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Background. Early antiretroviral therapy (ART) restricts the size of the human immunodeficiency virus (HIV) reservoir in in-
fants. However, whether antiretroviral (ARV) prophylaxis given to exposed vertically infected children exerts similar effects remains 
unknown.

Methods. We measured total and integrated HIV DNA, as well as the frequency of CD4 T cells producing multiply spliced RNA 
(msRNA) after stimulation (inducible reservoir) in vertically infected Thai infants. Eighty-five infants were followed longitudinally 
for up to 3 years. We compared the size of the reservoir in children who received continuous ARV prophylaxis since birth vs those 
who never received or discontinued prophylaxis before initiating ART. We used samples from a cross-sectional cohort of 37 Thai 
children who had initiated ART within 6 months of life to validate our findings.

Results. Before ART, levels of HIV DNA and the frequencies of cells producing msRNA were significantly lower in infants who 
received continuous ARV prophylaxis since birth compared to those in whom ARV prophylaxis was discontinued or never initiated 
(P < .020 and P < .001, respectively). Upon ART initiation, total and integrated HIV DNA levels decayed significantly in both groups 
(P < .01 in all cases). Interestingly, the initial differences in the frequencies of infected cells persisted during 3 years on ART. The ben-
eficial effect of prophylaxis on the size of the HIV reservoir was confirmed in the cross-sectional study. Importantly, no differences 
were observed between children who discontinued prophylactic ARVs before starting ART and those who delayed ART initiation 
without receiving prior prophylaxis.

Conclusions. Neonatal ARV prophylaxis with direct transition to ART durably limits the size of the HIV reservoir.
Keywords.  prophylaxis; paediatric; HIV reservoir; vertical infection; early antiretroviral therapy.

Although interventions to prevent vertical human immu-
nodeficiency virus (HIV) transmission are extremely suc-
cessful, around 180  000 new infections occurred among 

infants globally in 2017 [1]. Compared to adults, acute HIV 
infection in infants is characterized by higher peak and set 
point viral loads (VLs) in the presence of a developing im-
mune system, leading to a higher risk of rapid progression 
to AIDS and death [2, 3]. Therefore, early diagnosis of verti-
cally infected newborns and rapid initiation of antiretroviral 
therapy (ART) are critical interventions to limit disease pro-
gression and promote child health [4]. Diagnosis in infants 
relies on HIV DNA polymerase chain reaction (PCR) testing 
during the first weeks of life [5]. Infants with detectable HIV 
DNA at birth were likely to be infected in utero, while new-
borns infected at delivery may not display detectable levels 
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of HIV DNA for several days to weeks. Despite the critical 
importance of prompt diagnosis, HIV DNA PCR testing usu-
ally requires a centralized reference laboratory, presenting 
challenges for rapid result reporting and prompt initiation 
of ART. Therefore, the World Health Organization (WHO) 
guidelines recommend dual prophylaxis (zidovudine and 
nevirapine) for a period of 4–6 weeks in HIV-exposed in-
fants at high risk of acquiring HIV to prevent vertical trans-
mission [5]. Meanwhile in Thailand, the national guidelines 
recommend a combination of zidovudine, lamivudine, and 
nevirapine as a neonatal prophylaxis regimen [6, 7].

Early ART initiation during the first year of life not only reduces 
morbidity and mortality [8], but also limits the size of the HIV res-
ervoir [9–18]. Similar to adults, there is rapid viral rebound if ART 
is interrupted, even in infants treated within days of birth [9, 19]. 
However, a few early-treated infants have controlled viral replica-
tion after treatment cessation [20–23]. Therefore, there is a need to 
better understand the dynamics of the HIV reservoir in vertically 
infected early-treated children to achieve a functional cure.

In 2015, Thailand achieved the WHO targets for the elimination 
of vertical transmission (< 2% rate). The public health infrastructure 
is strong with near 100% antenatal visit and HIV testing rates among 
pregnant women [24]. There are about 5000 pregnant women with 
HIV annually with > 95% prevention of mother-to-child transmis-
sion coverage and 120 infants infected with HIV annually.

This observational study is uniquely embedded in the Thai 
Ministry of Public Health (MoPH) Active Case Management 

Network that offered the opportunity to engage mothers with 
HIV and their infants from birth [25]. We measured the es-
tablishment and persistence of the HIV reservoir in a rela-
tively large number of Thai children vertically infected with 
HIV (RV475/HIVNAT209) who initiated ART within the first 
6 months of life. To evaluate the impact of ARV prophylaxis at 
birth, we compared infants who directly transitioned from pro-
phylaxis to fully suppressive ART with those who discontinued 
prophylaxis prior to ART initiation. We further validated our 
findings using samples from a cross-sectional study of Thai chil-
dren with HIV (RV474/HIVNAT194).

