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II. Dissertation Abstract 

Background:  

If left untreated, HIV-1 infection in infants is detrimental to the immune system 

with lifelong perturbation in the generation of effective cellular and humoral immune 

responses leading to increased morbidity and mortality. The underdeveloped immune 

system of infants leads to high levels of viremia (>100,000 copies/mL plasma), with 

prolonged time to reach the viral load set point and —compared with adult infection— a 

faster pace of disease progression. Therefore, the health benefits of combination 

antiretroviral treatment (cART) that effectively suppresses HIV-1 replication are 

enormous to a perinatally infected infant and more pronounced when started early (within 

three months of life) in the course of infection. However, despite the clear benefits of an 

early reduction of viral load, HIV-1 infection is accompanied by a cascade of 

inflammatory processes that are not normalized with cART. The inflammatory cascade is 

hypothesized to be driven in part by HIV-1-mediated mucosal injury and microbial 

translocation. In HIV-1-infected adults, the heightened inflammatory milieu has been 

associated with increased morbidity, reduced vaccine responses, and increased mortality. 

The extent of inflammation and its ill effects, including the responses to immunizations, 

are undefined in perinatal HIV-1 infection and are the focus of the first objective of my 

thesis work.  

An important consideration for treatment of HIV-1 infection is that while cART 

can control HIV-1 replication for decades, it is not curative due to an early established 

HIV-1 reservoir in latently infected memory CD4+ T cells (the latent reservoir), 
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necessitating lifelong treatment. There are now intense research efforts to shrink these 

viral reservoirs in order to achieve a state of HIV-1 remission where infected individuals 

can potentially stop their cART without viremic rebound. Heightened inflammation and 

immune activation in infected adults also appear to contribute to maintenance of the 

latent reservoir, highlighting the importance of an inflammatory milieu in HIV-1 

remission and curative efforts.   

It appears, however, that treatment of HIV-1 during acute infection in adults 

restricts the size and composition of the latent reservoir towards lower infection rates of 

long-lived central memory cells. Achieving low reservoir size (considered < 2.3-log10 or 

199.5 HIV-1 DNA copies/million peripheral blood cells) through early treatment has 

emerged as an important prerequisite to enable HIV-1 remission, but is likely not the only 

contributor to this outcome.  

With perinatal HIV-1 infection, unlike infection in adults, early treatment is more 

feasible due to knowledge of timing of exposure from maternal infection. This enables 

early testing and treatment. Understanding the dynamics of the generation and clearance 

of HIV-1-infected cells with early, long-term cART in perinatal infection is critical for 

guiding strategies to achieve virologic remission, but has not been intensively 

investigated. This is the focus of the second aspect of my thesis work. 
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Objectives:  

1) To test the hypothesis that the level of inflammation and immune activation induced in 

infants by perinatal HIV-1 infection reduces the efficacy of the humoral responses to oral, 

live pentavalent rotavirus vaccine (RV5). This study was performed in the context of a 

double-blind, placebo-controlled clinical trial (IMPAACT P1072) sponsored by the NIH 

Clinical Trials Network of pentavalent rotavirus vaccine (RV5) in HIV-1 infected and 

exposed-uninfected African infants. This study was conducted before the widespread 

roll-out of rotavirus vaccines in Sub-Saharan Africa. 

2) To test the hypothesis that children who receive an early initiation of cART will 

increase the clearance of infected cells and reduce the proviral reservoir size compared to 

children who have a delay in beginning cART. A study of HIV-1-infected cell 

frequencies before and following cART in the first two years of life was conducted in 

perinatally infected infants enrolled in a clinical trial of early therapy (IMPAACT 

P1030). This was a Phase I/II clinical trial of pharmacokinetic properties of the HIV-1 

protease inhibitor lopinavir/ritonavir in infants. A second study on HIV-1 decay was 

performed in older children and youth enrolled in a prospective cohort study in the U.S. 

(PHACS Cohort) of the long-term outcomes of perinatal HIV-1 Infection.  

 

Methods: For the first objective, we determined inflammation and immune activation in 

infants enrolled in the IMPAACT P1072 trial by measuring plasma cytokines (IFNγ, IL-

1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNFα) and a monocyte/macrophage 

activation marker (soluble CD14) before and following receipt of RV5. Humoral 
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responses were assessed by measuring both serum neutralizing antibodies (SNA) to the 

RV5 viral capsid proteins (G1, G2, G3, G4 and P1[A]), in addition to serum and copro 

anti-rotavirus IgA. Cytokines and sCD14 results were analyzed by HIV-1 infection 

status, receipt of vaccine, age, exposure to breastmilk and humoral responses to RV5.  

For the second objective, we optimized a highly sensitive and precise method of 

quantifying HIV-1 DNA and cell-associated HIV-1 RNA in circulating PBMC using 

droplet digital PCR (ddPCR). We determined the concentrations of HIV-1-infected cells 

occurring during perinatal infection, their transcriptional activity (measured by cellular 

HIV-1 RNA species [multiply-spliced (ms) and unspliced (us)] and the effects of early 

cART on the short- and long-term decay dynamics of HIV-1-infected cells with perinatal 

infection. A group of control subjects who did not achieve effective virologic suppression 

until after infancy was also studied to examine the effects of delayed virologic control on 

HIV-1 reservoir formation and clearance.  

