cumulative number of malaria episodes was retrieved

from the longitudinal active weekly case detection of malaria in

Junju and consists of the number of episodes experienced between

the first individual data entrance (2005) and the date of last TL-

survey in 2013. We also performed a sub-group analysis for each

cohort separately, to evaluate differences in TL distribution. Age

was centered at the median (7 years).

To test whether TL may be associated with clinical malaria

episodes during the follow-up, we used Cox- regression, assessing

the association of TL in year 2007 with future symptomatic malaria

infections until the last telomere measurement in 2013.

Statistical analyses were performed in the R statistic software,

version 4.1.2 (R Core Team (2020). R Foundation for Statistical

Computing, Vienna, Austria. URL: https://www.R-project.org/)

(Team TRC, 2018). Graphical presentations were obtained in

JMP, version 14.0.
Results

Demographics of the study population and
prevalence of P. falciparum infections

Wemeasured TL in 886 blood samples from three annual cross-

sectional surveys for 308 children (Junju: n=218, Ngerenya n=90)

and associated them with P. falciparum malaria records from a

longitudinal surveillance study covering over an average of 11 years

for Junju. Demographic data of the children included from both

cohorts, and TL measurements for the three cross-sectional surveys,

2007, 2010 and 2013, are presented in Table 1; Supplementary

Table 1, respectively. At the time of the cross-sectional sample

collections, most children were healthy; and, collectively, there were

a total of seven non-malarial fevers, eight symptomatic malaria

infections and 208 asymptomatic P. falciparum infections in Junju

(19-47% PCR positivity), with the majority of cross-sectional

asymptomatic infections (47% PCR positivity) being reported in

2010 (Supplementary Table 1). In Ngerenya, a total of 11 non-

malaria fevers were reported during the surveys, and none of them

had P. falciparum parasites detected by qPCR.

Using active weekly case detection for malaria, a total of 3278 P.

falciparummalaria cases were detected in Junju children from 2005
frontiersin.org
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to 2013. Malaria was invariably caused by P. falciparum, and the

parasite densities, evaluated by qPCR, ranged from 1- 162–868 p/µL

blood (median= 45). The mean number of malaria fevers between

2005 and the TL survey in 2013 was 7 (range 1-57) per child in

Junju. The mean of non-malarial fevers was 5.3 (range 0-16) per

child during the surveillance period in Junju, compared to 5.5
Frontiers in Cellular and Infection Microbiology 05
(range 0-17) cases of non-malarial fevers in Ngerenya. No cases of

P. falciparum infection were recorded in Ngerenya.

Telomere length and host factors

We measured TL from 624 and 262 samples from Junju and

Ngerenya, respectively (Table 1; Figure 2). Based on the conditional

modes of the random slopes, the fitted mixed−effects model suggested

an age−related decrease in TL for the majority of children (approx-

imately 85%), with only three individuals exhibiting an estimated

positive slope (Table 2). The effects of age on TL were less pronounced

in individuals with initially shorter telomere kinetics and is interpreted

as lower TL shortening rate with time (Supplementary Figure 1).

On a population level, results from our linear mixed effect model of

the effect of host and environmental factors on the population TL show

that TL decreases with age (lme, Est.= -0.11, SE = 0.04, t= -2.93,

p=0.004; Table 2), and was not affected by sex (lme, Est. = 0.29,

SE = 0.15, t= 1.84, p =0.067; Table 2) or the cohort (lme, Est. = 0.13;

SE = 0.20; t= 0.65, p= 0.52; Table 2). The interaction between age and

sex was non-significant in a separate LME analysis (lme, Est.= -0.01;

SE = 0.02; t= -0.07, p=0.94) and thus, was excluded from the main

model. Out of the cross-sectional surveys in 2007, 2010 and 2013,

population TL was shortest during the survey in 2010 (lme, Est.= -1.38,

SE = 0.14; t= -9.84, p<0.001; Table 2).

Telomere length, non-malarial fever and
Plasmodium falciparum infection at survey

Non-malarial fever at the time of cross-sectional survey was not

associated with TL in the cohorts (lme, Est.=-0.11, SE = 0.25, t=

-0.43, p=0.66; Table 2). Neither did an ongoing febrile malaria

episode at time of cross-sectional survey affect TL (lme, Est.=-0.17,

SE = 0.37, t= -0.48, p=0.63). However, the asymptomatic

Plasmodium infections detected at the time of cross-sectional

surveys were associated with a modest increase in TL (lme,

Est. = 0.22, SE = 0.10, t=2.14, p=0.03; Table 2; Supplementary

Figure 2). Although statistically significant, the effect size was small

and the p−value marginal; therefore, the finding should be inter-

preted cautiously, and its clinical relevance is uncertain.
FIGURE 2

Telomere kinetics in exposed Junju children (A) and unexposed Ngerenya children (B).
TABLE 1 Characteristics of study population.

