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Abstract

Neonatal HIV-1 infection is associated with rapidly progressive and frequently fatal immune 

deficiency if left untreated. Immediate institution of antiretroviral therapy (ART), ideally within 

hours after birth, may restrict irreversible damage to the developing neonatal immune system and 

possibly provide opportunities for facilitating drug-free viral control during subsequent treatment 

interruptions. However, the virological and immunological effects of ART initiation within hours 

after delivery have not been systematically investigated. We examined a unique cohort of neonates 

with HIV-1 infection from Botswana who started ART shortly after birth and were followed 

longitudinally for about 2 years in comparison to control infants started on treatment during 

the first year after birth. We demonstrate multiple clear benefits of rapid antiretroviral initiation, 

including an extremely small reservoir of intact proviral sequences, a reduction in abnormal T cell 

immune activation, a more polyfunctional HIV-1–specific T cell response, and an innate immune 

profile that displays distinct features of improved antiviral activity and is associated with intact 

proviral reservoir size. Together, these data offer rare insight into the evolutionary dynamics of 

viral reservoir establishment in neonates and provide strong empirical evidence supporting the 

immediate initiation of ART for neonates with HIV-1 infection.

INTRODUCTION

Despite effective interventions to prevent mother-to-child transmission of HIV-1 (1), 

neonatal HIV-1 infection continues to represent an enormous global health challenge, 

with about 300 to 500 infants being infected each day in sub-Saharan Africa (2). Clinical 

studies suggest that HIV-1 disease in neonates with developing immune systems progresses 

markedly faster than in adults, with 25 to 50% of infected children dying within the 

first 2 years of life if combination antiretroviral therapy (ART) is not initiated (3). These 

observations, along with data from randomized controlled studies (4), have led to guidelines 

by the World Health Organization (5) advocating for rapid initiation of ART within 

weeks after birth. Even earlier initiation of ART, preferably within hours after birth, is 

impeded by numerous diagnostic and infrastructural challenges in resource-limited settings 

but may translate into marked morbidity and mortality reductions relative to the current 

standard of care. In addition, provocative observations in individual cases of neonatal and 

pediatric HIV-1 infection (6–10) have raised the possibility that immediate institution of 

ART after birth may induce distinct virological and immunological characteristics that 

support and facilitate a transient or permanent drug-free remission of viral infection when 

treatment is interrupted after a period of suppressive ART (11, 12). However, a systematic 

analysis of residual reservoirs of HIV-1–infected cells and antiviral immune responses in 

infected neonates requires collection of blood samples from dedicated clinical studies and 

is technically challenging due to the limited amounts of blood that can be collected from 

newborns.

Although the establishment of viral reservoirs during early stages of HIV-1 infection 

in adults is well documented (13), very little is known about the type, diversity, and 

longitudinal evolution of HIV-1–infected CD4+ T cells in neonates who start ART during 

acute stages of HIV-1 infection. The phenotypes, compositions, and functional profiles of 

CD4+ T cells in neonates and infants differ profoundly from adults and may alter cellular 
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susceptibility to viral infection, affect the selection of proviral chromosomal integration 

sites, and modify clonal turnover of infected cells, all of which have been shown to 

affect viral reservoir dynamics in adult HIV-1 infection (14–17) and in infant simian 

immunodeficiency virus (SIV)–infected rhesus macaques (18). In addition, the specific 

influence of antiviral immune responses on viral reservoir size and structure during neonatal 

HIV-1 infection is uncertain given that HIV-1–specific T cells, frequently considered as 

the hallmark of antiviral immunity in adults (19), are likely to be underdeveloped in 

neonates because of the characteristic weaknesses of T helper 1 (TH1)–polarized immunity 

in developing infants (20). Here, we describe a detailed evaluation of neonates with HIV-1 

infection who started ART within the first days after birth as part of the Early Infant 

Treatment Study (EIT Study, NCT02369406). This prospective clinical trial was conducted 

at two major maternity hospitals in the Francistown and Gaborone regions of Botswana, 

a country with the third highest HIV-1 prevalence in the world, in which about 24% of 

pregnant women are living with HIV-1 (21). Using very small amounts of blood obtained 

from the rare study patients participating in this clinical trial and samples from control 

infants who started antiretroviral treatment later, we cross-sectionally and longitudinally 

determined the diversity and evolution of intact and defective HIV-1 DNA sequences and 

characterized innate and adaptive immune responses to HIV-1.

RESULTS

Viral reservoirs in early-treated infants with HIV-1 infection

To investigate viral reservoir dynamics in the neonatal immune system, we focused on the 

first 10 infants with HIV-1 infection identified through a comprehensive HIV-1 screening 

program of over 10,600 neonates in Botswana (table S1). Nine of these infants exhibited 

positive HIV-1 DNA polymerase chain reaction (PCR) assays performed within a median 

of 18.5 hours (range, 6.6 to 40.1 hours) after birth, consistent with intrauterine HIV-1 

infection (22); the remaining infant initially had a negative HIV-1 DNA PCR assay at birth 

but exhibited a positive assay 31 days later, compatible with intrapartum HIV-1 infection 

(22). HIV prophylaxis consisting of nevirapine and zidovudine (±lamivudine) was started 

at a median of 7 hours (range, 0.2 to 114.5 hours) after birth and then converted to 

treatment doses of nevirapine, zidovudine, and lamivudine upon EIT enrollment, followed 

by a combination of ritonavir-boosted lopinavir, lamivudine, and zidovudine after at least 

2 weeks (and 40 weeks’ gestational age equivalence) according to the study protocol; the 

infant with intrapartum infection was started on the lopinavir-containing regimen 31 days 

after birth. Preterm neonates (<35 weeks of gestational age) were not eligible to participate 

in the study because of limited information about the safety of antiretroviral agents in this 

age group. All study participants continued ART indefinitely and were seen for follow-up 

visits at weeks 4, 8, 12, 24, 48, 72, and 84/96 (fig. S1A). At baseline and most subsequent 

study visits, blood was collected from all participants for virological and immunological 

testing. For comparative purposes, we also analyzed a control cohort consisting of 10 

children from Botswana who were diagnosed with HIV-1 infection and started ART at a 

median of 4 months (range, 2.6 to 11.7 months) after birth and from whom blood samples 

were collected at a median of 93 weeks (range, 65 to 126 weeks) after ART initiation. 