MATERIALS AND METHODS

Study Participants
Longitudinal Study
Thai children vertically infected with HIV (N = 85) who initi-
ated ART within the first 6 months of life were enrolled in the 
RV475/HIVNAT209 study and followed longitudinally for up 
to 3 years (Supplementary Figure 1 and Table 1). The study was 
designed in conjunction with the Thai MoPH Network, which 
ensures that every infant with a positive HIV DNA PCR result 
promptly starts ART. Following Thai guidelines, high-risk in-
fants received zidovudine/lamivudine and nevirapine from 
birth for 6 weeks whereas low-risk infants received 4 weeks of 
zidovudine [6]. HIV DNA PCR testing was performed on whole 
blood at birth and/or between 1 and 4 weeks of life. ART was 
initiated promptly after the first positive HIV DNA PCR result 

Table 1. RV475/HIVNAT209 Study Participant Characteristics

 Characteristic

RV475/HIVNAT 209

All (N = 85)
Direct Transition From  

Prophylaxis to ART (n = 34)
Discontinued Prophylaxis 

Before ART Initiation (n = 51)
P Value Between 

Groupsa

Sex, female, No. (%) 46 (54) 18 (53) 28 (55) 1.0

HIV transmission, No. (%)    < .0001

 In utero 26 (31) 23 (68) 3 (6)  

 Peripartum 34 (40) 7 (21) 27 (53)  

 Unknown 25 (29) 4 (12) 21 (41)  

Prophylactic ARV history, No. (%)    < .0001

 None 5 (6) 0 (0) 5 (10)  

 ZDV 18 (21) 2 (6) 16 (31)  

 ZDV + 3TC + NVP 61 (72) 31 (91) 30 (59)  

 ZDV + NVP single dose 1 (1) 1 (3) 0 (0)  

Duration of ARV prophylaxis, d, median (IQR) 33 (28–44) 34 (26–49) 33 (28–42) .61

Time between end of ARV prophylaxis and ART 
initiation, wk, median (IQR)

3.9 (0–8.4) 0 (0–0) 7 (4.1–13) < .0001

Percentage of lifetime without ARVs, median (IQR) 43.2 (0–65) 0 (0-0) 62 (49–72) < .0001

Age at ART initiation, mo, median (IQR) 2.1 (1.3–3.4) 1.1 (0.9–1.6) 2.8 (2.2–4.1) < .0001

ART regimen, No. (%)    1.0

 PI-based 82 (96) 33 (97) 49 (96)

 NNRTI-based 3 (4) 1 (3) 2 (4)  

Abbreviations: 3TC, lamivudine; ART, antiretroviral therapy; ARV, antiretroviral; HIV, human immunodeficiency virus; IQR, interquartile range; NNRTI, nonnucleoside reverse transcriptase 
inhibitor; NVP, nevirapine; PI, protease inhibitor; ZDV, zidovudine.
aP values between groups: Wilcoxon tests for continuous variables and Fisher test for categorical variables. Significant P values are indicated in bold.
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while pending for the confirmation of a second HIV DNA PCR 
test result. The recommended first-line ART regimen for in-
fants in Thailand was zidovudine/lamivudine and lopinavir/
ritonavir. All infants were formula-fed per standard of care. See 
the Supplementary Methods for additional information.

Reservoir measures were performed on blood samples col-
lected after confirmation of HIV diagnosis—that is, just prior 
to ART initiation (visit 1). At this first visit, the median age of 
the participants was 2.1 months, which was the time required to 
confirm HIV infection by PCR. Blood was then collected after 
1, 2 and 3 years of ART (visits 3, 5 and 7; median ages = 1.3, 2.3 
and 3.3 years, respectively).

Cross-sectional Study for Validation
Vertically infected children (n = 37, RV474/HIVNAT194 study; 
Table  2) were eligible if they were older than 2  years of age, 
had positive HIV DNA PCR, initiated ART during the first 
6 months of life, and had sustained suppressed plasma viremia 
(< 400 HIV RNA copies/mL).

These studies were conducted at 8 sites in Thailand: the HIV 
Netherlands Australia Thailand Research Collaboration (King 
Chulalongkorn Memorial Hospital), Siriraj Hospital, HatYai 
Hospital, Srinagarind Hospital, Chiangrai Prachanukroh 
Hospital, Nakornping Hospital, Prachomklao Hospital, and 
Queen Sirikit National Institute of Child Health. Caregivers 
gave their consent, and both studies were approved by the Thai 
MoPH and all participating ethical committees, and as well as 
by the Institutional Review Board of the Centre Hospitalier de 
l’Université de Montréal.

Total and Integrated HIV DNA

Total CD4+ T cells were isolated by negative magnetic selection 
(EasySep Human CD4+ T Cell Enrichment Kit, Stemcell) from 
frozen peripheral blood mononuclear cells. Pellets of enriched 
CD4+ T cells were digested with proteinase K to measure total 
(5′-LTR-gag) and integrated (3′-LTR-alu) HIV DNA by real-
time PCR as previously described [26]. Samples for which < 
50 000 cells were analyzed were excluded from the analysis.

Frequency of CD4+ T Cells With Multiply Spliced HIV RNA

Productively infected cells and inducible HIV reservoir were 
measured by the Tat/rev induced limiting dilution assay 
(TILDA) ex vivo and after stimulation, respectively, as previ-
ously described, using primers adapted for clade CRF01_AE 
[27]. To ensure that TILDA negative results were not due to 
a primer or probe mismatch, we quantified viral production 
in the culture supernatants, as previously described [28]. Of 
note, the primers for viral production quantification were de-
signed to efficiently amplify the B and CRF01_AE HIV clades. 
Samples with a negative TILDA value and from which HIV 
production in the supernatant was detected were excluded (see 
Supplementary Methods).