 

Results: For objective 1, we found that by 3 months of age and prior to vaccination, 

acquiring HIV-1-infection led to higher levels of cytokines, mostly inflammatory (IFNγ, 

IL1-β, IL-2, IL-6, IL-8, IL-10 and TNFα), in addition to the monocyte/macrophage 

activation marker, sCD14, when compared with infants who were HIV-1 exposed but 

uninfected (HEU). After adjusting for age and exposure to breast milk, concentrations of 

all cytokines but IL-8 remained significantly higher in the HIV-1-infected infants 

compared with the HEU infants. Among HIV-1-infected infants, lower WHO weight-for-

age Z-scores and higher levels of plasma viral load were significantly correlated with 

elevated concentrations of ≥1 biomarkers. Importantly, overall antibody responses, 
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including serum IgA to RV5, were comparable in the HIV-1-infected infants compared 

with the HEU infants. Having higher concentration of IL-10 at pre-vaccination was 

correlated with lower concentration of SNA to virus capsid antigens G1 and P1[A] post-

vaccination. Similarly, higher concentration of IFNγ was also associated with lower 

concentration of SNA to G1. The lack of effect of inflammation and immune activation 

on short-term responses to RV5, particularly the IgA responses, is promising, although 

whether there are long-term effects on the durability of immune response is unknown and 

requires further study. 

For the second objective, we found that CD4+ T cells in infancy—despite having 

sub-optimal immune response to pathogen-associated molecular patterns (PAMP)—are 

quite permissive to HIV-1 infection. By the time the infant is 2 months old, HIV-1-

infected cells reach a median concentration of 3.2 log10 copies per million PBMCs, 

analogous to concentrations reported in adults. We also found that before cART, HIV-1-

infected cells have high transcriptional activity with high concentrations of both ms- and 

us-HIV-1 RNA species. With cART, a substantial proportion of transcriptionally active 

cells were cleared (99%) within the first 24 weeks of cART, supporting clearance of the 

shorter-lived, productively-infected cells. The estimated decay rates did not change after 

adjusting for concurrent CD4+ T-cell percentages, suggesting the decrease observed in 

HIV-1-infected cell concentrations was due to clearance of infected cells rather than to a 

dilutional effect from immune reconstitution. Importantly, the concentration of HIV-1-

infected cells before cART was associated with time to undetectable plasma viral load, 

suggesting ongoing viremia from long-lived cells generated pre-cART. Early reservoir 

establishment is also supported by our finding that the concentrations of HIV-1-infected 
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cells persisting under cART through two years of age was highly correlated with the 

starting concentration. With 96 weeks of cART, HIV-1 DNA concentrations exceeded 

replication-competent genomes by 148-fold, emphasizing early and large contributions of 

defective genomes in the pathogenesis of HIV-1 infection; however, low-levels of 

unspliced HIV-1 transcripts remained detectable in 75% of the infants. The mechanisms 

governing the nature and dynamics of persistent HIV transcription during effective cART 

requires further investigation. 

In the second study, we investigated the decay dynamics of HIV-1-infected cells 

and proviral reservoir size following a decade of suppressive cART in children who 

receive an early initiation of cART and achieve prompt virologic suppression compared 

to children who have a delay in cART initiation and virologic suppression. The findings 

from this study illustrated that HIV-1-infected cells are cleared differentially in the first 

two years following virologic control based on the age at which a child achieves 

successful control of HIV-1 replication. HIV-1-infected cells are cleared at a significantly 

faster rate in the first two years of virologic suppression among participants who achieve 

virologic control by 1 year of age compared to between 1 and 5 years of age. This 

observation suggests a greater clearance of productively-infected cells with early 

treatment. After 2 years of virologic suppression, there was no significant difference in 

the clearance of infected cells between the two groups. With a decade of effective 

virologic suppression, HIV-1-infected cell concentrations reached an estimated mean of 

0.99 log10 copies per million PBMC in the children who controlled virus replication by 1 

year of age. We also examined whether the substantial ongoing decay of HIV-1 infected 

cells with durable cART might be due to dilution of infected cells as a consequence of 
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immune reconstitution and possibly lymphoid expansion due to somatic growth. 

However, this is less likely as the HIV-1 DNA decay rates did not change after adjusting 

for CD4+ T cells count per µL—although mathematical modeling will be required to 

fully address this question. 

 

Conclusions: 

Perinatal HIV-1 infection is associated with early onset of dysregulation of 

inflammation and immune activation pathways that are associated with levels of viremia 

and low weight. High plasma IFNγ and/or IL-10 may impair the generation of 

neutralizing IgG, but not IgA, antibody responses to RV5 vaccines antigens after cART is 

instituted. 

Early initiation of cART, i.e., by two months of age, did not prevent establishment 

of a large pool of transcriptionally active HIV-1-infected cells. The level of HIV-1-

infected cells generated during primary infection influences the time to undetectable viral 

load and reservoir size at 2 years of cART. Importantly, with over a decade of 

suppressive cART, HIV-1-infected cell concentrations continually decreased, irrespective 

of age at cART initiation. HIV-1 DNA slope estimates did not change with adjustments 

for CD4+ T cell counts and percentages, suggesting that immune reconstitution with 

naïve CD4+ T cells or lymphoid expansion from somatic growth are likely not the 

primary mechanisms for the observed decrease of HIV-1 DNA concentrations over time 

in perinatal infection. Moreover, infants who initiate cART early and achieve faster 

virologic control have a rapid initial decay of HIV-1 DNA that results in an extremely 
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small HIV-1 proviral reservoir that is substantially smaller than that observed in adults 

initiating cART during acute infection. Data from the above two studies (P1030 and 

PHACS) on the concentration of HIV-1-infected cells will inform clinical trials aimed at 

achieving HIV-1 remission and cure for this population. 
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1.1. HIV-1 life cycle 
 

