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Abstract: Infant antiretroviral (ARV) prophylaxis given to children who are human immunodeficiency
virus (HIV)-exposed but uninfected (CHEU) to prevent HIV transmission through breastfeeding
previously proved its efficacy in the fight against the pediatric epidemic. However, few studies
have investigated the short- and long-term safety of prophylactic regimens. We previously reported
a decrease of mitochondrial DNA (mtDNA) content among CHEU who received one year of
lamivudine (3TC) or lopinavir-boosted ritonavir (LPV/r) as infant prophylaxis. We aimed to describe
mtDNA content at six years of age among these CHEU, including those for whom we identified
mtDNA depletion at week 50 (decrease superior or equal to 50% from baseline), and to compare
the two prophylactic drugs. We also addressed the association between mtDNA depletion at week
50 with growth, clinical, and neuropsychological outcomes at year 6. Quantitative PCR was used to
measure mtDNA content in whole blood of CHEU seven days after birth, at week 50, and at year 6.
Among CHEU with identified mtDNA depletion at week 50 (n = 17), only one had a persistent mtDNA
content decrease at year 6. No difference between prophylactic drugs was observed. mtDNA depletion
was not associated with growth, clinical, or neuropsychological outcomes at year 6. This study
brought reassuring data concerning the safety of infant 3TC or LPV/r prophylaxis.

Keywords: mitochondrial DNA; depletion; HIV-exposed uninfected children; lopinavir/ritonavir;
lamivudine; growth; neurodevelopment; breastfeeding; Africa

1. Introduction

In 2019, pediatric human immunodeficiency virus (HIV) infections accounted for about 9% of all
new HIV infections worldwide, 90% of which were in sub-Saharan African countries [1]. According to
the last 2020 report from the “Start free. Stay free. AIDS Free.” program, postnatal transmission of HIV
accounted for 46% of new HIV infections in infants among 21 priority countries defined by the WHO in
2011 [2]. HIV transmission to infants during breastfeeding is mainly explained by the lack of adherence
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to the maternal antiretroviral (ARV) treatment or the absence of treatment [2,3]. Although considerable
progress in accessing viral load and antiretroviral therapy has been made in many countries, with 85%
of HIV pregnant women receiving ARV, efforts need to be reinforced in order to achieve the elimination
of all postnatal transmission by 2030 [1].

All countries are now implementing a combination of universal maternal ARV treatments and
children who are HIV-exposed but uninfected (CHEU) receive a prophylaxis using nevirapine (NVP)
for 6 weeks in order to prevent mother-to-child transmission (MTCT) of HIV during breastfeeding [4].
Easier access to HIV viral load further improves this strategy by extending infant prophylaxis when
breastfeeding mothers have an uncontrolled viral load. The type and duration of ARV prophylaxis
given to breastfed CHEU was mostly empirical, monotherapy with NVP for 6 weeks within the current
guidelines [4], dual therapy of zidovudine (AZT) plus NVP for 12 weeks at most for children who are
at risk of acquiring HIV [4], or triple therapy (AZT/lamivudine (3TC)/NVP) as per Zambian guidelines
for at least 12 weeks and to be stopped if the mother’s viral load is controlled, otherwise continued
until a controlled viral load is reached, or four weeks after the cessation of breastfeeding [5].

Though the efficacy of infant prophylaxis has been demonstrated, few safety studies have
been reported, especially considering that this additional ARV exposition applies to children who
already show poorer health outcomes compared to children who are HIV-unexposed and uninfected
(CHUU) [6]. A recent sub-analysis from the HIV Prevention Trials Network (HPTN) 046 trial study
reported the safety profile of the extended prophylactic use of NVP from 6 weeks to 6 months on growth
among breastfed CHEU followed until 18 months of age in comparison to CHEU receiving the current
6 weeks NVP recommendation [7]. Although standardized growth indicators (weight-for-age Z-score
(WAZ), length-for-age Z-score, weight-for-length Z-score, and head circumference Z-score) declined
over time in both groups of children compared to the general population, authors did not observe
impaired growth in CHEU receiving the extended prophylaxis when compared to those receiving
the standard NVP prophylaxis. CHEU receiving lopinavir/ritonavir (LPV/r) prophylaxis for one year
in the PROMISE PEP trial exhibited stunted growth compared to those who received lamivudine
(3TC) but normalized indicators at 6 years old [8]. They also showed an earlier asymptomatic adrenal
dysfunction [9]. Furthermore, despite debates regarding neurological outcomes among CHEU, a recent
study reported no neurodevelopmental differences between CHEU receiving NVP prophylaxis when
compared to CHUU children in the first 60 months [10].