Variable

Cohort

Junju
(Moderate
transmission)

Ngerenya (No
transmission)

Number of children 218 90

Age in years at first TL-survey
2007, median (range)

5 (0-9) 3 (0-7)

Female, n (%) 114 (52.3) 46 (51.1)

Number of TL-surveys per child
(2007, 2010, 2013), mean (range)

2.85 (1-3) 2.91 (2-3)

3 TL-surveys, n (%) 187 (85.8) 82 (91.1)

2 TL-surveys, n (%) 31 (14.2) 8 (8.9)

Total number of survey samples
for telomere measurement

624 262

Sickle cell typing, n (%) HbAA 175 (80.7) 79 (87.8)

HbAS 42 (19.3) 11 (12.2)

Thalassemia typing, n
(%) Normal

77 (35.3) 32 (35.6)

Heterogenous 111 (50.9) 34 (37.8)

Homogenous 30 (13.8) 24 (26.7)

Malaria incidence rate (episodes/
child/year)*

1.15 0

Cumulative number of
symptomatic malaria episodes
until TL survey 2013 (weekly
data), mean (range)

6 (1-25) 0

Cumulative number of
asymptomatic infections until TL
survey 2013 (yearly surveys),
mean (range)

2 (0-6) 0
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Cumulative number of malaria episodes
and telomere length

To assess whether previous malaria infections affect TL, we used

active surveillance data from children exposed to moderate malaria

transmission in Junju to calculate the number of cumulative malaria

episodes (fever associated with a P. falciparum infection density) per

child. During the follow-up period from 2005 to the TL-survey in
Frontiers in Cellular and Infection Microbiology 06
2013, an average of six cumulative episodes per child were reported

(Table 1). The cumulative number of malaria episodes (fever and

parasitaemia >0) did not affect TL (lme, Est. = 0.02, SE = 0.01, t=1.23,

p=0.22; Table 2), adjusting for age. We further ran the same model

with a stricter definition of malaria episode, including only fever cases

presented with parasitaemia > 2500 p/µl blood, and the outcome was

the same (lme, Est. = 0.02, SE = 0.02, t=1.23, p=0.22).

Telomere length and risk of malaria during
follow-up

To evaluate whether TL predicts future symptomatic malaria

infection in Junju children, we performed a Cox regression analysis

of the TL measured in 2013 and time to the first subsequent malaria

episode. As telomere length was measured in bulk peripheral blood

leukocytes, the estimates do not reflect telomere attrition or

maintenance within specific cell types, but rather the overall state

of immune activation in circulating leukocytes at the time of

sampling. We therefore adjusted all the regression models for age

to account for baseline differences in immune maturation.

Our results show that the 2013-TLs did not predict future malaria

episodes when adjusting for age (Cox regression, AdjHR=1.05,

p=0.21; Table 3). The results remained non-significant when the

model was applied to TL measurements in 2007 and 2010 and the

subsequent malaria episode data (Supplementary Table 3).

Telomere length and hemoglobinopathies

Hemoglobinopathies, including sickle cell haemoglobin and a-
thalassaemia, have been associated with providing an evolutionary

advantage and protection against malaria (Roberts and Williams,

2003). However, there was no difference in TL between children

with normal haemoglobin type and carriers for the sickle trait

(genotype AS and SS: lme, p >0.05; Table 2). Children with

homozygous a-thalassaemia appeared to have longer telomeres

than children with normal haemoglobin genotype, but with bor-

derline significance in the main model (lme, Est. = 0.45, SE = 0.23,

t=1.95, p=0.05; Table 2).
TABLE 3 Telomere length and risk of symptomatic malaria during follow-up Junju. Cox regression. Time to first episode after TL-survey 2013.

TL 2013 HR (95%CI) p HR age adjusted (95%CI) p

All 1.08 (0.99 – 1.16) 0.06 1.05 (0.96 – 1.14) 0.21

Stratified by Hb

HbAA 1.11 (1.01 – 1.20) 0.02 1.07 (0.98 – 1.18) 0.12

HbAS 0.90 (0.71 – 1.13) 0.38 0.88 (0.69 – 1.29 0.32

Stratified by a-thalassaemia

Normal 1.09 (0.96 – 1.23) 0.19 1.06 (0.93 – 1.22) 0.38

Heterogeneous 1.20 (1.03 – 1.40) 0.01 1.18 (1.01 – 1.37) 0.03

Homogenous 0.92 (0.75 – 1.11) 0.38 0.87 (0.71 – 1.07) 0.14

Stratified by parasite positivity at survey 2013

PCR negative 1.05 (0.96 – 1.16) 0.30 1.03 (0.93 – 1.14) 0.61

PCR positive 1.08 (0.92 – 1.26) 0.33
P values < 0.05 are highlighted in bold text.
TABLE 2 Effect of host factors on TL.