Human Immunodeficiency Virus (HIV) is a Lentivirus that belongs to the 

Retroviridae family. Two types of HIV viruses have been identified: HIV-1 and HIV-2, 

both of which are infectious to humans. HIV-1 is more virulent and causes the vast 

majority of the global infections [1]. HIV-2 is less virulent and infects a smaller number 

of people, mostly in West Africa. The high genetic variability of HIV-1 makes it 

challenging for immune control and vaccine design, due to: the low fidelity of the viral 

reverse transcriptase which leads to high error rates (3X10-5 

mutations/nucleotide/replication cycle) during the process of viral cDNA synthesis;  high 

genetic recombination frequency as a result of template switching during reverse 

transcription; high titers of virus production upon infection (109 particles/day); and large 

number of infected individuals (36.9 million) [2] [1]. There are four distinct groups of 

HIV-1: M (main), O (Outlier), N (non-M, non-O), and P; 98% of isolates are in the M 

group which consists of 9 clades or subgroups (A, B, C, D, F, G, H, J and K) that exist in 

different geographical locations [1]. For example, subtype C variants are the dominant 

subtype in Africa, while subtype B is dominant in North American and Europe. 

HIV-1 has tropism for immune cells that express the CD4 receptor along with the 

chemokine co-receptors CCR5 (R5) or CXCR4 (X4). These include CD4+ T cells and 

CD4+ cells of the macrophage lineage. The virus envelope glycoproteins, gp120 and 

gp41, bind to CD4 and CCR5 on CD4+ T cells, which catalyzes fusion between the viral 

envelope and host cell plasma membrane with release of viral capsid into the cytoplasm 

of the host cell (Figure 1.1) [1]. This is followed by the initiation of reverse transcription 

of the RNA genome to form a double-stranded (ds) linear DNA. The dsDNA associates 
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with viral and host protein to form a pre-integration complex (PIC) that is imported to the 

nucleus under permissive cellular conditions. Most of the PICs do not undergo 

integration and are dead-end products of virus infection. Only a small fraction of the PICs 

undergo integration into the host chromosome, forming proviruses. Transcription of the 

provirus leads to production of viral RNA that is subsequently spliced before nuclear 

export. Viral transcripts are translated in the cytoplasm to produce the precursor proteins 

that undergo proteolytic processing and assembly to form mature virions containing viral 

genomic RNA. Once a provirus is formed, clearance of the proviral DNA occurs only 

upon the death of an infected cell.  

Figure 1.1 HIV-1 life cycle.

 

HIV-1-infection of CD4+ T cell is followed by reverse transcription to form cDNA. Most 
of the cDNA species fails to integrate into host DNA and are dead end products 
(unintegrated DNA, 1 and 2 LTR) of infection. A fraction of the cDNA undergo 
integration and persists stably in the host cells.   

Modified from source: Sloan RD, Wainberg MA. Retrovirology 2011; Fields Virology. 6th 
ed. 
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 There are numerous antiretroviral (ARV) drugs available for the treatment of 

HIV-1 infection. The ARV drug inhibits infection of new cells by targeting different 

stages of the viral life cycle. CCR5 antagonists  block virus entry into the cell through a 

blockade of the chemokine receptor; nucleoside reverse-transcriptase inhibitors (NRTIs) 

and non-nucleoside reverse-transcriptase inhibitors (NNRTIs) block the process of 

reverse transcription, integrase strand transfer inhibitors (INSTIs) block integration of 

viral cDNA into the host DNA, and protease inhibitors (PIs) block maturation of the virus 

particle. However, there are no ARV drugs that block the processes of transcription, 

which would aid HIV-1 remission and curative efforts. ARV drugs that block mature 

virion production through direct binding to the HIV-1 gag protein are under development.  

1.2.Perinatal HIV-1 infection 

        Perinatal HIV-1 infection is the transmission of HIV-1 from an infected mother 

to the infant. Marked progress has been made in the identification and study of ARVs to 

prevent mother-to-child transmission (pMTCT). Currently there are 2.6 million children 

living with HIV-1 globally, with 91% living in Sub-Saharan Africa (2014 UNAIDS). 

With the effective rollout of ARV drugs, from 2009 to 2014 there has been a rapid 

decline in the rate of mother-to-child transmission by 48 % from 2009 to 2014 (UNAIDS, 

2014). Even after the rollout of option B+, where all HIV-1-infected pregnant women are 

eligible for treatment, only 8 out of 10 received ARV drugs to prevent mother-to-child 

transmission (UNAIDS, 2014). In 2014, there were still 220,000 new infections in 

infants, highlighting obstacles to widespread implementation, though this remains a 

major goal (2014 UNAIDS). 
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Perinatal HIV-1 infection can occur via three routes: in utero, intrapartum and 

postpartum (Figure 1.2). In utero transmission occurs typically towards the end of 

pregnancy due to disruption of placenta or chorioamnionitis. Intrapartum transmission 

occurs by maternal-fetal micro-transfusion during contraction and by ingestion of 

infectious maternal blood and other fluids during labor and delivery. Postpartum 

transmission occurs almost exclusively by ingestion of infectious breast milk and is a 

major route of perinatal HIV-1 transmission. In the absence of ARV drugs, the risk of 

transmission to an infant is 15-37% [3]. Hence, effective ARV treatment during 

pregnancy, delivery, and the breastfeeding period dramatically lowers the transmission 

rate to 1-4% [3].  

Figure 1.2 Route and timing of perinatal HIV-1 transmission. 

A.