Suppression of plasma viremia during ART was achieved in all study participants, although 
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intermittent viral rebound, likely related to medication noncompliance, was observed in 

several instances (fig. S1B).

To profile proviral HIV-1 DNA in these patients, we conducted droplet digital PCR (ddPCR) 

assays, which provide an absolute quantification of cell-associated HIV-1 5′ long terminal 

repeat (5′-LTR)–gag copy numbers in a given number of peripheral blood mononuclear 

cells (PBMCs). These studies revealed a progressive decline in the number of viral DNA 

copies during the initial 2 years of therapy, resulting in notably lower HIV-1 DNA copies 

in early-treated children at week 84/96, as compared with control children treated for a 

similar duration (5.3 versus 981.4 copies per 106 PBMC, P < 0.0001) (Fig. 1A). Proviral 

DNA levels in the EIT group were also substantially lower compared with a reference 

cohort of adults with chronic HIV-1 infection who underwent long-term ART (median, 16 

years; range, 6 to 25 years) (5.3 versus 134.5 copies per 106 PBMC, P = 0.003) (Fig. 

1A). Because proviral DNA contains a substantial proportion of defective viral species (23, 

24), we subsequently performed near–full-length single-template next-generation proviral 

HIV-1 sequencing assays that allow for selective identification of genome-intact proviral 

DNA sequences, including those that remain undetectable by viral outgrowth assays but 

contribute to the replication-competent viral reservoir (24). These studies, involving 125 

individual intact and 251 individual defective sequences amplified from longitudinally 

collected cell samples, demonstrated a continuous decrease in the frequency of genome­

intact and defective proviral sequences during ART in the EIT group (Figs. 1B and 2A). 

At week 84/96, the number of intact proviral sequences per million PBMCs was below 

the detection threshold in all but one child, whereas significantly higher numbers of genome­

intact proviral sequences were observed in control children (0.34 versus 1.57 copies per 106 

PBMC, P = 0.0165) and in long-term–treated adults (0.34 versus 2.22 copies per 106 PBMC, 

P = 0.003). In addition, the frequency of defective proviral species was also reduced in the 

EIT group compared with controls (0.85 versus 19.07 copies per 106 PBMC, P = 0.0355) 

and to the cohort of adults undergoing long-term ART (0.85 versus 36.5 copies per 106 

PBMC, P < 0.0001) (Figs. 1C and 2, A and B). Decline of intact and defective proviral 

sequences in EIT infants occurred primarily during the first 24 weeks and subsequently 

plateaued. Although roughly equal numbers of intact and defective proviral sequences were 

detected at baseline, the longitudinal decay kinetics of intact proviruses during the first 24 

weeks were significantly faster than those of defective proviruses (half-life of 3.1 versus 

3.98 weeks, P < 0.0001, Wilcoxon test) (Fig. 1D), which translated into a progressively 

increasing contribution of defective proviral species to the total number of viral sequences 

(Fig. 1E). Intact proviral sequences detected more than once at a given time point, possibly 

as a result of clonal proliferation of infected CD4+ T cells (15, 25, 26), were relatively 

rare in the analyzed pediatric patients, compared with our cohort of patients with HIV-1 

undergoing long-term ART (Fig. 1, F and G) and to other adult patients with HIV-1 

described in previous studies (25, 26). Although this finding may indicate a more limited 

role of clonally expanded HIV-1–infected CD4+ T cells in the neonatal and infantile immune 

system, we cannot exclude that reduced cell frequencies available for analysis from pediatric 

patients may have contributed to this result.
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Phylogenetic diversity and chromosomal location of intact HIV-1 proviral sequences

A subsequent phylogenetic analysis of viral sequences demonstrated that individual 

genome-intact proviral species from our study participants showed extremely limited 

intraindividual variation during cross-sectional and longitudinal comparisons, consistent 

with early initiation of treatment that precludes viral sequence diversification through 

ongoing viral replicative activity (Fig. 2, A to C). In contrast, interindividual phylogenetic 

differences were clearly detectable between most of the study participants, although 

infection with phylogenetically related viral species was observed in some patients, possibly 

reflecting geographically localized viral transmission patterns (fig. S2, A and B). In 

several instances, we observed completely identical genome-intact proviral sequences at 

multiple longitudinal follow-up time points within the same study participant, strongly 

suggesting longitudinal persistence of durable HIV-1–infected cell clones (Fig. 2C). Using 

an experimental technique that allows for simultaneous analysis of proviral sequences 

and their corresponding chromosomal integration sites after phi29-catalyzed multiple 

displacement amplification (17), we were able to map the chromosomal locations of 25 

intact and 5 defective proviral sequences isolated from the earliest available analytical time 

point (Fig. 2D and table S2). This analysis was limited by the relatively small number of 

integration sites that could be evaluated from the modest amount of blood available from 

neonates with HIV-1 infection, but critically advances prior studies (17, 27, 28) by showing 

chromosomal integration site locations of intact HIV-1 proviruses during the earliest stages 

of viral infection (Fig. 2, E to I and K). In one study subject, these experiments identified 

two identical intact proviral sequences (retrieved from a sample collected at baseline) that 

shared the same chromosomal integration site (Fig. 2, C and D and fig. S2C), indicating 

that clonal expansion of infected CD4+ T cell clones can indeed occur during early stages 

after infection in neonates. Moreover, we noted that about 70% of genome-intact proviral 

sequences were located in genes covering a diverse range of functions (Fig. 2, E to H and 

K), some of which were identified as targets for retroviral integration in adults in prior 

studies (Fig. 2J) (27–29). In the EIT group, intact proviral sequences in genic regions were 

preferentially (>60%) integrated in the same direction as their respective host genes (Fig. 

2F), which represented a marked contrast to long-term–treated adult patients with HIV-1 

in whom the majority of intact proviruses (>70%) displayed an opposite orientation to 

host genes (Fig. 2I) (17). This observation suggests that intact proviruses with the same 

directional configuration as host genes may be more likely to be selected against during 

prolonged ART.