Telomere length Est. SE df t p

Intercept 3.99 0.30 329 13.37 <0.001

Age centered at 7 -0.11 0.04 317 -2.93 0.004

Sex 0.29 0.15 303 1.84 0.07

Cohort 0.13 0.20 330 0.65 0.52

Survey year 2010 -1.38 0.14 580 -9.84 <0.001

Survey year 2013 -0.37 0.25 418 -1.5 0.13

Cumulative malaria
episodes

0.02 0.01 432 1.23 0.22

Status at survey

Non-malarial fever -0.11 0.25 605 -0.43 0.66

Symptomatic malaria -0.17 0.37 471 -0.48 0.63

Asymptomatic infection 0.22 0.10 703 2.14 0.03

Sickle cell trait

AS -0.05 0.21 302 -0.22 0.83

SS -1-64 1.46 248 -1.13 0.26

Thalassemia

Heterozygous 0.25 0.17 303 1.44 0.15

Homozygous 0.45 0.23 299 1.96 0.05
Random effects sIntercept = 1.61; sage = 0.10; r = -0.66.
Linear mixed effect model presenting the effect of host and environmental factors on the
population TL. The intercept in the model represents TL when all other variables are zero.
Survey year 2007 is used as reference in this model. Number of individuals n=308, number of
observations n= 883. s denotes the variance associated with random effects and residual error,
while r represents the correlation between repeated telomere length measurements within
individuals. P values < 0.05 are highlighted in bold text.
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Sub-group analysis within the exposed and
unexposed cohorts

We further performed a subgroup analysis (lme) on each cohort

separately, which showed that population TL in Ngerenya was

differently distributed over age compared to Junju, with more

children in Ngerenya presenting a smaller age effect on TL

(Supplementary Table 2). The subgroup analysis for Junju yielded

the same results as in the main model (Table 2). However, our

results from the subgroup analysis in Ngerenya showed that sex was

associated with TL (Supplementary Table 2), and that Ngerenya

children who carry the genotype for a-thalassaemia had longer

telomeres compared to children with normal haemoglobin geno-

type (Supplementary Table 2). Furthermore, we found that TL in

Ngerenya was reduced in the survey-years, 2010 and 2013

(Figure 3). Furthermore, TL was shorter in both cohorts in 2010,

though with a more pronounced effect in Ngerenya (Figure 3).

Collectively, these findings suggest there were other, non-malaria-

related factors affecting TL.
Discussion

Here, we assessed the effect of cumulative malaria episodes and

P. falciparum infections on telomere length (TL) in children (aged

<1–15 years) from two culturally similar cohorts of children in

Kenya: one exposed to moderate malaria transmission and the other
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with very little P. falciparum transmission (Ndungu et al., 2012). A

key strength of this study is the long−term, detailed longitudinal

malaria surveillance; however, TL was assessed at three time points,

each three years apart, limiting the ability to detect short−term

telomere shortening and recovery during acute inflammatory epi-

sodes, as reported in malaria−naïve adults in our controlled human

malaria infection (CHMI) study (Miglar et al., 2021). Within these

constraints, we found no evidence that cumulative symptomatic

malaria episodes were associated with shorter TL over time, nor did

TL differ between exposed and unexposed children. Asymptomatic

P. falciparum parasitemia at the time of sampling was associated

with slightly longer TL, although this effect was modest and

supported only marginally by the data (Coef. Est. 0.22).

These findings should be interpreted in the context of prior

studies rather than as direct contradictions. McQuillan et al. reported

a negative association between TL and malaria endemicity in adults

across sub-Saharan Africa based on cross−sectional data spanning a

wide age (McQuillan et al., 2024), whereas our study focused on

children under active surveillance for febrile malaria, enabling age

−matched longitudinal comparisons during early life, when hemato-

poietic turnover is high and TL dynamics are most pronounced (Aviv

et al., 2009). Moreover, while McQuillan et al. assessed population

−level endemicity across culturally and behaviorally diverse adult

populations, our cohorts from Junju and Ngerenya share similar

socioeconomic and environmental conditions, reducing lifestyle−re-

lated confounding (Ndungu et al., 2012; Illingworth et al., 2013).

Together, these differences in age, study design, and analytical

approach likely explain the distinct patterns observed.
FIGURE 3

Telomere length with age in exposed vs unexposed children. Graphs are based on repeated cross-sectional TL measurements (at least three per
child). (A-C) Telomere length distribution with age over time (2007/2010/2013) in children from Junju (green; n=218) and Ngerenya (grey; n=90).
(D-F) Correlation of TL and age in Plasmodium positive Junju children (symptomatic and asymptomatic infection) vs non- infected children in
Ngerenya at TL-survey.
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Similarly, our previous studies in Swedish travellers experienc-

ing a single naturally acquired malaria episode, and in malaria

−naïve adults undergoing CHMI, demonstrated transient TL short-

ening following infection (Asghar et al., 2018; Miglar et al., 2021). In

the present study, the limited number of symptomatic infections at

sampling and the long interval between TL measurements limited

the assessment of such short−term dynamics. Taken together, these

findings suggest that P. falciparum infection can transiently influ-

ence TL during acute inflammatory responses, while longer−term

TL trajectories in children living in endemic settings are primarily

driven by age and baseline TL rather than cumulative malaria

exposure. The mechanisms underlying transient TL shortening and

subsequent restoration remain incompletely understood. While

inflammation−driven oxidative stress has been implicated in accel-

erated TL attrition in malaria−naïve adults (Miglar et al., 2021),

telomerase activity was not assessed in the present study, and

previous work has shown no direct correlation between TL resto-

ration and telomerase expression in this context (Asghar et al., 2018;

Miglar et al., 2021). Consistent with this, emerging evidence

indicates that telomerase activity and TL are not interchangeable

biomarkers in vivo, as discordant patterns have been observed

across multiple biological systems (Asghar et al., 2018; Miglar

et al., 2021). Together, these observations support the idea that

TL regulation may involve mechanisms beyond telomerase.