 
B.
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A. Mother-to-child transmission (MTCT) is the predominant route of perinatal HIV-1 
infection. Transmission of HIV-1 can occur via three routes: during pregnancy (in utero), 
during labor and delivery (intrapartum), and during the breastfeeding period 
(postpartum).  

B. Assignment of mode of transmission. A unique aspect of pediatric HIV-1 infection is 
that the timing of infection can be established through sequential testing for HIV-1 
nucleic acid in blood samples. A positive test within 48 hours of birth indicates in utero 
transmission, while a positive test only after 1 week suggests intrapartum or early 
breastfeeding transmission, and a positive test after 6 weeks indicates postpartum 
transmission in breastfeeding populations. 

 

1.3 Immune development in the context of perinatal HIV-1 infection 

HIV-1 infection is detrimental to the infant. Perinatal HIV-1 is unique because the 

infection is established in the context of a developing immune system. Due to an 

underdeveloped immune system, perinatally-infected infants have rapid disease 

progression with adverse outcomes compared to infected adults [4]. The immature 

immune system in infants leads to high levels of viremia, prolonged time to viral load set 

point, and a faster pace of disease progression compared with adult infection, along with 

increased mortality. This process can be averted with initiation of antiretroviral treatment 

by 3 months of age (early treatment), which is lifesaving [5, 6]. 

HIV-1 primarily replicates in activated CD4+ T cells, which only survive for 

about one day, thereby limiting the infected cell pool on a per day basis (Figure 1.3). 

However, a fraction of productively infected, activated cells survive infection and revert 

to a resting state during the generation of immunologic memory, forming a latent 

reservoir for HIV-1 in memory CD4+ T cells (discussed in detail in Section 1.6.1). 

Within these cells, HIV-1 persists for decades in forms that are not amenable to ARV 

drugs or immune mechanisms, precluding cure of the infection and necessitating life-long 

treatment.  
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Figure 1.3 Post-activation latency model.

 

A fraction of activation antigen-specific CD4+ memory T cells revert to a resting forming 
the latent reservoir. At this state, the latent provirus is transcriptionally silent; hence, 
infected cells cannot be cleared by host immune surveillance. Activation of the latent 
reservoir leads to production of virion and rebound viremia in the absence of cART. 

Modified from source: Sliliciano RF, Greene WC. Cold Spring Harb Perspect Med 2011. 

 

In the first 2 years of life, the majority (79%) of the CD4+ T cells in the 

peripheral circulation are of the naive phenotype with a small contribution of memory 

cells (11%) (Figure 1.4B) [7]. Memory cells are generated upon encounter with cognate 

antigen, which causes the naïve CD4+ T cells to differentiate into effector and memory 

cells. Antigenic exposure increases with age, with memory T cell responses accumulating 

over time and doubling around 2 years of age (Figure 1.4B) [7]. Humoral and cellular 

memory responses are maintained for a long time and confer life-long protection. For 

example, following smallpox vaccination, antiviral cellular response—specifically 

vaccinia-specific CD4+ T cell responses—were maintained over a decade, with a half-life 

of 8-15 years [8]. Within CD4+ T cells, there are several subsets that differ in their 

Rebound 
 Viremia 
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proliferative capacity and lifespan. These include stem cells (TSCM), central memory 

(TCM), and effector memory (TEM) T cells [9].  

There are various models proposed for the generation of memory T cell subsets, 

of which the progressive differentiation pathway is best supported by animal studies, 

where cells follow a differentiation hierarchy, following immune activation  (Figure 

1.4A) [9]. TSCM have high proliferative capacity and long lifespans as they can self-renew 

and differentiate to TCM. TCM can also self-renew and further differentiate to TEM, which 

are shorter lived.  

 Early in infancy, memory CD4+ T cells represent a very small subset of the total 

CD4+ T cell pool. During first 2 months of life, TEM and TTM represent only 0.052% and 

13% of the total CD4+ T cell lymphocytes, respectively (Figure 1.4B) [7]. Since the 

latent reservoir for HIV-1 is established in memory CD4+ T cells, abrogating HIV-1 

replication with early (<3 months of age) or very early (within 48 hours of birth) 

combination antiretroviral therapy (cART) could limit infection in memory CD4+ T cells 

in infants and hence reduce the overall size of the latent reservoir.  

The exact mechanisms for maintenance of memory T cells in humans are not 

clear. Studies have shown that upon re-infection, memory T cells specific to pathogens 

such as influenza virus [10] and Epstein–Barr virus [11]  undergo clonal expansion and 

contraction to ensure persistence of antigen-specific memory cells. Clonal expansion of 

pathogen-specific memory T cells occurs with re-exposure to pathogens, which results in 

rapid expansion of pathogen-specific effector cells for lifelong protection. The process of 

homeostatic proliferation through self-renewal of memory T cells also ensures 

maintenance of memory cells for a lifetime. Lifelong maintenance of immunological 



9 
 

memory is the hallmark of the immune system and the basis for effectiveness of 

childhood immunizations. The fact that the latent reservoir for HIV-1 is formed in 

memory CD4+ T cells enables lifelong persistence of this reservoir. 

 

Figure 1.4 CD4+ T cells in HIV-1 infection. 

A  

 
B

A, Progressive differentiation model for generation of memory cell subsets. B, Expansion 
of the relative number of T lymphocyte subsets (% of total CD4+ T lymphocytes) in 
peripheral circulation with age.  
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Source: Farber DL et al. Nat Rev Immunol 2014; Ellen J.H. Schatorje EJ et al. Scand J 
Immunol 2012. 