To date, there is no clear understanding of the underlying mechanisms that bring forward these
key health differences, between CHEU and CHUU, and between CHEU receiving ARV prophylaxis
or not. Previous works have reported differences in mitochondrial DNA (mtDNA) alterations such
as a lower number of mtDNA copies per cell mainly resulting from the ARV exposure [11–15].
We recently reported altered mtDNA parameters among CHEU who received one year of 3TC or LPV/r
monoprophylaxis [16]. More specifically, this acute toxicity is expressed by an mtDNA depletion (50%
decrease of mtDNA content from baseline) at 6 months in comparison to CHEU who did not receive
a prophylaxis. Whether this decrease of mtDNA content persists over time after discontinuation of ARV
exposure remains less documented. Studies focusing on CHEU who did not receive ARV prophylaxis
reported an increase or no change of mtDNA content at two years, but levels of mtDNA remained very
low compared to that of HIV-unexposed children [11,15]. Only one U.S. cohort study was able to observe
a recovery of mtDNA content at 5 years of age similar to control children [15]. The Erythrocebus patas
monkey model is not reassuring regarding this point. Monkey offspring that were HIV-uninfected
but exposed in utero to ARV showed progressive mtDNA depletion in the brain cortex from birth to
one year (equivalent to 5 years for humans) for those exposed to AZT/3TC, AZT/didanosine (ddI),
or d4T/3TC and compromised mitochondrial morphology at one and three years old (equivalent to
15 years old in humans) [17]. The latter finding raised concern for the neurodevelopment of CHEU
treated or exposed to ARV who presented motor, cognitive, and language delays at one and two years
of age as well as growth impairment in comparison with CHUU [18,19].
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The objectives of our study were to describe at school age the mtDNA content from seven days of
life to six years of age among CHEU who had received a one year LPV/r or 3TC prophylaxis, including
those with previously reported mtDNA depletion at the end of the prophylaxis, and to compare the two
drug regimens. We also addressed the association between mtDNA depletion at week 50 and growth,
clinical, and neuropsychological outcomes at year 6.

2. Experimental Section

2.1. Study Design and Settings

The study is designed as an observational cross-sectional study, which recalled CHEU from
Burkina Faso and Uganda between February 2017 and February 2018, who completed the final visit of
the PROMISE PEP trial (NCT00640263) 5 years ago. Children, as well as their mothers or caregivers,
were invited to the study site for a one or two day visit for a growth, clinical, and neuropsychological
evaluation (PROMISE M&S trial, NCT03519503). Prior to enrollment, inclusion criteria were verified
and the mother or legal guardian signed an informed consent form. The visit consisted of a consultation
with a medical doctor and a psychologist [20].

2.2. Study Population

This study included CHEU who previously participated between November 2009 and May
2012 in the evaluation of the safety and the efficacy of LPV/r and 3TC pediatric formulations used
as pre-exposure prophylaxis (PrEP) to prevent HIV acquisition during breastfeeding (PROMISE
PEP trial) [21,22]. This includes CHEU from Burkina Faso, South Africa, Uganda, and Zambia who
were randomly selected seven days after birth to receive either LPV/r or 3TC until one week after
the cessation of breastfeeding, with a maximum duration of fifty weeks. Mothers were not eligible for
an ARV treatment at the time of the trial (>350 CD4+ cells/mm3) but received ARV prophylaxis during
pregnancy and labor as per national guidelines for the prevention of MTCT of HIV [23]. Children
were eligible if they had available dried blood spots at day 7, week 50, and year 6. We randomly
selected a total of 100 children from Burkina Faso and from Uganda with a 1:1 ratio of male and
female children and a 1:1 ratio of 3TC and LPV/r prophylaxis in a two-step process; the first one
selecting participants from the previous study evaluating the acute mitochondrial toxicity of the PrEP
regimen [16] and a second one that completed the selection. Zambian and South African CHEU were
not included in the present study because we had previously shown that mitochondrial parameters
from whole blood interacted with platelet count and because the protocol did not include a blood
sample repository, respectively.