Telomerase−independent pathways, including recombination

−based alternative lengthening of telomeres and telomere−associ-

ated RNA processes (e.g. TERRA), have been described and remain

important candidates for future work in non−malignant settings

(O’Sullivan and Greenberg, 2025).

One possible explanation for the apparent discrepancy with our

earlier studies is the limited temporal resolution in the current

study, where TL was measured only at three-year intervals.

Alternatively, differences in antimalarial immunity may account

for the divergence. Participants in the CHMI and travelers’ studies

were malaria-naïve, and their infections triggered pronounced

inflammation and oxidative stress, recently linked to accelerated

telomere shortening (Miglar et al., 2021). In contrast, the children in

our study live in an endemic area and therefore likely possess

substantial anti-parasite and immunoregulatory responses

(Illingworth et al., 2013; Tran et al., 2019), resulting in lower

levels of cellular activation and inflammation at the time of

sampling (Langhorne et al., 2008).

Compared with 2007 and 2013, we observed shorter TLs in 2010.

This trend appears to correlate with higher rates of febrile malaria in

Junju that year. However, it does not explain the similar reductions in

TL observed in Ngerenya, where P. falciparum transmission had

declined to very low levels by 2010 (Ndungu et al., 2012; Illingworth

et al., 2013). This suggests that other environmental factors common

to both cohorts may have contributed.

We detected a marginal but positive effect of asymptomatic P.

falciparum parasitaemia on TL at the time of survey. A possible

explanation is the development of malaria-specific tolerance mech-

anisms. A regulatory immune state is commonly observed in

individuals living in endemic regions, including malaria-naïve

adults undergoing sequential CHMI, and is thought to minimize
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immunopathology (Illingworth et al., 2013; Tran et al., 2019;

Dooley et al., 2023). A recent study by Frimpong et al. showed

that senescence markers in T cells from Ghanaian children with

asymptomatic P. falciparum infection did not differ from those in

healthy controls (Frimpong et al., 2019). Furthermore, asymptom-

atic infections are associated with transcriptional signatures indi-

cating repression of inflammation and cellular proliferation via

pathways involving CTLA-4 and p53 (Tran et al., 2019; Studniberg

et al., 2022). This immunosuppressive profile likely reduces cellular

turnover and oxidative stress, which may explain why asympto-

matically infected children in our study exhibited longer telomeres

than uninfected children. Nevertheless, we did not measure leuko-

cyte subset proportions, telomerase activity, or cell−specific telo-

mere lengths in this study; therefore, we cannot distinguish reduced

telomere attrition from compositional effects or other immune

−regulatory processes. Future studies with cell−type–resolved TL

measurements and concurrent immunophenotyping across symp-

tomatic and asymptomatic states will be needed to test

these hypotheses.

We expected to detect an effect of sickle haemoglobin (HbS) on

TL, as sickle cell trait is a well-established malaria-protective factor

(Roberts and Williams, 2003; Wambua et al., 2006). Under the

hypothesis that malaria accelerates TL attrition, we anticipated that

children with normal haemoglobin genotype would have shorter

TLs than those carrying HbAS. However, despite intensive longi-

tudinal surveillance capturing nearly all malaria-related morbidity,

we found no influence of HbS trait on TL. Similarly, we were unable

to explain the trend toward longer TLs in children with homozy-

gous a-thalassemia in Ngerenya. a-thalassemia (both homozygous

and heterozygous) is associated with reduced malaria-related hos-

pital admissions and lower rates of severe disease and anemia in

Kenyan children (Wambua et al., 2006). Nevertheless, the TL effect

was more marked in Ngerenya, the malaria-free site, and was

observed in only a few individuals, making the finding uncertain.

A limitation of this study is the sparse TL measurement schedule

- three time points, each three years apart - which may have

prevented detection of finer TL fluctuations. Additionally, sample

sizes for several comparisons were small, limiting statistical power.

The study was also confined to a single endemic region, yet parasite–

host interactions vary substantially with transmission intensity.

Nonetheless, a major strength is the availability of detailed longitu-

dinal surveillance data (averaging 11 years per participant), including

cumulative malaria episodes across two transmission settings.

Our findings differ from those of studies in birds chronically

infected with malaria, which showed accelerated TL shortening and

reduced lifespan (Asghar et al., 2015). In birds, both absolute TL

and the rate of shortening predict life expectancy (Haussmann et al.,

2003; Asghar et al., 2015; Spurgin et al., 2018; Whittemore et al.,

2019). However, avian malaria pathophysiology differs from that in

humans: birds harbour lifelong chronic parasitemia, which may

drive sustained cellular activation, and they possess nucleated

erythrocytes and are infected by different Plasmodium species.