Innate immune responses in early-treated infants with HIV-1 infection

Given that natural killer (NK) cells and other components of the innate immune system may 

be critical for host immune protection in the postnatal period of infants with HIV-1 infection 

(30), we subsequently focused on a detailed analysis of innate immune responses that may 

distinguish infants with HIV-1 infection and influence evolution of the viral reservoir. For 

these experiments, immunological data from EIT infants were compared to HIV-negative 

infants from Botswana born to mothers with [HIV-1 exposed–uninfected (HEU)] or without 

[HIV-1 unexposed–uninfected (HUU)] HIV-1 infection from whom samples were available 

from week 12 after birth; a group of HIV-negative adults from Botswana was also recruited 

as a reference cohort. We observed that the proportion of NK cells was reduced in the 
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EIT group at week 12 after birth, relative to HUU infants and healthy adults (Fig. 3A). 

No difference was noted between the EIT group and controls with a delayed treatment 

onset (Fig. 3B). Subclassification of NK cells into six subgroups according to previously 

described patterns (31) revealed that relative proportions of CD56dim CD16dim NK cells, 

which are functionally characterized by potent cytotoxic activity against virally infected 

cells, were expanded in the EIT group compared with the HEU and HUU groups and 

reached frequencies otherwise seen in healthy adults (Fig. 3C). CD56dim CD16− NK cells, 

primarily recognized as abundant cytokine producers (32), were also significantly increased 

in the EIT group (P = 0.0007 versus HUU; P = 0.0004 versus HEU; P = 0.0037 versus 

adults; and P = 0.001 versus controls), representing a distinguishing feature of the NK cell 

response in EIT children relative to all comparison cohorts, including control children with 

delayed initiation of ART (Fig. 3, C and D). CD56−CD16dim NK cells are a functionally 

impaired NK cell subgroup that physiologically account for the majority of NK cells in 

neonates (33) and are pathologically expanded during chronic viral infections in adults (34, 

35); these cells were significantly reduced in EIT infants (23.1%) as compared with HUU 

(69%) and HEU (72%) (P = 0.0008) infants at week 12, and with control children with 

HIV-1 infection analyzed after about 2 years of ART (24.2% versus 37.8%, P = 0.0006) 

(Fig. 3, C and D). The differential dynamics of NK cell subgroups in the EIT group were 

also observed when NK cell subsets expressing the activating NK cell receptors, NKp30 and 

NKG2D, were selectively analyzed and when expression of CD161, a marker for NK cells 

endowed with higher responsiveness to innate cytokines and greater proliferative activity 

(36), was considered (Fig. 3, E to G, and figs. S3 and S4).

As our next analysis step, we examined associations between NK cell subsets and the 

frequency of intact proviral sequences in the EIT study group. NKp30+ CD56dimCD16dim 

NK cells and total NKp30+ NK cells were both negatively associated with the frequency 

of intact proviral sequences, whereas CD56−CD16dim NK cell subpopulations expressing 

NKG2D were reduced in the EIT group and showed a positive correlation with intact 

proviral species (Fig. 3H). CD161+ CD56−CD16dim NK cells, which displayed a similar 

fractional abundance in the EIT group as in HUU/HEU infants and adults, were also 

positively associated with the frequency of intact proviral sequences. Although these 

findings involve relatively few study subjects and, therefore, require further investigations 

in larger cohorts, these statistical linkages suggest a role for NK cell responses in shaping 

and structuring the viral reservoir in the developing neonatal immune system, at a time when 

adaptive immune responses are immature.

To further explore innate immune activity in our study population, we investigated 

myeloid immune cell populations that have critical roles in antimicrobial immune defense 

by acting as professional antigen-presenting cells and by executing antiviral activities 

through phagocytosis and cytokine secretion. Myeloid and plasma-cytoid dendritic cells 

demonstrated no detectable numeric or phenotypic differences between study cohorts (fig. 

S5), and the proportion of total monocytes was significantly lower in the EIT group relative 

to HIV-negative adults and the control children (Fig. 4, C and E). However, the relative 

proportion of classical CD14dimCD16− monocytes, characterized by improved phagocytic 

activity (37), was significantly larger (P = 0.001) in the EIT group compared with the HEU 

group and reached frequencies that were almost equivalent to HIV-negative adults (Fig. 
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4D). In contrast, the CD14dimCD16dim intermediate and CD14low/− CD16bright nonclassical 

subsets of monocytes, typically associated with immune activation and inflammation (38), 

were reduced in EIT infants relative to HIV-1–negative counterparts (Fig. 4D). No difference 

in monocyte subset distribution was noted between the EIT group and controls (Fig. 

4F). Among EIT study participants at baseline, we noted an inverse statistical association 

between classical monocytes and the corresponding intact proviral reservoir size, whereas 

proportions of intermediate and nonclassical monocytes were positively associated with 

the frequency of intact proviral sequences (Fig. 4G). Together, these data show that rapid 

initiation of ART in neonates results in a relative expansion of classical monocytes that is 

associated with decreasing intact viral reservoir size.

Immune activation and antiviral T cell responses

In a subsequent phenotypic and functional characterization of adaptive cellular immune 

responses, we observed that naïve T cells dominated the CD4+ and CD8+ T cell 

compartments in neonates and progressively declined longitudinally, as expected based on 

prior studies involving uninfected infants (39, 40). Proportions of naïve and memory CD4+ 

and CD8+ T cells in EIT study participants did not significantly differ from control children 

with delayed antiretroviral initiation or from HEU and HUU infants (Fig. 5A). However, 

a global analysis of T cell immune activation markers—including human leukocyte antigen–

DR (HLA-DR), CD38, programmed cell death protein-1 (PD-1), and CD127—differed 

profoundly between EIT children and other comparator groups (Fig. 5B and fig. S6, A 

and B). Most pronounced differences were observed for the CD38+ HLA-DR+ CD4+ 

and CD38+HLA-DR+ CD8+ T cell subsets, which have been previously identified as 

independent predictors of HIV-1 disease progression and mortality (41, 42); these cells 

showed substantial proportional increases in EIT children relative to HUU/HEU infants and 

HIV-negative adults, but considerable decreases compared with control children with HIV-1 

infection (Fig. 5, C and D).