2.3. Sample Collection and Processing

Capillary blood samples at day 7 and week 50 were collected by a heel prick directly on Whatman
903 cards. Venous blood collected in EDTA tubes were used for dried blood spot processing at year 6.
All cards were stored with desiccant in a zipped pouch at −20 ◦C at the study sites. DNA extraction
was performed from 3 mm diameter punches (n = 3) using the QIAamp DNA Blood Mini Kit (Qiagen,
Hilden, Germany) following the manufacturers’ instructions. Extracted DNA was stored at −80 ◦C.

2.4. Neuropsychological Assessments

The Strengths and Difficulties Questionnaire (SDQ-25) was used to identify mental health
symptoms and included fives scales of questions based on emotional problems, conduct problems,
hyper activity, peer relationship problems, and prosocial behavior. The Test of Variable of Attention
(TOVA) was used to measure attention and impulsivity in children. The Movement Assessment Battery
for Children, second edition (MABC-2) was used to evaluate impairments in motor performance
including manual dexterity, aiming and catching, and balance. The Kaufman Assessment Battery
for Children, second edition (KABC-II) was used to evaluate cognitive abilities including sequential
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processing, simultaneous processing, and learning. Methodology for scores analysis and main findings
are described elsewhere [20].

2.5. Mitochondrial DNA Copy Number per Cell Assay

mtDNA copy number per cell (MCN) was measured using two independent quantitative
polymerase chain reactions using the QuickScanTM Mitox assay (Primagen, Amsterdam,
The Netherlands) on a LightCycler® 480 (Roche, Bâle, Switzerland) instrument [24], and was expressed
as the ratio between mtDNA copy number of the RNR2 gene and the copy number of the single-copy
nuclear SNRPA gene. The sequences of the primers used were the following: for RNR2 gene, forward
5′-GGGCTCTGCCATCTTAA-3′ and reverse 5′-GTAATCCAGGTCGGTTTCTA-3′; and for SNRPA
gene, forward 5′-CGGCATGTGGTGCATAA-3′ and reverse 5′-TGCGCCTCTTTCTGGGTGTT-3′.
The detailed protocol was previously described [16,24].

At each time point, we applied a stringent quality control of DNA (for details see [16]) by:
(i) removing data with a cycle threshold (Ct) for SNRPA not comprised between the mean of all the Ct ± 2
standard deviations in order to filter for nuclear DNA degradation as previously reported [16,25],
and (ii) by accounting for platelets and leucocytes counts because the MCN was quantified from whole
blood. Platelet count correlation with MCN was assessed using Spearman’s rank order correlation
test (if the absolute value of Rho was ≥0.3 with p ≤ 0.05, the site was excluded from the analysis).
We also applied the formula of Hurtado allowing MCN adjustment on peripheral platelet and leucocyte
counts [26]. If the difference between the raw and corrected data did not exceed 10%, the raw data
were validated.

2.6. Statistical Analysis

Data are presented as means with their standard deviation (SD) or as medians with their
interquartile range ([IQR]) for Gaussian or non-Gaussian continuous variables, respectively, and as
frequencies with percentages for categorical variables.

In order to estimate a potential selection bias, we compared the characteristics of CHEU not
including those enrolled in the study using chi-squared or Fisher’s exact tests as appropriate for
categorical variables, and Student’s t-test or Wilcoxon Mann–Whitney test for continuous variables.
Similarly, we compared the characteristics of CHEU with mtDNA depletion versus those without
mtDNA depletion.

We compared MCN between the two prophylactic drugs and MCN between sites using
the Wilcoxon Mann–Whitney test. Wilcoxon signed-rank test was used to compare MCN at day 7 and
at week 50, and MCN at week 50 and at year 6. Differences in MCN between day 7 and week 50 and
between week 50 and year 6 were compared between the two prophylactic drugs using Wilcoxon
Mann–Whitney test. We used the chi-squared test to compare the proportion of CHEU with mtDNA
depletion, defined as a 50% decrease of MCN at week 50 from its day 7 baseline value [16], between
prophylactic drug regimens and between sites.