Statistical Analysis

All reservoir data were log10 (X  +  1) transformed to better 
meet the assumption of normality. Bivariate associations be-
tween continuous variables were assessed by Spearman rank 
correlation coefficient. Comparisons between groups were 
done with Wilcoxon tests for continuous variables and Fisher 

Table 2. RV474/HIVNAT 194 Study Participant Characteristics

 Characteristic

RV474/HIVNAT 194

Direct Transition From Pro-
phylaxis to ART (n =  6)

Discontinued Prophylaxis Before 
the Initiation of ART (n = 10) Delayed ART (n = 21)

P Value 
Between 
Groupsa

Age, y, median (IQR) 4.7 (3.1–6.8) 3.1 (2.5–4.7) 6.4 (4.9–8.3) .008

Sex, female, No. (%) 3 (50) 6 (60) 13 (62) 1.0

CD4 count, wk, cells/µL, median (IQR) 1485 (1183–1970) 1497 (1178–2496) 1117 (783–1420) .04

Prophylactic ARV history, No. (%)    < .001

 None 0 (0) 0 (0) 21 (100)  

 ZDV 0 (0) 4 (40) 0 (0)  

 ZDV + 3TC 3 (50) 0 (0) 0 (0)  

 ZDV + 3TC + NVP 3 (50) 6 (60) 0 (0)  

Duration of ARV prophylaxis, wk, median 
(IQR)

5.2 (2.2–8.5) 5.2 (4–6) 0 (0–0) < .001

Time between end of ARV prophylaxis and 
ART initiation, wk, median (IQR)

0 (0–0) 9.4 (6.4–13.1) 18.4 (15.3–22.3) < .001

Age of ART initiation, wk, median (IQR) 5.2 (2.2–8.6) 15.3 (11.2–17.5) 18.4 (15.3–22.3) < .001

Time on ART, y, median (IQR) 4.6 (3–6.7) 2.9 (2.2–4.2) 6.1 (4.3–8.2) .01

ART regimen, No. (%)     

 PI-based 1 (17) 7 (70) 9 (43)  

 NNRTI-based 5 (83) 3 (30) 12 (57)  

Abbreviations: 3TC, lamivudine; ART, antiretroviral therapy; ARV, antiretroviral; IQR, interquartile range; NNRTI, nonnucleoside reverse transcriptase inhibitor; NVP, nevirapine; PI, protease 
inhibitor; ZDV, zidovudine.
aP values between groups: Wilcoxon tests for continuous variables and Fisher test for categorical variables. Significant P values are indicated in bold.
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test for categorical variables. Longitudinal analyses were per-
formed using a linear mixed model with the group of prophy-
laxis (discontinuous vs continuous), visits (V1, V3, V5, and 
V7), and the interaction group × visit as independent vari-
ables, with children identification number as a random vari-
able. For the decay analysis, the 3 measures of HIV reservoir 
were standardized and appended in a new variable. A  linear 
mixed model was then performed on this new outcome, and 
the coefficient of the interaction visit × reservoir measure-
ment was used to test the equality of the slopes between the 
different types of reservoir measurement. Statistical analyses 
were performed using R software, version 3.6.1 and Prism 7.

RESULTS

Establishment of the HIV Reservoir Before ART Initiation

To assess the HIV reservoir seeding, we measured total and 
integrated HIV DNA, as well as the active and inducible res-
ervoirs in 31 infants vertically infected with HIV (median 
age, 2.1 months; range, 0.83–5.3) at the time of HIV diagnosis 
(RV475/HIVNAT209-V1; Table 3). Plasma VL strongly correl-
ated with the frequency of cells harboring total and integrated 
HIV DNA, the frequency of productively infected cells meas-
ured by TILDA without stimulation and the size of the induc-
ible reservoir measured by TILDA after stimulation (P = .003, 
P = .003, P < .001, and P < .001, respectively; Figure 1A). Hence, 

the size of the pool of infected cells was reflected by the mag-
nitude of HIV replication, suggesting that prophylactic ARVs 
could limit the seeding of the HIV reservoir. To test this hypo-
thesis, we compared infants who were still receiving prophy-
lactic ARVs (continuous prophylaxis ARV group, n = 11) with 
those who had already completed prophylaxis (or never received 
it) and were not receiving ARV at the time of sampling (discon-
tinued prophylaxis ARV, n  =  20; Table  3). As expected, new-
borns who were still on prophylactic ARVs showed significantly 
lower VL compared to infants who had completed prophylaxis 
(P < .001; Figure 1B). Hence, infants who were still on prophy-
lactic ARVs showed significantly lower frequencies of cells car-
rying total and integrated HIV DNA compared to those who 
discontinued prophylaxis (P  =  .02 and P  =  .001, respectively; 
Figure 1C). TILDA results further confirmed that newborns on 
continuous prophylaxis displayed lower frequencies of produc-
tively infected cells and lower inducible reservoirs (Figure 1D). 
Despite these differences, the frequency of cells expressing mul-
tiply spliced RNA (msRNA) increased between the ex vivo and 
the stimulated TILDA conditions in both groups, suggesting 
that a latent reservoir had already been established, even in in-
fants on continuous ARV since birth. Similar differences be-
tween groups were observed when we measured the production 
of viral particles after stimulation of CD4+ T cells (P  =  .009; 
Figure 1E). Importantly, all measures of HIV reservoir strongly 

Table 3. RV475/HIVNAT209 Newborns’ Characteristics From Before Antiretroviral Therapy Initiation

Characteristic 
RV475/HIVNAT 

209 Visit 1 (n = 31)

RV475/HIVNAT 209 Visit 1 Subgroups

Continuous Pro-
phylaxis (n = 11)