 

1.4 HIV-1 infection and immune dysfunction  

Exposure of host immune cells to HIV-1 triggers a cascade of innate immune 

responses [12]. The pathogen-associated molecular patterns (PAMP) from HIV-1 are 

recognized by the host pathogen recognition receptors (PRR) such as toll-like receptors 

(TLR), retinoic acid-inducible gene 1 (RIG-I), cyclic GMP-AMP Synthase (cGAS), and 

interferon gamma-inducible protein 16 (IF16). The recognition of HIV-1 PAMP by host 

PRR activates key host transcription factors such as interferon regulatory factor 3 (IRF3), 

interferon regulatory factor 7 (IFR7), and nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFkB), which stimulates expression of both antiviral and 

proinflammatory genes critical for restricting virus replication and spread. 

Innate immune cells such as monocytes/macrophages, NK cells and dendritic 

cells are the first line of immune defense to aid in controlling viremia as the adaptive 

immune response is formed. Infants are born with cells of the innate and adaptive 

immune systems [7]; however, these cells are not capable of mounting an effective 

immune response upon infection [13]. For example, stimulation of infant-derived antigen 

presenting cells with LPS, a TLR 4 agonist, results in reduced Th1-polarizing responses 

compared to responses in adults. Also, lower levels of complement in an infant ensure 

reduced activation of the adaptive immune system. Overall, in the absence of infection, 

fetal and neonatal immune cells are tolerogenic with a biased towards generation of Th2 
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and Th17 cells; hence, unlike adults, infants are not able to mount the most effective anti-

HIV-1-specific innate and adaptive immune responses.   

Initiation of cART reduces plasma viremia; however, residual viremia persists in 

the majority of treated persons including children. Such persistent low-level production 

of HIV-1 from infected cells likely contributes to the persistent immune activation and 

inflammation (Figure 1.5) [14-21]. In HIV-1-infected adults, irreversible damage to the 

gastrointestinal mucosa has also been implicated with increased microbial translocation 

and systemic immune activation [22, 23]. In addition, it has recently been shown that 

products of abortive HIV-1 infection, mostly in cells nonpermissive towards HIV-1 

replication, can be sensed by PRR-like IF16 that can trigger the inflammasome activation 

pathway. This results in pyroptosis, an inflammatory cell death with release of 

proinflammatory cytokines such as IL-1β and IL-18 [19]. Other events such as co-

infection, dysbiosis, and lymphoid tissue fibrosis can also contribute to the heightened 

inflammatory milieu seen in HIV-1-infected individuals that has emerged as an important 

additional complication of HIV-1, as it is not reversed by long-term suppressive cART 

[14, 24] . Higher rates of non-AIDS-linked comorbidity, mortality, and immune 

senescence (Figure 1.5) are reported in infected adults. The extent, immunopathogenesis 

and long-term effects of inflammation and immune activation in pediatric HIV infection 

have not yet been defined.   
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Figure 1.5 A model for cause and consequence of inflammation and immune 
activation in HIV-1-infected adults.

 
One of the hallmarks of HIV-1 infection is persistent immune activation and inflammation 
that is not reversed by long-term suppressive cART. Residual viremia, translocation of 
microbial products from gastrointestinal tract, co-infection etc. could lead to a persistent 
inflammatory state that has detrimental outcomes such as higher rates of non-AIDS 
linked comorbidity, mortality, immune senescence etc. 

Source: Klatt NR et al., Immunol Rev, 2013; Younas M et al., HIV Med, 2015; Shivakoti 
R et al., J Infect Dis, 2016;  Parmigiani A et al., PLOS One, 2013; Muyanja E et al., J 
Clin Invest, 2014; Brenchley JM et al., Nat Med, 2006; Sandler NG et al., J Infect Dis.   

 

Chronic immune activation may also impact the generation of effective cellular 

and humoral immune responses to routine immunizations. Indeed, enhanced 

inflammation and immune activation were recently reported to modulate immune 

responses to yellow fever vaccine in HIV-1 uninfected African adults [25] and to 

influenza vaccine in HIV-1-infected adults [18]. HIV-1 infected children are known to 

have poor responses to oral vaccines, including oral polio vaccine (OPV) [26, 27]. It is 
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possible that inflammation and its ill effects alter vaccine responses in pediatric patients 

with perinatal HIV-1 infection- this facet of HIV-1 pathobiology has not yet been studied.  

1.5 Inflammation and immune activation in establishment and persistence of HIV-1 

reservoirs  

 HIV-1 reservoirs are established in the context of immune activation and memory 

cell development (see Section 1.6 below). The ongoing inflammatory immune 

environment that results from HIV-1 infection can potentiate establishment and 

maintenance of HIV-1 reservoirs. Multiple mechanisms are likely, including increased 

viral production from infected cells due to the inflammatory cytokine milieu, increased 

new infection events through generation of target cells, and increased proliferation of an 

infected cell coupled with dysfunction of the immune system that prevents ongoing 

clearance of infected cells (Figure 1.6) [14, 24, 28]. Likewise, HIV-1 persistence can also 

drive inflammation and immune activation via ongoing low levels of transcription and to 

some extent mature virion production from the persistent viral genomes. Hence, immune 

activation and HIV-1 persistence may be intertwined, where they support each other. Full 

understanding of their interaction will aid in optimizing treatment strategies towards 

reservoir reduction.  
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Figure 1.6 Inflammation and Immune Activation in the Establishment and 
Persistence of HIV-1 Reservoir. 