The association between mtDNA depletion at week 50 and growth indicators (WAZ, height-for-age
Z-score (HAZ), and body mass index z-score (BMIZ)), neuropsychological test scores (SQD-25,
TOVA, MABC-2, KABC-II), or hematological outcomes (platelet count) at year 6 was assessed
using linear regression models. Global scores for three neuropsychological tests were used,
and SDQ-25 questionnaire scores were square transformed to obtain a normal distribution.
The association between mtDNA depletion at week 50 and “having a clinical or hospital consultation
during the last years” or “having an abnormal lactate dehydrogenase (LDH) concentration at year 6”
was assessed using log-binomial regressions. Analyses were adjusted for the gender of the child and
the prophylactic drug.

Statistical analyses were performed using SAS studio (Copyright© 2012–2020 SAS Institute Inc.,
Cary, NC, USA). The forest plot was drawn using GraphPad software 7.0 (Copyright© 1992–2018).
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2.7. Ethics Consideration

Written informed consents were obtained from the mother or the legal representative prior to
enrollment in the PROMISE PEP trial (NCT00640263) and in PROMISE M&S trial (NCT03519503).
The protocols were conducted in accordance with the Declaration of Helsinki and approved by
the Ethical Committee for Health Research in Burkina Faso (#2008-039 and #2016-4-41) and the Uganda
National Council for Science and Technology (#HS 470 and #HS1988).

3. Results

3.1. Study Population and Characteristics

The final study population after quality control assessment (see Result details in the Supplementary
Materials) consisted of 86 CHEU with a median age of 6 years, equally distributed between
both sites (Table 1). The male:female and prophylactic regimen (3TC:LPV/r) ratios were both
approximately 1. The majority of children had normal growth indicators but severe-to-moderate
stunting, wasting, and underweight were observed for 2 (2.4%), 4 (4.7%), and 3 (3.5%) children,
respectively. The hematological parameters were normal for all children except 6 cases of anemia (7.0%)
and 2 cases of neutropenia (2.3%). More than 97% of children had normal alanine aminotransferase
(ALT) concentration, but LDH concentration was abnormal for 2/3 of children. Medical consultations
since week 50 were also monitored. The characteristics of children enrolled in the study did not
differ from those who were not enrolled except they had higher weights, heights, and SDQ-25 scores
(Supplementary Table S1).

Table 1. Characteristics of children who are human immunodeficiency virus (HIV)-exposed but
uninfected (CHEU) enrolled in the study.

Characteristic CHEU Enrolled (n = 86)

Sociodemographics

Age (in years); median [IQR] 6.0 [5.0–6.0]
Site; n (%)

Burkina Faso 43 (50.0)
Uganda 43 (50.0)

Gender; n (%)
Male 44 (51.2)

Anthropometrics; mean ± SD

Weight (kg) 19.9 ± 2.9 †

Height (cm) 115.7 ± 6.2 †

WAZ −0.5 ± 0.9 †

HAZ −0.3 ± 1.0 †

BMIZ −0.4 ± 0.9 †

Hematology

Hemoglobin concentration (g/dL); n (%)
Normal > 10.4 80 (93.0)
Anemia ≤ 10.4 6 (7.0)
Mild [10.4–9.5] 5 (5.8)

Moderate [9.5–8.5] 1 (1.2)
Platelet count (103/mm3); mean ± SD 358.4 ± 110.2

Platelet count (103/mm3); n (%)
Normal > 125 86 (100.0)

Leucocyte count (103/mm3); n (%)
Normal > 2.5 86 (100.0)
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Table 1. Cont.

Characteristic CHEU Enrolled (n = 86)

Neutrophil count (103/mm3); n (%)
Normal > 1.0 84 (97.7)

Neutropenia ≤ 1.0 2 (2.3)
Mild [1.0–0.79] 2 (2.3)

Biochemistry; n (%)

LDH concentration (×ULN)
Normal < ULN 27 (31.4)

Abnormal ≥ ULN 59 (68.6)
Mild [ULN-2 × ULN] 59 (68.6)

ALT concentration (U/L)
Normal < 1.25 × ULN 84 (97.7)

Abnormal ≥ 1.25 × ULN 2 (2.3)
Mild [1.25–2.5] × ULN 1 (1.16)

Moderate [2.5–5.0] × ULN 1 (1.16)

Medical events; n (%)

Clinical consultation without admission during the last year
Yes 56 (65.9) †

Hospital admission since week 50
Yes 26 (31.3) §

Child ARV prophylaxis
Lamivudine 41 (47.7)