In this relatively small dataset, there was no statistically significant association between 

activated CD4+ and CD8+ T cells and the corresponding frequencies of total, intact, or 

defective proviruses. The functional profile of antigen-specific CD4+ and CD8+ T cell 

responses to staphylococcus enterotoxin B (SEB) did not differ between EIT and control 

children (Fig. 5E and fig. S6C), but longitudinally increased in diversity for both groups (fig. 

S6D). Although the magnitude of HIV-1–specific T cells in both study groups was low, we 

noted that HIV-1 Gag–specific CD4+ and CD8+ T cells in the EIT group displayed a more 

polyfunctional profile relative to the control group; this profile was particularly pronounced 

for interleukin-2 (IL-2)–secreting HIV-1–specific CD8+ T cells, which accounted for a 

substantial proportion of all HIV-1–specific cytotoxic T cells in early-treated children but 

were practically undetectable in children with delayed onset of therapy (Fig. 5F and fig. 

S6E). CD8+ T cells at birth showed little or no expression of Tbet and Eomes, two 

transcription factors required for effective antiviral immune responses (43). During the 

ensuing time of follow-up, a distinct population of Tbethi and Eomeshi CD8+ T cells 

emerged that strongly expressed perforin and granzyme B (Fig. 5, G to I) and eventually 

represented the dominant T cell population at week 84 of follow-up. In contrast to innate 
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immune parameters, there were no statistical associations between HIV-1–specific T cell 

responses and the size or structural composition of viral reservoir cells.

DISCUSSION

Neonates and infants are among the individuals who are most vulnerable to infection 

with HIV-1 and in whom the benefits of modern combination ART are most obvious. 

Empiric postdelivery ART for neonates at a higher risk for vertical HIV-1 transmission is 

now recommended in the United States (44). However, the initiation of ART in neonates 

immediately after birth remains a substantial logistical and infrastructural challenge in 

areas most affected by the HIV-1 epidemic and is currently not routinely performed in 

most sub-Saharan countries (45). A better understanding of the clinical, immunological, 

and virological effects induced by early initiation of ART will likely be instrumental 

for developing tailored and optimized treatment interventions for neonates with HIV-1 

infection and may translate into improved treatment guidelines and management practices. 

The present study demonstrates a multitude of advantages of immediate ART after birth, 

including a substantially reduced viral reservoir size, an innate immune profile with multiple 

features suggestive of improved antiviral activity, and a decrease in abnormal T cell 

activation that represents an independent predictor of HIV-1–associated morbidity (46).

In addition to highlighting distinct immunological advantages of early treatment initiation, 

our longitudinal evaluation of intact and defective viral sequences also allows for rare insight 

into the dynamics of viral reservoir establishment immediately after birth. We here used a 

near–full-length HIV-1 sequencing approach, which captures all intact proviral sequences, 

including the considerable number of sequences that do not respond to reactivation stimuli 

in single-round viral outgrowth assays but nevertheless represent an important component 

of the functional viral reservoir (24). Our data demonstrate a markedly faster decline of 

intact HIV-1 DNA sequences relative to their defective counterparts, which may, at least, 

partially reflect immune-mediated selection mechanisms that favor long-term persistence 

of cells harboring genetically impaired proviruses. CD4+ T cells encoding intact, replication­

competent HIV-1 may be more susceptible to host immune activity compared with cells 

harboring defective viral sequences that typically display more limited viral transcriptional 

activity and may be less exposed to immune recognition (47). Together, these results 

suggest that virally infected cells are subject to strong selection mechanisms from the early 

onset of ART and that only a small subset of infected cells have the ability to develop 

into a stable, long-lasting reservoir. This point is further supported by our analysis of 

chromosomal integration sites of intact proviral sequences in neonates, which showed that 

intact proviruses detected immediately after birth frequently shared the same directional 

configuration as host genes, as opposed to intact proviral sequences from long-term–treated 

patients with HIV-1 in whom the majority of intact proviruses were integrated in the 

opposite direction to host genes (17). This observation is most compatible with selection 

mechanisms that favor long-term persistence of intact proviruses in opposite orientation to 

host genes during prolonged ART.

Our study showed that the decay of intact and defective proviral sequences mostly occurred 

within the first 24 weeks after treatment initiation and subsequently plateaued. These 
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dynamics of viral reservoir decline may reflect preferential elimination of short-lived viral 

reservoir cells during early stages of ART, whereas long-lasting reservoir cells persist. The 

definition of individual CD4+ T cell subsets that serve as viral reservoirs will therefore be 

a critical next step for exploring evolutionary patterns of viral reservoirs in neonates. In 

contrast to adults, neonatal CD4+ T cells consist, to a large extent, of naïve cells; naïve cells 

are less susceptible to HIV-1 in adults (48) but were frequently found to harbor replication­

competent HIV-1 in ART-treated infant rhesus macaques (18). In addition, neonatal CD4+ 

T cells typically display a marked deficiency in TH1-polarized cells (49), which represent 

an important component of viral reservoir cells in adults (25). Moreover, CCR5 expression, 

denoting a substantial proportion of the adult viral reservoir cell pool (50), is diminished in 

circulating (51) but not intestinal (52) neonatal CD4+ T cells. Last, regulatory CD4+ T cells, 

frequently associated with viral reservoir persistence in adult HIV-1 infection (53), can be 

expanded during fetal and neonatal development (54). A more detailed analysis of individual 

CD4+ T cell subsets that constitute the viral reservoir in neonates and infants is technically 

difficult, given the low number of cells available from such research subjects, but represents 

a high-priority future research topic (55).