Discontinued ARV 
(n = 20)

P Value 
Between 

Subgroupsa

Age, mo, median (IQR) 2.1 (1.5–2.8) 1 (1–1.5) 2.8 (2–3.8) < .001

Sex, female, No. (%) 19 (61) 7 (64) 12 (59) 1.0

CD4 T-cell counts, cells/µL, median (IQR)b 2921 (2131–3447) 2856 (2514–4179) 2985 (1852–3285) .24

CD8 T-cell counts, cells/µL, median (IQR)c 2415 (1872–2858) 2526 (1664–3355) 2415 (1687–2721) .95

Ratio CD4/CD8, median (IQR) 1.2 (0.9–1.4) 1.4 (1.1–2.1) 0.96 (0.8–1.4) .17

Detectable VL, log10 HIV RNA copies/mL, median (IQR) 5.3 (3.5–6.1) 3 (2.7–3.6) 6 (5.4–6.3) < .001

VL < 50 copies/mL, No. (%) 1 (3) 1 (9) 0 (0) .37

VL < 1000 copies/mL, No. (%) 7 (23) 7 (55) 0 (0) < .001

HIV transmission, No. (%)    < .001

 In utero 9 (29) 8 (73) 1 (5)  

 Peripartum 13 (42) 3 (27) 10 (50)  

 Unknown 9 (29) 0 (0) 9 (45)  

Prophylactic ARVs, No. (%)    .01

 None 3 (10) 0 (0) 3 (15)  

 ZDV 7 (22) 0 (0) 7 (35)  

 ZDV + 3TC + NVP 21 (68) 11 (100) 10 (50)  

Duration of ARV prophylaxis, d, median (IQR) 31 (28–42) 31 (28–44) 37 (28–42) .7

Time between end of ARV prophylaxis and visit 1 sam-
pling, wk, median (IQR)

3.9 (0–6.9) 0 (0–0) 6.1 (3.9–9.9) < .001

Percentage of lifetime without ARVs, median (IQR) 43 (0–62) 0 (0–0) 50 (44–71) < .001

Abbreviations: 3TC, lamivudine; ARV, antiretroviral; HIV, human immunodeficiency virus; IQR, interquartile range; NVP, nevirapine; VL, viral load; ZDV, zidovudine.
aP values between groups: Wilcoxon tests for continuous variables and Fisher test for categorical variables. Significant P values are indicated in bold.
bCD4 T-cell counts: only 22 samples available.
cCD8 T-cells counts: only 15 samples available.
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Figure 1. Markers of human immunodeficiency virus (HIV) persistence in infants before antiretroviral therapy (ART) initiation in the RV475/HIVNAT209 study, visit 1 (n = 31). 
A, Correlations between plasma viral load (VL) and the levels of total (left panel) and integrated (middle left) HIV DNA, active replication (Tat/rev induced limiting dilution 
assay [TILDA] ex vivo, middle right panel), and inducible reservoir (TILDA after stimulation, right panel). B–E, Virological markers in infants who were still on prophylactic an-
tiretroviral (ARV) (continuous prophylaxis ARV, orange circles, n = 11) vs those who had already completed prophylaxis and were not taking ARV drug(s) at the time of sample 
collection (discontinued ARV prophylaxis, blue squares, n = 20). Plasma viral load (B), frequency of cells harboring total and integrated HIV DNA (C), frequency of cells produ-
cing multiply spliced RNA (msRNA) spontaneously (TILDA ex vivo) or after 12 hours of stimulation (inducible reservoir) (D), and production of viral particles after stimulation 
(E) are shown. F, Correlation matrix between the markers of HIV persistence. In all panels, samples below the limit of the detection of the assay (which varies according to 
the number of cells analyzed) were considered as 0 for statistical analysis and are indicated as open circles in all graphs. P values were obtained from Spearman correlation 
(A and F) or Mann-Whitney U test (B, C, D, E). For (D), the number of samples (and corresponding percentages) with measurable levels of msRNA ex vivo or after stimulation 
is indicated. Fisher exact test was used to compare groups.
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correlated with each other and with plasma viremia (Figure 1F), 
suggesting that VL could be used as a surrogate marker of the 
HIV reservoir size before ART initiation. Interestingly, a longer 
time between the end of prophylactic ARVs and sample collec-
tion (measured in days or as a percentage of lifetime) positively 
correlated with the levels of integrated HIV DNA as well as with 
the inducible reservoir, and there was a trend for correlation 
with levels of total HIV DNA (Supplementary Figure 2). These 
results indicated that continuous ARV since birth was associ-
ated with a relatively small pool of infected cells.