Lopinavir/ritonavir 45 (52.3)

Neuropsychological assessment

SDQ-25; median [IQR] 6.0 [3.0;9.0] †

TOVA; mean ± SD 2.2 ± 0.8 £

MABC-2; mean ± SD 78.2 ± 10.7 §

KABC-II; mean ± SD 48.9 ± 12.9 §

† One missing value, £ nine missing values, § three missing values. Abbreviations: CHEU, children who are
HIV-exposed but uninfected; IQR, interquartile range; SD, standard deviation; WAZ, weight-for-age z-score;
HAZ, height-for-age z-score; BMIZ, body mass index z-score; LDH, lactate dehydrogenase; ALT, alanine
aminotransferase; ULN, under limit of normal; ARV, antiretroviral; SDQ-25, Strengths and Difficulties Questionnaire;
TOVA, Test of Variable of Attention; MABC-2, Movement Assessment Battery for Children—second edition; KABC-II,
Kaufman Assessment Battery for Children—second edition.

3.2. Overall mtDNA Content

At baseline, MCN was similar between treatment groups (p = 0.41) and between sites (p = 0.67),
with a median MCN of 1082 and an interquartile range of [938;1253] (Table 2). At week 50, MCN showed
a decreasing trend as compared to the matched baseline value (p = 0.23), with a median of 913 [655;1218]
followed by an increase at year 6 (p = 0.10), ending up with a median of 955 [771;1192] at the end of
the follow-up. No difference between treatment groups or between study sites was observed at week
50 (p = 0.42 and p = 0.86, respectively) and at year 6 (p = 0.37 and p = 0.29, respectively). The overall
dynamic of mtDNA content is further described in Supplementary Table S2.

3.3. Mitochondrial DNA Depletion during the Follow-Up for CHEU

Because we previously reported a high frequency of children with mtDNA depletion at the end
of the prophylaxis [16], we decided to focus on this specific population for the follow-up study.
Characteristics of CHEU with or without mtDNA depletion were similar at year 6. Of note, more than
80% of CHEU with depletion presented an abnormal LDH concentration at year 6.
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Table 2. Mitochondrial DNA content at baseline, week 50, and year 6.

Burkina Faso Uganda All

Follow-Up Time Point PrEP n Median MCN [IQR] n Median MCN [IQR] n Median MCN [IQR]

day 7
3TC 20 1014 [856;1415] 21 1083 [950;1145] 41 1083 [950;1145]

LPV/r 23 1061 [938;1436] 22 1084 [992;1198] 45 1084 [992;1198]
All 43 1053 [898;1436] 43 1083 [960;1180] 86 1082 [938;1253]

week 50
3TC 20 861 [658;1183] 21 888 [470;1209] 41 868 [603;1192]

LPV/r 23 908 [710;1300] 22 993 [742;1319] 45 972 [742;1300]
All 43 876 [660;1192] 43 972 [563;1261] 86 913 [655;1218]

year 6
3TC 20 847 [620;1079] 21 1124 [836;1183] 41 926 [717;1157]

LPV/r 23 997 [720;1389] 22 957 [812;1182] 45 960 [801;1279]
All 43 904 [689;1157] 43 976 [812;1183] 86 955 [771;1192]

Abbreviations: PrEP, pre-exposure prophylaxis; MCN, mitochondrial DNA copy number per cell; IQR, interquartile range; 3TC, lamivudine; LPV/r, lopinavir/ritonavir.
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Among the 51 CHEU showing a decrease of MCN at week 50 out of the 86 CHEU analyzed
(Supplementary Table S2), 17 cases (19.8%) of mtDNA depletion at W50 were reported, 11 in the 3TC
arm (64.7%) and 6 in the LPV/r arm (35.3%) (p = 0.12) (Table 3). Cases of mtDNA depletion were
nearly equally distributed among Burkina Faso and Uganda (p = 0.79). At year 6, all but one child
with depletion at week 50 (94.1%) increased their MCN (p < 0.001; Table 3). Of these, 5 had an MCN
above their baseline value with a median MCN of 1279 [926;1389] and 11 had an MCN below their
baseline value with a median MCN of 808 [611;1294]. MCN increase from week 50 to year 6 was similar
between treatment groups (p = 0.96). Of note, there was no difference between CHEU with mtDNA
depletion between the PROMISE PEP and PROMISE M&S trials (Supplementary Table S3).