In conclusion, this is the first study to examine the effects of

repeated malaria episodes and chronic asymptomatic P. falciparum

infection on TL dynamics over time in individuals living in an
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endemic human population. We show that although TL shortens

with age, these changes are likely independent of persistent malaria

episodes and P. falciparum exposure. While we applied a main

−effects approach in this study, interactions between predictors -

such as age, baseline TL, and malaria exposure - may contribute to

TL dynamics and remain to be explored in future studies with

greater temporal resolution. Furthermore, larger studies across

diverse transmission settings, with more frequent TL measurements

and longer follow-up, including adults, are needed to confirm

our findings.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by KEMRI

SCIENTIFIC AND ETHICS REVIEW UNIT (NAIROBI) (SERU

Protocol no. 3149). The studies were conducted in accordance with

the local legislation and institutional requirements. Written in-

formed consent for participation in this study was provided by the

participants’ legal guardians/next of kin.
Author contributions

AM: Conceptualization, Data curation, Formal Analysis,

Investigation, Methodology, Project administration, Validation,

Visualization, Writing – original draft, Writing – review & editing.

DA: Conceptualization, Data curation, Formal Analysis,

Investigation, Methodology, Project administration, Writing –

review & editing. DG: Data curation, Formal Analysis,

Methodology, Validation, Writing – review & editing. LW: Data

curation, Formal Analysis, Methodology, Validation, Visualization,

Writing – review & editing. JMw: Data curation, Methodology,

Resources, Supervision, Writing – review & editing. JMu: Data

curation, Methodology, Resources, Supervision, Writing – review &

editing. OK: Data curation, Investigation, Methodology, Resources,

Validation, Writing – review & editing. PB: Conceptualization, Data

curation, Formal Analysis, Investigation, Methodology, Project

administration, Resources, Validation, Writing – review & editing.

AM: Data curation, Methodology, Resources, Validation, Writing –

review & editing. TW: Data curation, Methodology, Resources,

Supervision, Writing – review & editing. AF: Conceptualization,

Data curation, Formal Analysis, Investigation, Methodology,

Project administration, Resources, Supervision, Validation,

Visualization, Writing – original draft, Writing – review & editing.
Frontiers in Cellular and Infection Microbiology 09
MA: Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Supervision, Validation, Visualization, Writing – origi-

nal draft, Writing – review & editing. FN: Funding acquisition,

Investigation, Methodology, Project administration, Resources,

Supervision, Validation, Visualization, Writing – original draft,

Writing – review & editing, Conceptualization, Data curation,

Formal Analysis.
Funding

The author(s) declared that financial support was received for

this work and/or its publication. Wellcome Project (B9RTIR0), and

UK Medical Research Council Programme (BR900180), grants

funded the study activities in Kenya. Telomere length measurement

was supported by Ragnar Söderberg Foundation (M13/18), Swedish

Research Council (2018–02266), Karolinska Institutet Funds and

Foundation (2018–02312), including KI-internal doctoral student

funding (KID), and the Telomere Network Award (TNA) granted

to MA. TNW is supported through a senior research fellowship

(202800/Z/16/Z) from Wellcome Trust. FMN is funded by the UK

Medical Research Council/Foreign Commonwealth and

Development Office (MRC/FCDO), part of EDCTP2 programme

supported by European Union (MR/P020321/1).
Acknowledgments

We are very thankful to the staff at the Kenya Medical Research

Institute (KEMRI)-Wellcome Trust Research Programme for pro-

viding their research facilities, and for their kind support. This

manuscript is published with the permission of the Director of

the KEMRI.
Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure
frontiersin.org

https://doi.org/10.3389/fcimb.2026.1750881
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Miglar et al. 10.3389/fcimb.2026.1750881
accuracy, including review by the authors wherever possible. If you

identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product
Frontiers in Cellular and Infection Microbiology 10
that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fcimb.2026.1750881/

full#supplementary-material
References

Asghar, M., Hasselquist, D., Hansson, B., Zehtindjiev, P., Westerdahl, H., and Bensch,
S. (2015). Chronic infection. Hidden costs of infection: chronic malaria accelerates
telomere degradation and senescence in wild birds. Science 347, 436–438. doi: 10.1126/
science.1261121

Asghar, M., Yman, V., Homann, M. V., Sonden, K., Hammar, U., Hasselquist, D., et al.
(2018). Cellular aging dynamics after acute malaria infection: A 12-month longitudinal
study. Aging Cell 17. doi: 10.1111/acel.12702

Aviv, A., Chen, W., Gardner, J. P., Kimura, M., Brimacombe, M., Cao, X., et al. (2009).
Leukocyte telomere dynamics: longitudinal findings among young adults in the
Bogalusa Heart Study. Am. J. Epidemiol. 169, 323–329. doi: 10.1093/aje/kwn338

Bartoloni, A., and Zammarchi, L. (2012). Clinical aspects of uncomplicated and severe
malaria. Mediterr. J. Hematol. Infect. Dis. 4, e2012026. doi: 10.4084/mjhid.2012.026

Bejon, P., Ogada, E., Mwangi, T., Milligan, P., Lang, T., Fegan, G., et al. (2007).
Extended follow-up following a phase 2b randomized trial of the candidate malaria
vaccines FP9 ME-TRAP and MVA ME-TRAP among children in Kenya. PloS One 2,
e707. doi: 10.1371/journal.pone.0000707