Persistence of the HIV Reservoir After 1 Year on ART

We stratified children by prophylaxis history to determine if con-
tinuous ARV exposure since birth had a sustained impact on the 
size of HIV reservoir after 1 year of ART (RV475/HIVNAT209-V3; 
Table 4). Initiation of ART led to a significant decrease in the fre-
quency of cells harboring total and integrated HIV DNA in both 
groups (Supplementary Figure 3A and 3B; P < .01 in both cases). 
However, after 1 year of ART, children on continuous ARV exposure 
since birth showed significantly lower levels of total and integrated 

HIV DNA compared to those who discontinued prophylaxis before 
ART initiation (P = .005 and P = .010, respectively, Figure 2A). The 
size of the inducible reservoir diminished rapidly after ART initia-
tion (Supplementary Figure 3C) and reached values below the limit 
of detection of the assay in a large fraction of the samples tested in 
both groups (Figure 2B; P = .45). The levels of total and integrated 
HIV DNA as well as the inducible reservoir correlated with each 
other after 1 year of ART (Figure 2C). Importantly, measures of 
total and integrated HIV DNA before (RV475/HIVNAT209-V1) 
and after 1 year (RV475/HIVNAT209-V3) of ART initiation were 
strongly correlated (Figure 2D), indicating that the frequency of 
infected cells at the time of ART initiation predicted the size of the 
reservoir after 1 year of ART. In addition, a longer time between 
the end of prophylactic ARVs and initiation of ART positively cor-
related with the frequency of cells harboring total and integrated 
HIV DNA after 1 year of ART (Supplementary Figure 4). The age 
of ART initiation also correlated with the levels of integrated HIV 
DNA after 1 year of ART (Supplementary Figure 4C), confirming 
the benefit of early ART on the size of the HIV reservoir [9, 10, 16, 
29].

Table 4. RV475/HIVNAT209 Infant Characteristics From After 1 Year of Antiretroviral Therapy

 Characteristic

RV475/HIVNAT 209 Visit 3 (on ART for 1 y)

Direct Transition From Pro-
phylaxis to ART (n = 17)

Discontinued Prophylaxis Before 
the Initiation of ART (n = 28)

P Value Be-
tween Groupsa

Age, mo, median (IQR) 14 (13–15) 16 (15–18) < .001

Sex, female, No. (%) 10 (56) 11 (39) .4

CD4 counts, cells/µL, median (IQR) 2251 (1822–3350) 2327 (1678–3386) .74

CD8 counts, cells/µL, median (IQR) 1612 (1218–2132) 1872 (1367–2428) .29

Ratio CD4/CD8, median (IQR) 1.7 (1–2.2) 1.5 (1.1–1.9) .7

VL at visit 1, HIV RNA copies/mL, median (IQR) 3.5 (3.2–4.4) 6 (5.4–6.5) < .001

VL at visit 2 < 50 HIV RNA copies/mL, No./samples 
evaluated (%)b

11/16 (69) 13/28 (46) .21

VL at visit 3 < 50 HIV RNA copies/mL, No. (%) 16 (94) 26 (93) 1

VL at visit 3 < 100 HIV RNA copies/mL, No. (%) 17 (100) 28 (100) 1

HIV transmission, No. (%)   < .001

 In utero 11 (65) 0 (0)  

 Peripartum 3 (18) 14 (50)  

 Unknown 3 (18) 14 (50)  

Prophylactic ARV history, No. (%)   .01

 None 0 (0) 3 (11)  

 ZDV 1 (6) 10 (36)  

 ZDV + 3TC + NVP 16 (94) 15 (54)  

Duration of ARV prophylaxis, d, median (IQR) 34 (25–51) 42 (28–42) .5

Time between end of ARV prophylaxis and ART 
initiation, wk, median (IQR)

0 (0–0) 8 (4–15) < .001

Percentage of lifetime without ARVs, median (IQR) 0 (0–0) 60 (46–74) < .001

Age at ART initiation, mo, median (IQR) 1.2 (0.8–1.6) 2.9 (2.3–4.2) < .001

Time on ART, mo, median (IQR) 12 (11–14) 13 (12–14) .36

ART regimen   .51

 PI-based 17 (100) 26 (93)  

 NNRTI-based 0 (0) 2 (7)  

Abbreviations: 3TC, lamivudine; ART, antiretroviral therapy; ARV, antiretroviral; HIV, human immunodeficiency virus; IQR, interquartile range; NNRTI, nonnucleoside reverse transcriptase 
inhibitor; NVP, nevirapine; PI, protease inhibitor; VL, viral load; ZDV, zidovudine.
aP values between groups: Wilcoxon tests for continuous variables and Fisher test for categorical variables. Significant P values are indicated in bold.
bVL at visit 2: only 16 samples evaluated for continuous prophylaxis group.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa718#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa718#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa718#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa718#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa718#supplementary-data
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Longitudinal Analysis of the HIV Reservoir

We longitudinally assessed the impact of ARV prophylaxis on 
the persistence of the HIV reservoir for up to 3 years (V7) of 
ART (Table 1 and Supplementary Figure 1B). After 6 months 
of ART, 63% of the children with continuous ARV since birth 
reached undetectable VL, whereas only 31% achieved unde-
tectability among those who had discontinuous ARV exposure 
before ART. After 1 year of therapy, most of the children from 
both groups achieved viral suppression. With the exception of 
rare viral blips (< 100 copies/mL), all children displayed un-
detectable VL after 2–3 years of ART (Figure 3A). The initial 