An important finding in this manuscript is the distinct innate immune response profile that 

was selectively observed in EIT study participants. We observed that ART initiation at birth 

resulted in substantially increased frequencies of NK cell subsets with phenotypic features 

of higher functionality, whereas NK cell subpopulations associated with impaired functional 

properties were decreased. This represents an apparent contrast to the neonatal immune 

system of HIV-1–uninfected newborns, in whom we and others (56) found an enrichment of 

NK cells with phenotypic properties suggestive of lower cytotoxic potency. Because antiviral 

neonatal immune defense relies, to a considerable extent, on innate immune mechanisms due 

to a frequent TH2 polarization bias of adaptive cellular immune responses (57–59), these 

data suggest that early treatment initiation can make a substantial contribution to stabilizing 

and enhancing antimicrobial immune protection during the initial weeks after birth, when 

neonates are highly vulnerable to microbial pathogens. We also observed that NK and 

monocyte subsets with phenotypic features of higher antiviral activity were inversely related 

to intact proviral reservoir size, in notable contrast to adults with hyperacute HIV-1 infection 

in whom viral reservoir size seemed to be primarily associated with HIV-1–specific T cell 

responses (13). However, in our analysis of neonates with HIV-1 infection, HIV-1–specific 

T cells were weak and did not correlate with frequencies of either intact, defective, or total 

proviral sequences. Although antiviral T cell responses can be primed in utero in infected 

infants (60), it is likely that rapid initiation of ART reduced viral antigen exposure and 

dampened the evolution of antiviral T cell responses. Together, these findings raise the 

possibility that innate immune activity in neonates can influence the size and composition 

of the evolving viral reservoir, possibly resonating with the recent identification of innate 

NK cell–mediated immune responses as possible drivers of low viral reservoirs in subgroups 

of adults with HIV-1 infection who develop a sustained drug-free remission after ART 

initiation in acute HIV-1 infection (61).

Recent observations in animal models of SIV-infected rhesus macaques suggest that 

extremely early ART initiation may provide a distinct window of opportunity for curative 

strategies of HIV-1 infection (62). Likewise, in adults with HIV-1 infection, spontaneous 
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posttreatment control is more frequently encountered in individuals with early treatment 

initiation than in individuals with delayed ART onset (63, 64). The additional follow-up 

of our study participants, some of whom have elected to participate in an interventional 

clinical trial with broadly neutralizing antibodies, might reveal additional benefits of rapid 

ART initiation that are not immediately evident with the relatively short follow-up data 

that are currently available. Although our study cohort is too small to be considered as 

a basis for practice-changing implementations of immediate, postdelivery “test and treat” 

strategies in all infants at risk for vertical transmission in sub-Saharan Africa, it provides 

strong scientific support for advocating immediate initiation of ART in neonates with HIV-1 

infection and may, if confirmed and expanded in other studies, have an important influence 

on the management of neonatal HIV-1 infection.

MATERIAL AND METHODS

Study design

Samples from 10 children with HIV-1 infection were collected in Botswana as part of the 

EIT Study (NCT02369406). In addition, PBMC samples were collected in Botswana from 

10 control children with HIV-1 infection and ART onset later in the first year of life, from 

HIV-negative infants (25 HUU and 29 HEU), and from 10 HIV-uninfected adults. Study 

protocols were approved by the Botswana Ministry of Health, the Harvard School of Public 

Health, and the Partners Human Research Committee (the local institutional review board 

for MGH and BWH). PBMCs from an additional cohort of adults with HIV-1 infection (n 
= 31) were recruited at the Massachusetts General Hospital and the Brigham and Women’s 

Hospital (both in Boston, MA) according to protocols approved by the Partners Human 

Research Committee. Clinical and demographical characteristics of study participants are 

summarized in table S1. Written informed consent was documented from all adult study 

participants; for underage children, written consent was obtained from their legal caregivers 

in accordance with the Declaration of Helsinki. Primary data are reported in data file S1.

Sample processing

Blood samples from neonates and infants were collected using heel sticks or venipuncture; 

samples from adults were obtained by venipuncture. Blood samples were subjected to 

PBMC isolation using standard Ficoll-Paque density gradient centrifugation. Cryopreserved 

PBMC samples were sent by air cargo transportation from Botswana to Boston for analysis. 

Timeline of collected PBMC samples binned into immunology and virology assays is shown 

in fig. S1.

Droplet digital PCR

PBMCs were subjected to DNA extraction using commercial kits (QIAGEN AllPrep 

DNA/RNA Mini Kit or QIAGEN DNeasy kit) according to the manufacturer’s instructions. 

Total HIV-1 DNA was amplified using the QX100 Droplet Digital PCR System (ddPCR; 

Bio-Rad) using primers and probes described previously (65) [127–base pair (bp) 5′-LTR–

gag amplicon; coordinates 684 to 810 in HIV-1 reference strain HXB2) and normalized to 

the RPP30 gene. PCR was performed using the following program: 95°C for 10 min, 45 

cycles of 94°C for 30 s and 60°C for 1 min, 72°C for 1 min. Data were analyzed using the 
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QuantaSoft software (Bio-Rad). When viral copies where undetectable, data were reported 

as “limit of detection” (LOD), calculated as 0.2 copies per maximum number of cells tested 

without target identification.

HIV near–full-genome sequencing

Genomic DNA diluted to single HIV-1 genome levels based on Poisson distribution statistics 

and ddPCR results or whole-genome amplification products was subjected to HIV-1 near–

full-genome amplification using a one-amplicon (25) or five-amplicon approach (17) with 

primer sets adjusted to clade C sequences. Briefly, 1 U per 20-μl reaction of Invitrogen 

Platinum Taq (#11304-029) was incubated with 1× reaction buffer, 2 mM MgSO4, 0.2 

mM dNTP, and 0.4 μM each of forward and reverse primers; PCR programs were run 

as described previously. PCR products were visualized by agarose gel electrophoresis. 

Amplification products were subjected to Illumina MiSeq sequencing at the Massachusetts 

General Hospital (MGH) DNA Core facility. Resulting short reads were de novo assembled 

using Ultracycler v1.0 and aligned to HXB2 to identify large deleterious deletions (<8000 

bp of the amplicon aligned to HXB2), out-of-frame indels, premature/lethal stop codons, 

internal inversions, or 5′-LTR defect (≥15 bp insertions and/or deletions relative to HXB2), 

using an automated in-house pipeline written in R scripting language (66, 67). Presence/

absence of APOBEC3G/3F–associated hypermutations was determined using the Los 

Alamos HIV Sequence Database Hypermut 2.0 program (68). Viral sequences that lacked 

all mutations listed above were classified as “genome-intact.” Multiple sequence alignments 

were performed using MUSCLE (69). Phylogenetic analyses were conducted using MEGA 

X, applying maximum likelihood approaches (70). Viral sequences were considered clonal 

if they had completely identical consensus sequences; single-nucleotide variations in primer 

binding sites were not considered for clonality analysis. Viral sequences were deposited in 

GenBank (accession numbers MK457765–MK458272). When viral DNA sequences were 

undetectable, data were reported as LOD, calculated as 0.5 copies per maximum number of 

cells tested without target identification.