One of the hallmarks of HIV-
1 infection is persistent 
immune activation and 
inflammation that is not 
reversed by long-term 
suppressive cART.  An 
inflammatory immune 
environment in the host can 
aid in establishment and 
persistence of viral reservoir 
through multiple 
mechanisms: increased viral 
production, increased new 
infection events through 
generation of target cells, 
increased proliferation of an 
infected cell, and a 
dysfunctional immune system 
that prevents clearance of 
infected cells. 

Source: Nichole NR et al., Immunol Rev, 2013. 

 

1.6 HIV-1 persistence in the resting CD4+ T cell’s latent reservoir  

Latency is defined as a state of viral quiescence where no infectious virions are 

produced from the infected cell, although at any time during the course of infection 

latency can be reversed to produce infectious virions. In HIV-1 infection, viral latency, 

which is established in resting memory CD4+ T cells, enables lifelong persistence of 

HIV-1 and its escape from host immune surveillance and current ARV drugs. Viral 

latency represents a barrier to cure as these genomes can refuel viremia when cART is 

stopped. 

1.6.1 Proposed mechanism for latent reservoir establishment  
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Two proposed models explain the establishment of latency in memory CD4+ T 

cells: the post-activation latency model and the pre-activation latency model [29]. It is 

well established that HIV-1 replicates preferentially in activated CD4+ T cells due to 

availability of the cellular factors required to complete the viral life cycle, which includes 

the process of reverse transcription, nuclear import, integration, transcription, virus 

assembly, and budding (Figure 1.1). This productive state of infection leads to cell death 

from virus-induced cytopathic effects and immune-mediated clearance. In the post-

activation model, the latent reservoir for HIV-1 is thought to be generated when infected, 

activated CD4+ T cells survive and differentiate into resting memory CD4+ T cells to 

provide immunologic memory for a lifetime [30]. The pre-activation latency model 

proposes that HIV-1 can directly establish productive infection in resting CD4+ T cells 

under the right proinflammatory milieu [31]. Once latency is established, there is minimal 

to no transcription of viral DNA and no production of viral proteins. This masks the 

infected cell from host immune surveillance, ensuring viral persistence for the life of the 

cell, forming a latent reservoir. 

HIV-1 latency is maintained through multiple mechanisms that affect viral 

transcription [32]. The transcription factors NF-κB, NF-AT, and AP-1 are required for 

HIV-1 gene expression. In a resting cell, these factors are sequestered in the cytoplasm, 

allowing for the maintenance of a latent provirus. The chromatin structure of the infected 

cell and its transcriptional activity also play a pivotal role in the maintenance of HIV-1 

latency. Epigenetic modifications such as DNA methylation and histone de-acetylation 

affect chromatin structure around the integrated HIV-1 genome, which can block access 

of cellular transcription factors to the HIV-1 LTR, thereby restricting viral gene 
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transcription. HIV-1 preferentially integrates in transcriptionally active genes [33]. 

Transcriptional interference also contributes to HIV-1 latency, where initiation of 

transcription from the host gene may block LTR-driven transcription. Latency can also be 

maintained at a post-transcriptional level by nuclear retention of viral transcripts and 

impairment in RNA export from the nucleus to the cytoplasm [34]. These mechanisms 

need to be targeted to disrupt HIV-1 latency and promote elimination of latently infected 

cells for HIV-1 remission and cure (see Section 1.8).  

The clinical relevance of HIV-1 latency was first identified in 1997 when it was 

shown that latently infected resting CD4+ T cells persist in HIV-1-infected adults 

receiving effective antiretroviral therapy [30, 35, 36]. This was shown to be the case with 

even up to two decades of continuous cART, confirming the stability of this reservoir in 

adults [38]. Likewise, the establishment of a latent reservoir has been demonstrated in 

perinatal infection [37], even with treatment as early as four hours of age (Persaud CROI, 

2013), highlighting the immediate seeding of the latent reservoir. 

Resting memory CD4+ T cells carrying replication-competent viral genomes exist 

at low frequencies (estimated at one per million resting CD4+ T cells) in the peripheral 

circulation of adults and in perinatally-infected children [37, 38]. The extent to which the 

concentrations differ in tissues is not yet resolved but is important for informing studies 

aimed at HIV-1 remission and cure. Longitudinal studies on long-term suppressed adults 

have shown that there was extremely small decay of these cells with a half-life of 44 

months and eradication time of 70 years [30, 38, 39]. Our recent studies, however, show 

that with early and effective long-term treatment of perinatal infection, there is 
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substantial decrease in the frequency of latently infected memory CD4+ T cells (data not 

published), which further distinguishes perinatal from adult HIV-1 infection. 

1.6.2 Additional HIV-1 Reservoirs  

Generally, it is accepted that the latent HIV-1 reservoir in resting CD4+ T cells is 

the main source of residual viremia in patients on suppressive cART, though not the only 

one. Most studies have shown that viral sequences from residual viremia resemble those 

in resting CD4+ T cells; however, residual viremia can be comprised of viruses whose 

sequences are distinct from those in resting CD4+ T cells, supporting additional 

reservoirs [40] such as monocytes/macrophages. Since reservoirs are defined as cells 

allowing for long-term persistence of the virus, it is unclear whether cells of 

monocyte/macrophage lineage truly represent HIV-1 reservoirs, though their role in virus 

dissemination and reservoir, mainly in the central nervous system (CNS), remains to be 

fully elucidated. A recent study on cells of myeloid lineage in SIV-infected macaques has 

shown that productively infected monocytes and macrophages were detected in blood and 

tissues (lungs, spleen and brain) respectively [41]. Since tissue resident macrophages 

have the capacity to self-renew [42] and may persist for long duration, they could serve 

as viral reservoir in patients on suppressive cART.  