differences in the levels of total and integrated HIV DNA ob-
served between groups persisted over time (marginal effect 
for group: P  <  .001 for both total and integrated HIV DNA; 
Figure  3B and 3C). Despite these sustained differences, the 
levels of total and integrated HIV DNA decayed at similar rates 
in the 2 groups, suggesting that the size of the reservoir after 
prolonged ART was essentially driven by the frequencies of in-
fected cells prior to ART initiation. The initial differences in the 
size of the inducible reservoir decreased to reach undetectable 
values in the majority of children (marginal effect for group: 
P = .0002; Figure 3D).
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Figure 2. Markers of human immunodeficiency virus (HIV) persistence in infants after 1 year of antiretroviral therapy (ART) initiation in the RV475/HIVNAT209 study, visit 3 
(n = 45). Infants were subgrouped according to their prophylactic history: continuous antiretroviral (ARV) exposure since birth (direct transition from ARV prophylaxis to ART, 
orange circles, n = 17) vs discontinuous ARV exposure before ART initiation (blue squares, n = 28). A, Frequency of total and integrated HIV DNA in enriched CD4+ T cells. P 
values were obtained from Mann-Whitney U test. B, Frequency of cells producing multiply spliced RNA (msRNA) after stimulation (inducible reservoir) in enriched CD4+ T 
cells. Since > 15% of the samples were below the limit of detection, Tat/rev induced limiting dilution assay (TILDA) measurements were considered as categorical values 
(detectable vs undetectable). The numbers of samples (and corresponding percentages) in which msRNA was detected are indicated. P values were obtained from Fisher 
exact test. C, Correlation matrix between markers of HIV persistence at visit 3. D, Correlation between the frequency of total and integrated HIV DNA at visit 1 and visit 3. C 
and D, P values were obtained from the Spearman correlation test. In all panels, samples below the limit of detection of the assay (which varies according to the number of 
cells analyzed) were considered as 0 for statistical analysis and are indicated as open circles in all graphs.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa718#supplementary-data


434 • cid 2021:73 (1 August) • Massanella et al

Continuous  ARV exposure
before ART
Discontinuous ARV exposure
before ART 

0 1 2 3

-3

-2

-1

0

1

2

3

Years on ART

St
an

da
rd

iz
ed

 in
te

gr
at

ed
 H

IV
 D

N
A <.0001 1.0 1.0

0 1 2 3

-3

-2

-1

0

1

2

3

Years on ART

St
an

da
rd

iz
ed

 to
ta

l H
IV

 D
N

A 

<.0001 .05 1.0

0 1 2 3

-3

-2

-1

0

1

2

3

Years on ART

St
an

da
rd

iz
ed

 T
IL

D
A 

af
te

r s
tim

ul
at

io
n 

<.0001 1.0 1.0

2

4

6

8

LDL

Years on ART

VL
 

(L
og

10
 c

op
ie

s/
m

L 
of

 p
la

sm
a)

0 0.5 1 2 3

0/13
0%

# Undetectable
Infants 

0/22
0%

15/24
63%

14/45
31%

17/18
94%

25/29
86%

6/6
100%

15/15
100%

4/4
100%

10/11
91%

0 1 2 3
0

1

2

3

4

Years on ART

In
te

gr
at

ed
 H

IV
 D

N
A 

(lo
g 1

0 
[c

op
ie

s/
10

6  C
D

4 
T 

ce
lls

]+
1)

# Infants 11 16 6 2

0 1 2 3
0

1

2

3

4

Years on ART

In
te

gr
at

ed
 H

IV
 D

N
A 

(lo
g 1

0 
[c

op
ie

s/
10

6  C
D

4 
T 

ce
lls

]+
1)

# Infants 19 28 12 10

0 1 2 3
0

1

2

3

4

5

Years on ART

In
te

gr
at

ed
 H

IV
 D

N
A 

(lo
g 1

0 
[c

op
ie

s/
10

6  C
D

4 
T 

ce
lls

]+
1)

Marginal effect for group

P = .0007

0 1 2 3
0

1

2

3

Years on ART

Lo
g 10

 (f
re

qu
en

cy
 o

f C
D

4+
 T

 c
el

ls
 

w
ith

 m
sR

N
A 

pe
r m

illi
on

)+
1

Af
te

r s
tim

ul
at

io
n 

# Infants 12 21 6 6

0 1 2 3
0

1

2

3

Years on ART

Lo
g 10

 (f
re

qu
en

cy
 o

f C
D

4+
 T

 c
el

ls
 

w
ith

 m
sR

N
A 

pe
r m

illi
on

)+
1

Af
te

r s
tim

ul
at

io
n 

# Infants 9 12 1 2

0 1
0

1

2

3

Years on ART

Lo
g 10

 (f
re

qu
en

cy
 o

f C
D

4+
 T

 c
el

ls
 

w
ith

 m
sR

N
A 

pe
r m

illi
on

)+
1

Af
te

r s
tim

ul
at

io
n 

*

Marginal effect for group

P = .0002

A

E

B

0 1 2 3
0

1

2

3

4

5

Years on ART

To
ta

l H
IV

 D
N

A 
(lo

g 1
0 

[c
op

ie
s/

10
6  C

D
4 

T 
ce

lls
]+

1)

# Infants 11 17 6 3

0 1 2 3
0

1

2

3

4

5

Years on ART

To
ta

l H
IV

 D
N

A 
(lo

g 1
0 

[c
op

ie
s/

10
6  C

D
4 

T 
ce

lls
]+

1)

# Infants 19 27 12 10

0 1 2 3
0

1

2

3

4

5

Years on ART

To
ta

l H
IV

 D
N

A 
(lo

g 1
0 

[c
op

ie
s/

10
6  C

D
4 

T 
ce

lls
]+

1)