Botwe, A. K., Asante, K. P., Adjei, G., Assafuah, S., Dosoo, D., and Owusu-Agyei, S.
(2017). Dynamics in multiplicity of Plasmodium falciparum infection among children
with asymptomatic malaria in central Ghana. BMC Genet. 18, 67. doi: 10.1186/s12863-
017-0536-0

Brooker, S. J., Clarke, S., Fernando, D., Gitonga, C. W., Nankabirwa, J., Schellenberg,
D., et al. (2017). “Malaria in middle childhood and adolescence,” in Child and
Adolescent Health and Development. Eds. D. A. P. Bundy, N. D. Silva, S. Horton, D.
T. Jamison and G. C. Patton (Washington, DC: Simon J Brooker).

Cawthon, R. M. (2002). Telomere measurement by quantitative PCR. Nucleic Acids Res.
30, e47. doi: 10.1093/nar/30.10.e47

Cawthon, R. M. (2009). Telomere length measurement by a novel monochrome
multiplex quantitative PCR method. Nucleic Acids Res. 37, e21. doi: 10.1093/nar/
gkn1027

Cawthon, R. M., Smith, K. R., O’Brien, E., Sivatchenko, A., and Kerber, R. A. (2003).
Association between telomere length in blood and mortality in people aged 60 years or
older. Lancet 361, 393–395. doi: 10.1016/s0140-6736(03)12384-7

Chong, S. S., Boehm, C. D., Higgs, D. R., and Cutting, G. R. (2000). Single-tube
multiplex-PCR screen for common deletional determinants of alpha-thalassemia. Blood
95, 360–362. doi: 10.1182/blood.v95.1.360.001k03_360_362

Cowgill, K. D., Ndiritu, M., Nyiro, J., Slack, M. P., Chiphatsi, S., Ismail, A., et al. (2006).
Effectiveness of Haemophilus influenzae type b Conjugate vaccine introduction into
routine childhood immunization in Kenya. JAMA 296, 671–678. doi: 10.1001/
jama.296.6.671

Dooley, N. L., Chabikwa, T. G., Pava, Z., Loughland, J. R., Hamelink, J., Berry, K., et al.
(2023). Single cell transcriptomics shows that malaria promotes unique regulatory
responses across multiple immune cell subsets. Nat. Commun. 14, 7387. doi: 10.1038/
s41467-023-43181-7

Fink, G., Olgiati, A., Hawela, M., Miller, J. M., and Matafwali, B. (2013). Association
between early childhood exposure to malaria and children’s pre-school development:
evidence from the Zambia early childhood development project. Malar. J. 12, 12.
doi: 10.1186/1475-2875-12-12

Frimpong, A., Kusi, K. A., Adu-Gyasi, D., Amponsah, J., Ofori, M. F., and Ndifon, W.
(2019). Phenotypic evidence of T cell exhaustion and senescence during symptomatic
plasmodium falciparum malaria. Front. Immunol. 10, 1345. doi: 10.3389/
fimmu.2019.01345

Haussmann, M. F., Winkler, D. W., O’Reilly, K. M., Huntington, C. E., Nisbet, I. C., and
Vleck, C. M. (2003). Telomeres shorten more slowly in long-lived birds and mammals
than in short-lived ones. Proc. Biol. Sci. 270, 1387–1392. doi: 10.1098/rspb.2003.2385

Hoare, M., Das, T., and Alexander, G. (2010). Ageing, telomeres, senescence, and liver
injury. J. Hepatol. 53, 950–961. doi: 10.1016/j.jhep.2010.06.009
Illingworth, J., Butler, N. S., Roetynck, S., Mwacharo, J., Pierce, S. K., Bejon, P., et al. (2013).
Chronic exposure to Plasmodium falciparum is associatedwith phenotypic evidence of B and
T cell exhaustion. J. Immunol. 190, 1038–1047. doi: 10.4049/jimmunol.1202438

Jacobs, J. J. (2013). Loss of telomere protection: consequences and opportunities. Front.
Oncol. 3, 88. doi: 10.3389/fonc.2013.00088

Karell, P., Bensch, S., Ahola, K., and Asghar, M. (2017). Pale and dark morphs of tawny
owls show different patterns of telomere dynamics in relation to disease status. Proc.
Biol. Sci. 284. doi: 10.1098/rspb.2017.1127

Langhorne, J., Ndungu, F. M., Sponaas, A. M., and Marsh, K. (2008). Immunity to
malaria: more questions than answers. Nat. Immunol. 9, 725–732. doi: 10.1038/ni.f.205

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The
hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.mce.2016.12.021

McQuillan, M. A., Verhulst, S., Hansen, M. E. B., Beggs, W., Meskel, D. W., Belay, G.,
et al. (2024). Association between telomere length and Plasmodium falciparum malaria
endemicity in sub-Saharan Africans. Am. J. Hum. Genet. 111, 927–936. doi: 10.1016/
j.ajhg.2024.04.003