Whole-genome amplification

For selected participants from whom sufficient cells were available, extracted DNA was 

diluted to single viral genome levels according to ddPCR results so that one provirus 

was present in about 20 to 30% of wells. Subsequently, DNA in each well was subjected 

to multiple displacement amplification (MDA) with phi29 polymerase (QIAGEN REPLI­

g Single Cell Kit) per the manufacturer’s protocol. After this unbiased whole-genome 

amplification, DNA from each well was split and separately subjected to viral sequencing 

and integration site analysis, as described below. If necessary, a second-round MDA reaction 

was performed to increase the amount of available DNA.

Integration site analysis

Integration sites associated with each viral sequence were obtained using ligation-mediated 

PCR [Lenti-X Integration Site Analysis Kit (Clontech #631263)] and/or integration 

site loop amplification (28). No modifications were made to these protocols except 

in Lenti-X: In addition to the 5′-LTR–associated integration site amplification, we 

added a 3′-LTR–associated integration site amplification reaction using nested LTR1 
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(5′-CTTAAGCCTCAATAAAGCTTGCCTTGAG-3′, HXB2 9602 forward) and LTR2 (5′­
AGACCCTTTTAGTCAGTGTGGAAAATC-3′, HXB2 9686 forward) primers. Resulting 

PCR products were subjected to next-generation sequencing using Illumina MiSeq. Control 

cells (8E5/LAV cell line; NIH AIDS Reagent Program #95) were included in most 

experimental conditions and consistently retrieved integration site chr13-67485907 (3′­
LTR) and 67485903 (5′-LTR). MiSeq paired-end FASTQ files were demultiplexed and 

analyzed using the following bioinformatics approach: Small reads (142 bp) were aligned 

simultaneously to human reference genome GRCh38 patch 12 and HIV-1 reference genome 

HXB2 using bwa-mem (71). Chimeric reads containing both human and HIV-1 sequences 

were evaluated for mapping quality based on (i) absolute counts of chimeric reads, (ii) 

percentages of chimeric reads per total, (iii) depth of sequencing coverage in the host 

genome adjacent to the viral integration site, and (iv) HIV-1 coordinates mapping to the 

terminal nucleotides of the viral genome. The final list of integration sites was checked 

against GENCODE v28 (72). Repetitive genomic sequences harboring HIV-1 integration 

sites were identified using RepeatMasker (73). A functional categorization of targeted genes 

was performed using Ingenuity Pathway Analysis (74).

Flow cytometry

PBMCs were thawed, stained with LIVE/DEAD Blue Viability Dye (Invitrogen) for 20 min 

and subsequently preincubated for 10 min with 2 μl of FcR blocking reagent. Afterward, 

cells were incubated for 20 min with different combinations of appropriately titrated 

antibodies directed against CD19 (HIB19; BioLegend), HLA-DR (TU36; BD Bioscience), 

CCR7 (G043H7; BioLegend), CD45RA (HI100, BioLegend), CD3 (UCHT1, BioLegend), 

CD38 (HIT2, BioLegend), CD127 (A019D5, BioLegend), CD8a (RPA-T8, BioLegend), 

PD1 (EH12.2H7, BioLegend), CD4 (RPA-T4, BD Bioscience), CD14 (HCD14, BioLegend), 

NKG2D (1D11, BioLegend), NKp30 (P30–15, BioLegend), CD56 (HCD56, BioLegend), 

CD161 (HP-3G10, BioLegend), CD123 (6H6, BioLegend), CD11c (3.9, BioLegend), and 

CD16 (3G8, BD Bioscience). Subsequently, the cells were fixed in 2% paraformaldehyde 

in phosphate-buffered saline (PBS) and acquired on a BD 5LSRFortessa cytometer (BD 

Bioscience) at the Ragon Institute Imaging Core Facility at MGH.

To analyze HIV-1–specific T cell responses, PBMCs were rested in R10 medium for 4 

hours at 37°C in 5% CO2 and then incubated with an HIV-1 consensus clade C Gag 

peptide pool (mix of 121 overlapping 15-mer peptides at 2 μg/ml for each peptide, NIH 

AIDS Reagent Program #12756) or SEB at 0.4 μg/ml (Sigma-Aldrich) in the presence of 

anti-CD28 and anti-CD49d at 1 μg/ml (BD Bioscience) and antibodies against CD107a 

and CD107b (clones H4A3 and H4B4, respectively, BD Bioscience). After 1 hour of 

incubation, brefeldin A at 5 μg/ml (BioLegend) and monensin at 1 μg/ml (BD Bioscience) 

were added, and cells were incubated for an additional 12 hours. An unstimulated negative 

control that lacked antigenic peptides but was otherwise treated identically was included 

for each patient. After stimulation, cells were washed and stained with LIVE/DEAD 

Blue Viability Dye (Invitrogen), followed by preincubation with 2 μl of FcR blocking 

reagent and surface staining with antibodies against CD4 (RPA-T4; BD Bioscience), CD8a 

(RPA-T8, BioLegend), and CD3 (UCHT1, BioLegend). After a 20 min of incubation, 

cells were washed, fixed, and permeabilized using the FoxP3 transcription factor buffer 
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kit (eBioscience) for 30 min at 4°C. Intracellular cytokine staining was performed 

with antibodies against interferon-γ (IFN-γ) (4S.B3, BioLegend), IL-2 (MQ1-17H12, 

BioLegend), perforin (B-D48, BioLegend), tumor necrosis factor–α (TNF-α; MAb11, 

BioLegend), granzyme B (GB11, BD Bioscience), and monoclonal antibodies against Tbet 

(4B10, BioLegend) and Eomes (WD1928, eBioscience) for 30 min at 4°C. Subsequently, 

the cells were fixed in 2% paraformaldehyde in PBS and acquired on a BD 5LSRFortessa 

cytometer (BD Bioscience). Unstimulated controls were run for each sample and subtracted 

as background. Data were analyzed using FlowJo v.10.5.3 software (Tree Star LLC) and 

using the Simplified Presentation of Incredibly Complex Evaluations (SPICE) software 

(version 6.0) (75); gating strategies are summarized in figs. S7 and S8.