Marginal effect for group

P < .0001

C

D

riovreseRelbicudnIANDVIHdetargetnIANDVIHlatoT

TRAdeyaleDhtribecnisVRAsuounitnoC

Continuous ARV exposure
 before ART 
Discontinuous ARV exposure
 before ART

Figure 3. Longitudinal analysis of markers of human immunodeficiency virus (HIV) persistence in the RV475/HIVNAT209 study (n = 85). Infants were subgrouped according 
to their prophylactic history: continuous antiretroviral (ARV) exposure since birth (direct transition from prophylactic ARVs to antiretroviral therapy [ART], orange circles, 
n = 34) vs discontinuous ARV exposure before ART initiation (blue squares, n = 51). Samples collected immediately prior to ART initiation (time point 0) were included. 
Participants were followed for 3 years on ART. A, Plasma viral loads (VLs). The numbers of samples in which HIV RNA in plasma were detected (and the corresponding per-
centages) are indicated for each group. B–D, Levels of total (B) and integrated (C) HIV DNA, and frequencies of cells expressing multiply spliced RNA after stimulation (Tat/
rev induced limiting dilution assay after stimulation, D) in enriched CD4+ T cells from infants who received continuous ARV since birth (left panels, in orange) and those who 
discontinued prophylactic treatment before ART initiation (middle panels, in blue). The numbers of samples tested at each time point are indicated. Right panels show the 
estimated means and standard errors, using a linear mixed model with the group of prophylaxis (continuous vs discontinuous ARV exposure before ART), visits (V1, V3, V5 
and V7), and the interaction group × visit as independent variables. Participant identifier was used as a random variable, to take into account the within-children correlation. 
Because the interaction was not significant, the additive model was used as the final model with visit and group of prophylaxis as independent variables (no interaction in-
cluded). For each model, the P value associated to the marginal effect for the group is indicated. E, HIV persistence markers were standardized to compare the decay rates. 
P values reported are Bonferroni-adjusted and calculated from pairwise post hoc comparisons between visits. The model used was similarly the additive mixed model with 
the group of prophylaxis, with the visit (V1–V7) as fixed effect and participant identifier as random effect.
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All 3 reservoir measures displayed a rapid initial decay during 
the first year of ART (P < .001 in all cases), with the inducible 
reservoir showing the steepest decay (slopes = −1.66, −1.07, and 
−0.94, for TILDA, total HIV DNA, and integrated HIV DNA, 
respectively). All measures remained relatively stable after 
1 year of therapy (Figure 3E).

Persistence of the HIV Reservoir in a Cross-sectional Validation Study

We used samples from the cross-sectional study RV474/
HIVNAT194 to further validate our findings, again 
subgrouping children between those who received contin-
uous ARV since birth (prophylaxis or ART) and those who 
discontinued prophylaxis before ART (Table 2). The frequen-
cies of cells harboring total and integrated HIV DNA were 
lower in children who received continuous ARV since birth 
compared to the other group (P = .018 and P = .046, respec-
tively; Figure  4A and 4B). Importantly, no differences were 

observed between children who discontinued prophylactic 
treatment before starting ART and those who had late ART 
initiation without receiving prophylaxis (P = .56 and P = .47, 
for total and integrated HIV DNA, respectively). These re-
sults suggested that there was no beneficial effect of pro-
phylaxis on the size of the HIV reservoir if treatment was 
discontinued. A similar trend was observed when we meas-
ured the size of the inducible reservoir: Only 20% of children 
who received continuous ARV since birth had detectable fre-
quencies of cells producing msRNA, whereas 61% of the chil-
dren in the other group displayed detectable TILDA values 
(P = .16; Figure 4C).

A longer delay between the end of prophylactic ARVs and 
initiation of ART positively correlated with the frequency of 
cells harboring total HIV DNA and tended to correlate with in-
tegrated HIV DNA and TILDA values (P  =  .03, P  =  .06, and 
P = .08, respectively; Supplementary Figure 5A) as seen in the 

Continuous 
ARV exposure

before ART

Discontinuous
ARV exposure
before ART

0

1

2

3

4

5

6

To
ta

l H
IV

 D
N

A 
(lo

g 10
 [c

op
ie

s/
10

6  C
D

4 
T 

ce
lls

]+
1)

.018

0

1

2

3

4

5

6

In
te

gr
at

ed
 H

IV
 D

N
A 

(lo
g 10

 [c
op

ie
s/

10
6  C

D
4 

T 
ce

lls
]+

1)