The gut-associated lymphoid tissue (GALT) could also be a major viral reservoir. 

HIV-1 infection is characterized by rapid and severe depletion of CD4+ T cells in the 

gastrointestinal tract during primary infection [22]. The burden of HIV-1 DNA is 16-fold 

higher in CD4+ T cells isolated from rectal tissue compared with resting CD4+ T cells 

from the peripheral circulation [43]. To date, the latent pool of HIV-1 in resting memory 

CD4+ T cells represents the best-characterized HIV-1 reservoir. 
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1.6.3 Clinical relevance of the latent reservoir 

The half-life of free HIV-1 in blood is very short (t1/2=6 hours) [44], hence, most 

of the plasma virus comes from short-lived, activated CD4+ T cells, reflecting the high 

production and turnover of virus in untreated infection. With cART, there is an initial 

exponential fall in plasma viral load (pVL) within the first two weeks of therapy, where 

99% of the free virus in blood is cleared owing to the turnover of short lived (t1/2=1.6 

days) activated CD4+ T cells (Figure 1.7) [44]. A second phase of clearance occurs when 

infected cells with longer half-lives of approximately 2 weeks are also cleared. This 

includes partially activated CD4+ T cells and monocyte/macrophages. After this second 

phase decay, the pVL often reaches a level that is below the limit of detection of clinical 

assays (<50 copies/ml), which can be maintained for decades in some patients, including 

in perinatally-infected infants. Hence, prior to the discovery of HIV-1 reservoirs from 

viral latency in memory CD4+ T cells, it was initially hoped that virus eradication could 

be achieved within 3 years of cART, with the assumption that there were no reservoirs 

for HIV-1 [45]; however, it has been established that even 10 or 20 years of cART is not 

curative in adults or children. Ultrasensitive viral load assays can quantify free virus to 

the single copy level. This residual viremia is found in 80% of patients for up to 7 years 

despite suppressive cART [46]. The source of this residual viremia has been postulated to 

be largely, but not exclusively, from the latent reservoir. This has also been shown in 

perinatally-infected children and adolescents [47-49].  
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Figure 1.7 Decay dynamics of plasma virus in patients on cART. 

 

Initiation of combination antiretroviral therapy leads to an exponential decay of HIV-1 in 
peripheral circulation with elimination of 99% of virus in blood. Decay of the plasma 
viral load (pVL) occurs in different stages, reflecting the half-life of an infected cell. 
Residual viremia, which is the low-level production of HIV-1 from an infected cells, 
occurs in 80% of infected adults, thereby leading to rebound viremia (typically in 2-3 
weeks) upon cessation of therapy.  

Source: Modified from Palmer S et al., J Intern Med, 2011. 

The source of residual viremia stems from stochastic reactivation of the latent 

reservoir with antigenic exposure or under permissive inflammatory cytokine conditions. 

This relatively small pool of infected cells residing in the resting memory CD4+ T cells 

pool precludes cure because the viremia is quickly re-established, typically within 2-4 

weeks, if cART is stopped (Figure 1.8) [50]. The goal of newer HIV-1 therapies that are 

now under study is to halt the rapid return of plasma viremia when cART is stopped. 
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Figure 1.8 Rapid rebound of viremia upon cessation of cART in HIV-1-infected 
adults with long duration of virus suppression. 

 

Viral rebound occurred within 2-3 weeks of cART cessation in 18 HIV-1-infected adults 
with 2 years of viral suppression. 

Source: Davey RT et al., PNAS, 1999. 

 

1.7. Monitoring HIV-1’s persistence—relevance to viral remission and cure 

1.7.1 Quantitative Viral Outgrowth Assay  

The quantitative viral outgrowth assay (QVOA) was the first method used to 

demonstrate the existence of the resting memory CD4+ T cell latent reservoir, which 

retained fully infectious proviruses [51]. This quantitative measure is the gold standard of 
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HIV-1 persistence because it directly quantifies the cells that can re-ignite infection when 

therapy is stopped (Table 1.1); there are many limitations to this method, however. It is a 

culture-based assay and requires large amounts of blood from the infected individual. In 

addition, freshly collected blood from HIV-1-uninfected persons is needed for each 

culture assay to serve as a source of stimulator and target cells. The general principle 

relies on potent activation of patient-derived resting CD4+ T cells, along with 

allostimulation from an HIV-1 uninfected donor with provision of target cells (CD8-

depleted, CD4+ lymphoblasts) to capture any infectious HIV-1 released during cellular 

activation with the pan T cell mitogen, PHA. It is the detection of the HIV-1 gag protein 

(p24) in the culture supernatant at 14 or 21 days after co-culture that heralds the presence 

of persistent, replication-intact genomes. This affords quantitation of the induced, 

replication-competent genomes, reported as infectious units per million resting CD4+ T 

cells in the circulation of an infected individual. One recent finding is that not all of the 

intact HIV-1 genomes-—free of defects due to deletions or hypermutations— actually 

become activated under these conditions. It has been estimated that approximately 11% 

of the intact HIV-1 genomes in resting memory CD4+ T cells are not induced after a 

single round of activation [52]. With this, the magnitude of the latent reservoir is assessed 

as being underestimated by about 60-fold by QVOA. This has important implications for 

the field of HIV-1 remission and cure research, where these measures are critical for 

predicting time to virologic rebound when the newer treatment interventions (outlined 

below) are being studied. It has been concluded that QVOA provides only a minimal 

estimate of the frequency of latently infected cells, but comes with the major limitations 
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of poor sensitivity and high cost, and is therefore not feasible for widespread 

implementation in clinical trials.  