Statistical analyses

Experimental variables between two groups of participants were analyzed using a two-sided 

Mann-Whitney U test or a Wilcoxon matched-pair rank test, as appropriate. Differences 

were tested for statistical significance between three or more groups using the two-sided 

Kruskal-Wallis nonparametric test with post hoc Dunn’s multiple comparison test. Statistical 

associations were assessed using linear regression tests. The decrease of intact or defective 

viral sequences over time was fitted to an exponential decay model, and the rate of the decay 

was estimated using a nonlinear least-squares method; decay rates were compared using 

Wilcoxon signed-rank test. Data are presented as circos plots, pie charts, violin plots, bar 

charts, box-and-whisker plots, and heat maps. All statistical analyses were performed using 

GraphPad Prism 8.0.1 and SPICE software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Immediate antiretroviral treatment initiation in neonates with HIV-1 infection leads to 
markedly reduced HIV-1 reservoirs.
(A and B) Longitudinal analysis of cell-associated HIV-1 DNA (A) (determined by ddPCR) 

and genome-intact or defective proviral sequences (B) (determined by single-genome, near–

full-length next-generation sequencing) in neonates with antepartum (AP; n = 9) and 

peripartum (PP; n = 1) HIV-1 infection at indicated time points after initiation of ART. 

Data from children with delayed treatment initiation (Controls; median of 93 weeks after 

treatment initiation, n = 10) and from long-term ART–treated adults (median of 16 years 

after treatment initiation, n = 31) are shown for comparison in (A). (C) Cross-sectional 

comparison of the relative frequency of genome-intact and defective proviral sequences in 

children with early treatment initiation (EIT; week 84/96 after beginning of ART, n = 9), 

delayed treatment initiation (Controls; median of week 93 after beginning of ART, n = 10), 

and ART-treated adults with chronic HIV-1 infection (median of 16 years after beginning 

of ART, n = 31). Box-and-whisker plots in (A) reflect median, minimum, maximum, and 

interquartile ranges. Dot plots with mean and SEM are shown in (B) and (C). Significance 

was tested using a two-sided Kruskal-Wallis with post hoc Dunn’s multiple comparison test 

between longitudinal time points or groups and a Wilcoxon test between pairs. LOD, limit of 

detection, calculated as 0.2 (ddPCR) or 0.5 (single-genome near–full-length PCR) copies per 

maximum number of cells tested without target identification (see Materials and Methods 
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for details). (D) Decay kinetics of intact and defective proviral HIV-1 sequences during 

the first 24 weeks after treatment initiation. Significance was calculated using a Wilcoxon 

signed-rank test. (E) Longitudinal analysis of viral reservoir composition in EIT neonates, 

as determined by single-genome near–full-length, next-generation sequencing in samples 

from indicated time points after treatment initiation. Data from control children (Controls) 

and ART-treated adults with chronic HIV-1 infection are shown for comparison. Each pie 

chart reflects relative contribution of HIV-1 amplification products with defined defects or 

genome-intact sequences. Total number of individual sequences included in each diagram 

is listed in the middle of each pie chart. (F and G) Bar diagrams reflecting proportions of 

individual proviral sequences detected once (nonclonal sequences) or detected more than 

once (clonal sequences) at a given time point. (F) Data from all (intact and defective) 

proviral sequences. (G) Data from genome-intact proviral sequences only. The total number 

of individual proviral sequences analyzed at each time point is listed above each bar.
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Fig. 2. Viral sequence diversity and chromosomal integration sites in EIT study participants.
(A and B) Diagrams summarizing viral reservoir sequences aligned to the HXB2 reference 

from indicated study participants. Color coding reflects presence of intact and defective 

proviral species. Numbers of individual analyzed sequences are listed for each patient on the 

vertical axis. (A) All analyzed sequences (from any time point) from the EIT group. (B) All 

analyzed sequences (collected cross-sectionally at median of week 93) from children with 

delayed treatment initiation. (C) Circular maximum likelihood phylogenetic tree including 

all genome-intact sequences (n = 135) obtained from infants with early infant treatment 

(EIT) (“AP,” n = 102 or “PP,” n = 23; data from all time points shown) and from control 

children with delayed treatment initiation (“C,” n = 10). Identical proviruses are highlighted 

by gray boxes. w, week. (D) Circos plot reflecting chromosomal positioning of intact and 

defective proviral sequences from three EIT infants from whom sufficient PBMCs were 

available for proviral integration site analysis. All integration sites were determined using 

cell samples collected at baseline. Number of clonal sequences is highlighted by circular 

symbols. (E to H) Pie charts summarizing features of chromosomal integration sites for 

intact and defective proviruses described in (D). Data reflect proportions of intact and 

defective proviruses located in genic versus nongenic elements (E), in same or opposite 

orientation to host genes (genic sites only) (F), in introns versus exons (genic sites only) 
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(G), and in indicated repetitive genome components [short interspersed nuclear element 

(SINE), long interspersed nuclear element (LINE), and DNA transposon (DNA)] (H). (I) 

Comparison between integration sites of intact proviruses from three EIT study participants 

and three long-term–treated adults described previously (17). Data reflect positions of intact 

proviruses in genic versus nongenic regions (top); the bottom panel indicates orientation of 

integrated proviruses relative to host genes (for proviruses in genic locations). Significance 

was tested using a two-sided Fisher’s exact test in (E) to (I). In (E) to (I), clonal sequences 

were only counted once. (J) Venn diagram reflecting the overlap between genes harboring 