Table 3. Mitochondrial DNA depletion among CHEU by time point.

Burkina Faso Uganda All

Follow-Up
Time Point Group PrEP n (%) n (%) n (%)

week 50
Depletion of
mtDNA at

week 50

3TC 5 (55.6) 6 (75.0) 11 (64.7)
LPV/r 4 (44.4) 2 (25.0) 6 (35.3)

All 9 (52.9) 8 (47.1) 17 (100.0)

year 6

Increase of
MCN at year

6 from week 50

3TC 4 (50.0) 6 (75.0) 10 (62.5)
LPV/r 4 (50.0) 2 (25.0) 6 (37.5)

All 8 (50.0) 8 (50.0) 16 (100.0)

Decrease of
MCN at year

6 from week 50

3TC 1 (100.0) 0 1 (100.0)
LPV/r 0 0 0

All 1 (100.0) 0 1 (100.0)

Abbreviations: mtDNA, mitochondrial DNA; PrEP, pre-exposure prophylaxis; 3TC, lamivudine; LPV/r,
lopinavir/ritonavir.

3.4. Growth, Clinical, and Neuropsychological Outcomes at Year 6 among CHEU with mtDNA Depletion

Linear regressions showed that mtDNA depletion at week 50 was not associated with poor growth
outcomes (WAZ, HAZ, BMIZ), nor was it associated with lower scores on the neuropsychological tests
or the platelet count at year 6 (Figure 1). Log-binomial regressions showed that mtDNA depletion was
also not associated with medical consultations that had occurred since week 50 or with abnormal LDH
concentration at year 6 (Table 4).

Table 4. Log-binomial regressions for the association between medical and biochemical outcomes at
year 6 with CHEU having a mtDNA depletion at week 50.

Clinical Consultation without Admission during the Last Year

n Adjusted PR 95% CI p Value

mtDNA depletion at week 50
Yes 17 0.76 0.50–1.15 0.19

Hospital Admission Since the PROMISE-PEP Trial

n Adjusted PR 95% CI p Value

mtDNA depletion at week 50
Yes 17 0.69 0.27–1.73 0.43

Abnormal LDH Concentration at Y6

n Adjusted PR 95% CI p Value

mtDNA depletion at week 50
Yes 17 1.20 0.89–1.60 0.23

Abbreviations: PR, prevalence ratio; CI, confidence interval; mtDNA, mitochondrial DNA; LDH, lactate
dehydrogenase; Y6, year 6.
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Figure 1. Forest plot of the association between anthropometric, hematological, and neuropsychological
outcomes at year 6 with CHEU having a mtDNA depletion at week 50, using linear regressions.
β values and confidence intervals are shown. Analyses were adjusted for gender and prophylactic
treatment regimen. Abbreviations: WAZ, weight-for-age z-score; HAZ, height-for-age z-score; BMIZ,
body mass index z-score; SDQ-25, Strengths and Difficulties Questionnaire; TOVA, Test of Variable of
Attention; MABC-2, Movement Assessment Battery for Children—second edition; KABC-II, Kaufman
Assessment Battery for Children—second edition; PLAT, platelet count; CI, confidence interval.

4. Discussion

Safety is the utmost priority for prevention interventions targeting a large number of persons.
Supplementary ARV exposure early in life during prevention of MTCT HIV programs may increase
the risk of mtDNA genotoxicity. Overall, the decrease of MCN previously observed during the first
year of life among CHEU who received 3TC or LPV/r to prevent postnatal transmission of HIV
through breastfeeding was not persistent five years after prophylaxis discontinuation. Furthermore,
we demonstrated that mtDNA depletion at week 50 in children had no long-term impact on growth,
clinical, and neuropsychological outcomes at year 6. Overall, these findings are very reassuring for
different child populations: (i) most of the living CHEU (more than 15 million) who had been exposed
in utero to 3TC, (ii) to the new CHEU who are an increasing population (about 1 million a year),
and (iii) to HIV-infected children who initiated LPV/r- and/or 3TC-based treatment early in life.