.046

Continuous 
ARV exposure

before ART

Discontinuous
ARV exposure
before ART

Discontinued prophylaxis before ART 
No prophylaxis

Discontinuous
ARV exposure 

before ART

Continuous ARV exposure before ART

0.0

0.5

1.0

1.5

Lo
g 10

 (f
re

qu
en

cy
 o

f C
D

4+
 T

 c
el

ls
 

w
ith

 m
sR

N
A 

pe
r m

illi
on

)+
1

A
fte

r s
tim

ul
at

io
n 

# children with
detectable TILDA:

1/5
20%

11/18
61%

P = .16

Continuous 
ARV exposure

before ART

Discontinuous
ARV exposure
before ART

A B 

C

Figure 4. Markers of human immunodeficiency virus (HIV) persistence in early-treated children (within 6 months) from the RV474/HIVNAT194 study (n = 37). Children were 
subgrouped according to their prophylactic history: continuous antiretroviral (ARV) or antiretroviral therapy (ART) since birth (turquoise circles, n = 6) vs discontinuous ARV 
exposure before ART. Within this last group, we subdivided between children who discontinued prophylaxis before ART initiation (pink squares, n = 10) and those who never 
received prophylaxis (blue triangles, n = 21). Levels of total (A) and integrated (B) HIV DNA in enriched CD4+ T cells. P values were obtained from Mann-Whitney U test. C, 
Frequency of cells producing multiply spliced RNA (msRNA) after stimulation (inducible reservoir) in enriched CD4+ T cells. Numbers of samples (and corresponding percent-
ages) in which msRNA was detected by Tat/rev induced limiting dilution assay (TILDA) are indicated. P values were obtained from Fisher exact test.
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RV475/HIVNAT209 study. The age of ART initiation also pos-
itively correlated with the levels of total and integrated HIV 
DNA (P = .02 and P = .05, respectively; Supplementary Figure 
5B) and tended to correlate with TILDA values (P = .06). These 
results confirmed that continuous exposure to ARV and the 
age at which ART is started are critical factors to limit HIV 
persistence.

DISCUSSION

Early ART initiation in vertically infected children limits the 
size of the HIV reservoir [9–14, 18, 30–32]. However, ART ini-
tiation is rarely initiated during the first days or weeks of life be-
cause of the delay in obtaining a diagnosis of HIV infection. In 
this study, we show that controlling viral replication with con-
tinuous prophylactic ARVs before ART initiation limits the size 
of the initial reservoir and that this benefit is maintained for at 
least the first 3 years of therapy.

Newborns infected in utero and tested at birth are more likely 
to be diagnosed earlier and to benefit from a direct transition 
from prophylaxis to fully suppressive ART at a younger age. 
This resulted in a significantly smaller reservoir compared to 
children who did not directly transition from prophylaxis to 
ART. Our study suggests that continuous exposure to ARVs, 
rapid reporting of HIV DNA PCR results, and closer follow-up 
visits and testing by primary care providers are needed to en-
sure prompt ART initiation after discontinuation of prophylaxis 
in order to limit the size of the persistent reservoir. Additional 
studies will be needed to confirm if a 3-drug prophylactic reg-
imen is required to restrict the viral reservoir, or if dual therapy 
is sufficient.

This study is unique in that it addresses the impact of ARV 
prophylaxis on the size of the viral reservoir in vertically in-
fected children. Since drug doses used for prophylaxis are lower 
than those used for treatment, VL was detectable in all chil-
dren at baseline. Nonetheless, we observed that ARV prophy-
laxis partially controlled viral replication, which was associated 
with a lower frequency of infected cells and to a shorter time 
to viral suppression upon ART initiation. Importantly, the time 
during which children were not exposed to any ARV was posi-
tively correlated with the frequency of infected cells, indicating 
that the beneficial effects of prophylaxis were limited if it was 
interrupted.

The initial differences in the size of the HIV reservoir be-
tween the children on continuous ARV since birth and those 
who discontinued prophylaxis before ART were maintained 
for at least 3 years. However, the decay in the different res-
ervoir markers was similar between groups, suggesting that 
ART initiation within 6 months of life limits the size of the 
persistent reservoir by restricting its seeding rather than by 
modulating its half-life, in agreement with previous studies 
[13, 31, 32].

Several studies reported a rapid initial decay in the levels 
of total HIV DNA upon ART initiation, followed by a slower 
decay after 6–9  months of therapy [30, 31]. Our study con-
firms and extends these observations, with a rapid decay in the 
levels of HIV DNA during the first year of ART, followed by 
a slower decay, likely reflecting heterogenous populations of 
infected cells characterized by different clearance rates [33]. 
Interestingly, different markers of HIV persistence displayed 
different decay rates during the first year of ART, with the in-
ducible reservoir showing the steepest slope compared to total 
and integrated HIV DNA, possibly reflecting the preferential 
clearance of inducible viral genomes compared to latent pro-
viruses or genomes containing large defects. Studies including a 
larger sample size are required to confirm these results.

This study has some limitations, including the small sample 
size in the continuous ARV group at years 2 and 3 of follow-up. 
In addition, since Thailand has a no-breastfeeding policy for 
women living with HIV, we could not assess the impact of ARV 
prophylaxis on the establishment and persistence of HIV reser-
voirs in children who acquired HIV postnatally.

We used TILDA as a surrogate measure of the transcriptional-
competent and inducible reservoir, which tends to correlate 
with the quantitative viral outgrowth assay [27]. We observed 
low inducibility of the HIV reservoir as early as 1 year after ART 
initiation in all children. These results are in agreement with 
other studies that reported low levels of replication-competent 
HIV in early-treated children [10, 29, 34]. Indeed, Persaud 
et al reported that 40%–60% of early-treated children (within 6 
weeks of birth) had undetectable levels of replication competent 
virus after 1–2 years of ART [29]. These results are comparable 
to those obtained with the TILDA, which were negative in 40% 
of early-treated children, despite the fact that HIV DNA was 
detected in most participants. Further studies are needed to de-
termine if these low frequencies of inducible proviruses are due 
to a large proportion of defective viral genomes or to the ineffi-
cient reactivation of intact genomes in children.

Taken together, our results demonstrate the importance of 
continuous prophylaxis with direct transition to ART to in-
crease the likelihood of achieving sustained viral suppression 
within 6 months of life and to restrict the seeding of the HIV 
reservoir.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader, 
the posted materials are not copyedited and are the sole responsibility 
of the authors, so questions or comments should be addressed to the 
corresponding author.
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