HIV-1 integration sites described in this study and previously described independent 

integration sites by Wagner et al. (n = 288) (28), Maldarelli et al. (n = 1230) (27), Marini 

et al. (n = 156 hotspot genes) (29), and Einkauf et al. (n = 131) (17). (K) Sunburst chart 

representing the functional classification of genes targeted for retroviral integration by type 

and predicted location of encoded gene products. N/A, not available.
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Fig. 3. Association between NK cell responses and intact proviral reservoirs in EIT neonates.
(A and B) Left: Proportion of total NK cells in PBMCs. Right panels: Representative flow 

cytometry dot plots displaying subclassification of NK cells according to CD56 and CD16 

expression in six subsets: I_CD56−CD16dim, II_CD56−CD16bright, III_CD56dimCD16dim, 

IV_CD56brightCD16low, V_CD56brightCD16−, and VI_CD56dimCD16−. Data from 

unstimulated PBMCs from EIT study participants (n = 8), HIV-1 unexposed–uninfected 

infants (HUU; n = 22), HIV-1 exposed–uninfected infants (HEU; n = 22) (all at week 12 

after birth), and HIV-1–negative adults from Botswana (HIV-neg adults; n = 10) are shown 

in (A). Data from the EIT group (week 72, n = 9) and from controls with delayed time 

of treatment initiation (Controls; week 93, n = 10) are shown in (B). (C and D) Fractional 

abundance of defined NK cell populations in indicated study groups. Dot plots with median 

and interquartile ranges are indicated. PP-201, neonate with peripartum HIV-1 infection 

in the EIT study. (E to G) Violin plots reflecting proportions of NKG2D+ (E), NKp30+ 

(F), and CD161+ (G) NK cell subpopulations (defined by CD56 and CD16 expression) 

within the entire NK cell pool. Data from EIT, HEU, and HUU infants (all at week 12) 

and a reference cohort of adults with HIV-1 infection are shown. Significance was tested 

using a two-sided Kruskal-Wallis with post hoc Dunn’s multiple comparison test between 

groups or a two-sided Mann-Whitney U test between two groups. (H) Associations between 
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proportions of indicated NK cell subsets relative to total NK cells and frequency of intact 

HIV-1 proviral sequences at week 12 after initiation of treatment among EIT infants. Linear 

regression coefficients are shown. Shaded areas represent 95% confidence intervals.
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Fig. 4. Frequency and phenotype of monocytes in EIT infants.
(A and B) Representative flow cytometry dot plots reflecting classification of monocytes 

according to CD16 and CD14 expression. (C and D) Proportion of total monocytes (C) and 

monocyte subsets (D) in EIT (n = 8), HUU (n = 22), and HEU (n = 22) infants (all at week 

12) and HIV-1–negative adults (n = 10). (E and F) Proportion of total monocytes (E) and 

monocyte subsets (F) in EIT children at week 72 (n = 9) and from Controls at median of 

week 93 (n = 10). PP-201, neonate with peripartum HIV-1 infection in the EIT study. Dot 

plots with median and interquartile ranges are indicated. Significance was tested using a 

two-sided Kruskal-Wallis with post hoc Dunn’s multiple comparison test between groups or 

a two-sided Mann-Whitney U test between two groups. (G) Statistical association between 

frequency of intact HIV-1 proviruses and proportion of indicated monocyte subsets. Linear 

regression coefficients are shown. Shaded areas reflect 95% confidence intervals.
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Fig. 5. Early initiation of ART in neonates with HIV-1 infection promotes a more polyfunctional 
CD8+ T cell response.
(A) Proportion of indicated CD4+ and CD8+ T cell subsets in different patient groups (CM, 

central memory; EM, effector memory; and TEMRA, effector-memory T cells expressing 

CD45RA). Numbers after each study cohort reflect time (week) of cell sampling. Data from 

EIT study participants include n = 9 subjects at week 0, n = 8 subjects at week 12, n = 

5 subjects at week 24, and n = 9 subjects at week 72; data from n = 10 HIV-negative 

adults, n = 10 Controls, n = 25 HUU, and n = 29 HEU were also included. (B) Heat 

map summarizing the surface expression of indicated phenotypic markers in CD4+ and 

CD8+ T cells from individual study groups. For each surface expression marker(s), data 

from the total T cell compartment and from naïve, central memory, effector memory, and 

effector-memory T cells expressing CD45RA are sequentially shown. (C and D) Box-and­

whisker plots indicating the proportion of CD38+HLA-DR+–positive cells within the CD4+ 

and CD8+ T cell compartment. Left panels show data from EIT, HUU, and HEU infants 

(all at week 12) and HIV-1–negative adults; right panels indicate data from EIT children 

and Controls at weeks 72 to 93 after initiation of ART, respectively. Box-and-whisker 

plots reflect median, minimum, maximum, and interquartile ranges. PP-201, neonate with 

peripartum HIV-1 infection in the EIT study (E and F) Pie charts generated with SPICE 

reflecting proportions of CD4+ and CD8+ SEB− (E) or HIV-1 Gag–specific (F) T cell 
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responses with indicated functional profile (determined by Boolean combination gating) 

in children from the EIT study (n = 10, week 84), Controls (n = 8, week 93), and HIV-1–

negative adults (n = 10). Pie chart colors represent number of effector molecules, whereas 

each effector function is represented by an arc. Significance was tested using a permutation 

test implemented in SPICE software. (G) Flow cytometry dot plots reflecting the expression 

of Tbet and Eomes in CD8+ T cells from a representative EIT study participant at indicated 

time points. (H) Bubble diagrams indicating the longitudinal evolution of Tbet and Eomes 

expression in CD8+ T cells from indicated time points in EIT study participants, control 

children, and HIV-1–negative adults. Pooled data from all analyzed samples in each study 

group are shown; data from n = 10 EIT subjects at week 1 (w1), n = 7 EIT subjects at week 

8 (w8), n = 4 EIT subjects at week 48 (w48), n = 10 EIT subjects at week 84 (w84), n = 

8 Controls (median of 93 weeks of ART), and n = 10 HIV-negative adults were included. 

(I) Bar diagram summarizing the expression of perforin and granzyme B (Grz B) in CD8+ 

T cells classified according to Tbet and Eomes expression in EIT children at week 84 and 

control children at a median of 93 weeks. Values are expressed as median and interquartile 

range. P values were calculated using the Mann-Whitney U test.
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