We previously described mtDNA depletion at week 50 among CHEU receiving LPV/r or 3TC
prophylaxis and identified male gender as a possible risk factor for being mtDNA depleted at one
year of age [16]. The proportion of CHEU with mtDNA depletion was not different between the two
random selections when restraining only to Burkina Faso and Uganda participants (28/91 (30.8% (95%
CI: 22.2–40.9)) for the previous study versus 17/86 (19.8% (95% CI: 12.3–29.4)) for the current study;
p = 0.09, chi-squared test). Although the prevalence was lower, confidence intervals overlapped.
The proportion of CHEU with depletion in the LPV/r arm and in the 3TC arm also did not differ
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between the two studies (p = 0.10 and p = 0.46, respectively, chi-squared test). Gender was equally
distributed among CHEU with mtDNA depletion between the two studies (33 males versus 25 females
for the previous study and 8 males versus 9 females for the current study; p = 0.47, chi-squared test).

Upon drug discontinuation, we observed an increasing trend in MCN in the whole population
between one and 6 years of age. Increase of mtDNA content was previously observed in a U.S. cohort
of CHEU exposed in utero to AZT or AZT/3TC [15]. Authors reported a rate of increase of 60 copies
per cell per year. Herein, this rate was lower with an overall increase of 8.4 copies per cell per year
(11.8 in the 3TC arm). However, in the U.S. study, ARV exposure was shorter since children were not
breastfed and did not receive ARV prophylaxis.

The association of these health outcomes and a possible link to mitochondrial dysfunction is
currently not established. A decrease of mtDNA content per cell leads to a low production of cell energy,
which impacts organs requiring high energetic supply such as muscles, the heart, and the brain, and all
of the others to a lower extent. In 2003, Barret et al. described neurologic symptoms including motor
abnormalities and lower cognitive performance not only among CHEU with established mitochondrial
dysfunction but also among those with a suspicion of mitochondrial impairment based on observation
of persistent hyperlactatemia and impaired mitochondrial respiratory-chain enzymatic activity [27].
Another study, although not showing an association, identified CHEU with possible mitochondrial
dysfunction based on neurologic manifestations including febrile or afebrile seizures and delay in
cognitive development [28]. To our knowledge, only one study reported lower height-for-age Z-scores
among HIV-infected children with lower mtDNA content and decreased complex IV enzymatic activity
from the mitochondrial respiratory chain [29]. Children herein who accumulated ARV exposure
during pregnancy and during the first year of life, had few health problems, growth impairment,
or hematological abnormalities at six years of age. Furthermore, those who experienced mtDNA
depletion at one year had the same growth, clinical, and neuropsychological outcomes at age 6 as
the others. However, serum lactate concentration was abnormally elevated for two thirds of children,
including 14/17 (82.3%) of those with mtDNA depletion. Hyperlactatemia is commonly used as
a surrogate marker of mitochondrial dysfunction. Elevated serum lactate was observed in CHEU
during the first year of life but association with MCN has not been reported [27,30–33]. In line with
this, neither mtDNA depletion at week 50 nor MCN at year 6 were associated with hyperlactatemia in
this study.

This study is unique because it describes (1) the longitudinal mtDNA content among CHEU older
than all previous studies investigating MCN, which stop at school age, and (2) the evaluation of health
outcomes at distance of PrEP regimen among African children, which represented 90% of the CHEU
worldwide [1]. Furthermore, this study benefited from the randomization of the initial clinical trial.
Several limitations to our study can be mentioned. First, CHEU from two sites of the initial trial could
not be analyzed. In fact, a correlation between platelet count and MCN was previously observed
during the first year of life for children from Zambia, which biased the analysis [16]. Follow-up of
South African children was also not possible because samples at year 6 were not banked. Secondly,
we did not have intermediate points between week 50 and year 6 that would have made the assessment
more accurate. Thirdly, medical events, such as a history of clinical consultations or hospitalizations,
were self-declared and not certified by a medical record. Finally, these children had a unique exposure
to HIV and ARV, which makes the findings difficult to apply to other child populations. However,
these findings can help to discriminate the true drug side effect from the HIV infection.

5. Conclusions

Altogether, adding ARV prophylaxis during the at-risk period of HIV transmission to CHEU,
had no long-term health consequences for those who had mtDNA depletion at the end of ARV exposure.
However, the current strategies for the prevention of MTCT use different drugs and treatment regimens,
either for the mother or the child, suggesting that such mtDNA assessment and follow-up at distance
of PrEP period is worth replicating.
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