Miglar, A., Reuling, I. J., Yap, X. Z., Farnert, A., Sauerwein, R. W., and Asghar, M.
(2021). Biomarkers of cellular aging during a controlled human malaria infection. Sci.
Rep. 11, 18733. doi: 10.1038/s41598-021-97985-y

Muthui, M. K., Mogeni, P., Mwai, K., Nyundo, C., Macharia, A., Williams, T. N., et al.
(2019). Gametocyte carriage in an era of changing malaria epidemiology: A 19-year
analysis of a malaria longitudinal cohort. Wellcome Open Res. 4, 66. doi: 10.12688/
wellcomeopenres.15186.1

Mwangi, T. W., Ross, A., Snow, R. W., and Marsh, K. (2005). Case definitions of clinical
malaria under different transmission conditions in Kilifi District, Kenya. J. Infect. Dis.
191, 1932–1939. doi: 10.1086/430006

Ndungu, F. M., Olotu, A., Mwacharo, J., Nyonda, M., Apfeld, J., Mramba, L. K., et al.
(2012). Memory B cells are a more reliable archive for historical antimalarial responses
than plasma antibodies in no-longer exposed children. Proc. Natl. Acad. Sci. U.S.A. 109,
8247–8252. doi: 10.1073/pnas.1200472109

O’Sullivan, R. J., and Greenberg, R. A. (2025). Mechanisms of alternative lengthening of
telomeres. Cold Spring Harb. Perspect. Biol. 17, a041690. doi: 10.1101/cshperspect.a041690

Olotu, A., Fegan, G., Williams, T. N., Sasi, P., Ogada, E., Bauni, E., et al. (2010).
Defining clinical malaria: the specificity and incidence of endpoints from active and
passive surveillance of children in rural Kenya. PloS One 5, e15569. doi: 10.1371/
journal.pone.0015569

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res. 29, e45. doi: 10.1093/nar/29.9.e45

Roberts, D. J., and Williams, T. N. (2003). Haemoglobinopathies and resistance to
malaria. Redox Rep. 8, 304–310. doi: 10.1179/135100003225002998

Shawi, M., and Autexier, C. (2008). Telomerase, senescence and ageing. Mech. Ageing
Dev. 129, 3–10. doi: 10.1016/j.mad.2007.11.007

Shokoples, S. E., Ndao, M., Kowalewska-Grochowska, K., and Yanow, S. K. (2009).
Multiplexed real-time PCR assay for discrimination of Plasmodium species with
improved sensitivity for mixed infections. J. Clin. Microbiol. 47, 975–980.
doi: 10.1128/jcm.01858-08

Spurgin, L. G., Bebbington, K., Fairfield, E. A., Hammers, M., Komdeur, J., Burke, T.,
et al. (2018). Spatio-temporal variation in lifelong telomere dynamics in a long-term
ecological study. J. Anim. Ecol. 87, 187–198. doi: 10.1111/1365-2656.12741

Studniberg, S. I., Ioannidis, L. J., Utami, R. A. S., Trianty, L., Liao, Y., Abeysekera, W.,
et al. (2022). Molecular profiling reveals features of clinical immunity and immuno-
suppression in asymptomatic P. falciparum malaria. Mol. Syst. Biol. 18, e10824.
doi: 10.15252/msb.202110824

Team TRC (2018). R: A Language and Environment for Statistical Computing v. 1.1.442
(Vienna: R Foundation for Statistical Computing).
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcimb.2026.1750881/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2026.1750881/full#supplementary-material
https://doi.org/10.1126/science.1261121
https://doi.org/10.1126/science.1261121
https://doi.org/10.1111/acel.12702
https://doi.org/10.1093/aje/kwn338
https://doi.org/10.4084/mjhid.2012.026
https://doi.org/10.1371/journal.pone.0000707
https://doi.org/10.1186/s12863-017-0536-0
https://doi.org/10.1186/s12863-017-0536-0
https://doi.org/10.1093/nar/30.10.e47
https://doi.org/10.1093/nar/gkn1027
https://doi.org/10.1093/nar/gkn1027
https://doi.org/10.1016/s0140-6736(03)12384-7
https://doi.org/10.1182/blood.v95.1.360.001k03_360_362
https://doi.org/10.1001/jama.296.6.671
https://doi.org/10.1001/jama.296.6.671
https://doi.org/10.1038/s41467-023-43181-7
https://doi.org/10.1038/s41467-023-43181-7
https://doi.org/10.1186/1475-2875-12-12
https://doi.org/10.3389/fimmu.2019.01345
https://doi.org/10.3389/fimmu.2019.01345
https://doi.org/10.1098/rspb.2003.2385
https://doi.org/10.1016/j.jhep.2010.06.009
https://doi.org/10.4049/jimmunol.1202438
https://doi.org/10.3389/fonc.2013.00088
https://doi.org/10.1098/rspb.2017.1127
https://doi.org/10.1038/ni.f.205
https://doi.org/10.1016/j.mce.2016.12.021
https://doi.org/10.1016/j.ajhg.2024.04.003
https://doi.org/10.1016/j.ajhg.2024.04.003
https://doi.org/10.1038/s41598-021-97985-y
https://doi.org/10.12688/wellcomeopenres.15186.1
https://doi.org/10.12688/wellcomeopenres.15186.1
https://doi.org/10.1086/430006
https://doi.org/10.1073/pnas.1200472109
https://doi.org/10.1101/cshperspect.a041690
https://doi.org/10.1371/journal.pone.0015569
https://doi.org/10.1371/journal.pone.0015569
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1179/135100003225002998
https://doi.org/10.1016/j.mad.2007.11.007
https://doi.org/10.1128/jcm.01858-08
https://doi.org/10.1111/1365-2656.12741
https://doi.org/10.15252/msb.202110824
https://doi.org/10.3389/fcimb.2026.1750881
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Miglar et al. 10.3389/fcimb.2026.1750881
Tran, T. M., Guha, R., Portugal, S., Skinner, J., Ongoiba, A., Bhardwaj, J., et al. (2019). A
molecular signature in blood reveals a role for p53 in regulating malaria-induced
inflammation. Immunity 51, 750–765, e10. doi: 10.1016/j.immuni.2019.08.009

Vitor-Silva, S., Reyes-Lecca, R. C., Pinheiro, T. R., and Lacerda, M. V. (2009). Malaria is
associated with poor school performance in an endemic area of the Brazilian Amazon.
Malar. J. 8, 230. doi: 10.1186/1475-2875-8-230

Wakai, T. N., Fiamitia, C., Oba, E. B., Chinedu, S. N., and Afolabi, I. S. (2025). Malaria
infection and telomere length: A review. Microb. Pathog. 209, 108072. doi: 10.1016/
j.micpath.2025.108072

Wambua, S., Mwangi, T. W., Kortok, M., Uyoga, S. M., Macharia, A. W., Mwacharo, J.
K., et al. (2006). The effect of alpha+-thalassaemia on the incidence of malaria and other
diseases in children living on the coast of Kenya. PloS Med. 3, e158. doi: 10.1371/
journal.pmed.0030158

Waterfall, C. M., and Cobb, B. D. (2001). Single tube genotyping of sickle cell anaemia
using PCR-based SNP analysis. Nucleic Acids Res. 29, E119. doi: 10.1093/nar/29.23.e119
Frontiers in Cellular and Infection Microbiology 11
Whittemore, K., Vera, E., Martinez-Nevado, E., Sanpera, C., and Blasco, M. A. (2019).
Telomere shortening rate predicts species life span. Proc. Natl. Acad. Sci. U.S.A. 116,
15122–15127. doi: 10.1073/pnas.1902452116

WHO (2024). World malaria report. Available online at: https://wwwwhoint/teams/
global-malaria-programme/reports/world-malaria-report-2024 (Accessed January 15,
2025).

Wu, X., Amos, C. I., Zhu, Y., Zhao, H., Grossman, B. H., Shay, J. W., et al. (2003).
Telomere dysfunction: a potential cancer predisposition factor. J. Natl. Cancer Inst. 95,
1211–1218. doi: 10.1093/jnci/djg011

Yang, Z., Huang, X., Jiang, H., Zhang, Y., Liu, H., Qin, C., et al. (2009). Short telomeres
and prognosis of hypertension in a chinese population. Hypertension 53, 639–645.
doi: 10.1161/hypertensionaha.108.123752

Zanet, D. L., Saberi, S., Oliveira, L., Sattha, B., Gadawski, I., and Cote, H. C. (2013).
Blood and dried blood spot telomere length measurement by qPCR: assay consider-
ations. PloS One 8, e57787. doi: 10.1371/journal.pone.0057787
frontiersin.org

https://doi.org/10.1016/j.immuni.2019.08.009
https://doi.org/10.1186/1475-2875-8-230
https://doi.org/10.1016/j.micpath.2025.108072
https://doi.org/10.1016/j.micpath.2025.108072
https://doi.org/10.1371/journal.pmed.0030158
https://doi.org/10.1371/journal.pmed.0030158
https://doi.org/10.1093/nar/29.23.e119
https://doi.org/10.1073/pnas.1902452116
https://wwwwhoint/teams/global-malaria-programme/reports/world-malaria-report-2024
https://wwwwhoint/teams/global-malaria-programme/reports/world-malaria-report-2024
https://doi.org/10.1093/jnci/djg011
https://doi.org/10.1161/hypertensionaha.108.123752
https://doi.org/10.1371/journal.pone.0057787
https://doi.org/10.3389/fcimb.2026.1750881
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Cumulative Plasmodium falciparum infections do not drive long-term telomere shortening in Kenyan children
	Introduction
	Methods
	Ethical approvals
	Study population and procedure
	Case definition of malaria
	Parasite detection by microscopy and qPCR
	Genotyping for sickle cell trait and α-thalassaemia
	DNA extraction and TL measurement
	Statistical analysis

	Results
	Demographics of the study population and prevalence of P. falciparum infections
	Telomere length and host factors
	Telomere length, non-malarial fever and Plasmodium falciparum infection at survey
	Cumulative number of malaria episodes and telomere length
	Telomere length and risk of malaria during follow-up
	Telomere length and hemoglobinopathies
	Sub-group analysis within the exposed and unexposed cohorts

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