Table 1.1 Assays to Quantify HIV-1  

Assay Measure
s 

Excludes Method Advantages Disadvantages 

 QVOA Inducible 
replicatio
ncompete
nt 
genomes 
following 
T cell 
activatio
n. 

Non-
inducible 
replication- 
competent 
DNA. 
Non-
integrated 
DNA (linear 
and 
episomal 
DNA), 
defective 
DNA. 

p24 
ELISA 
testing on 
culture 
supernata
nt. 

Detection of fully 
replication-
competent 
genomes that are 
inducible with 
single round of T 
cell activation. 

Underestimates 
the true size of 
latent reservoir by 
60X as not all 
intact proviruses 
are not induced 
after a single 
round of 
activation. 
Cumbersome for 
large scale clinical 
studies. 
Latent reservoir 
size often beyond 
limit of detection 
with early, long 
term suppression 
in pediatric 
samples. 
 

PCR for 
HIV-1 
DNA 

Total 
HIV-1 
DNA 
(non-
integrate
d & 
integrate
d DNA, 
including 
defective 
provirus) 
 

Primer 
mismatch 
will prevent 
amplificatio
n of HIV-1 
DNA.  

 ddPCR  Feasible for large 
scale clinical 
studies. 
Don’t need viable 
cells. 
 

Measure all HIV-1 
DNA, most of 
which are 
defective and not a 
true measure of 
the latent 
reservoir. 

PCR for 
cell-
associated  
HIV-1 
RNA 

Basal 
intracellu
lar HIV-1 
RNA (ms 
& us),  
mostly 
from 
proviral 
DNA 

Primer 
mismatch. 
Transcriptio
nally silent 
but 
inducible 
HIV-1 
DNA. 

ddPCR Feasible for large 
scale clinical 
studies. 
Allows for 
quantitation of 
transcriptionally 
active genomes. 
 

Need viable cells. 
Transcripts may 
be defective. 
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PCR for 
inducible 
HIV-1 
RNA 

Inducible 
intracellu
lar (ms & 
us) and 
extracell
ular HIV-
1 RNA 
(mature 
virions) 
following 
T  cell 
activatio
n 

Defective 
provirus. 
Provirus that 
are intact 
but not 
transcribed 
after T cell 
activation. 
 

ddPCR Feasible for large 
scale clinical 
studies. 
Requires few days 
(1-3) of cell 
culture. 
 
 

May not measure 
all replication-
competent 
provirus as some 
intact provirus 
may not be 
induced. 
Not a true measure 
of replication-
competency as 
Extracellular HIV-
1 RNA (virions) 
may not be able to 
spread and infect 
new cells 

Abbreviations: QVOA, quantitative viral outgrowth assay; LR, latent reservoir; ms, 
multiply spliced; us, unspliced; ddPCR, droplet digital PCR. 

Modified from source: Bruner KM. et al. Trends Microbiol. 2015. 

 

1.7.2 PCR-based Assays 

PCR-based assays provide quantification of the concentrations of HIV-1 DNA, 2-

LTR circles, and cell-associated HIV-1 RNA in circulating blood cells and tissues. 

1.7.2.1 Cell-associated HIV-1 DNA 

Upon HIV-1 infection, most of the viral DNA fails to integrate in the host 

genome. These intermediate viral DNA species exist as linear unintegrated DNA, 1- and 

2-LTR circles in the cytoplasm of the cells, representing failed viral integration events 

(Figure 1.1); hence, in the absence of cART, total HIV-1 DNA quantitation by PCR-

based assay represents unintegrated and integrated viral DNA, also known as proviral 

DNA [53]. It is important to note that most of the proviral DNA is replication defective 

even when cART is initiated during primary infection in adults [54]. Defective proviruses 

do not pose a barrier towards remission or cure; therefore, estimates based on total 
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proviruses overestimate the amount of clinically relevant proviral genomes. Moreover, 

one of the shortcomings of using a PCR-based assay to measure the latent proviral 

reservoir is that it does not quantify HIV-1-infected cells with deletions in the primer-

binding regions of the viral DNA. While the episomal form of HIV-1 DNA, the 2-LTR 

circle, is not infectious, it is often used as a marker of ongoing infection events [55], 

though this is complicated by the reports of its stability [56].  Nevertheless, HIV-1 DNA 

concentrations give a maximal estimate of the total infected cell pool in the circulation 

within an individual. Despite these limitations, recent studies have reported positive 

correlations between measurements of the QVOA with integrated (r= 0.70; p=0.0008) 

[43] and total (r=0.54; p=0.039) [57] HIV-1 DNA in cART-suppressed individuals, 

providing for a molecular marker to better quantify HIV-1 reservoirs. Moreover, in a 

small subset of patients, HIV-1 DNA was recently found to be associated with control of 

HIV-1 in patients off cART, providing a rationale for its use as a surrogate marker of 

HIV-1 proviral reservoir in clinical trials aimed at HIV-1 remission [58, 59].  

1.7.2.2 Cell-associated HIV-1 RNA 

Cell-associated HIV-1 RNA provides information on the transcriptional activity 

of the viral genomes. It has been postulated that viral transcripts arise predominantly 

from integrated DNA; however, there have been a few reports of limited transcription 

from nonintegrated DNA as well [60, 61]. HIV-1 DNA serves as a template for synthesis 

of viral RNA. Cellular host factors and viral protein dictate the temporal regulation of 

primary transcript that subsequently produces different forms of viral RNA: short (~2kb), 

intermediate (~4kb), and unspliced (~8kb) transcripts (Figure 1.9) [62]. Short or 

multiply- spliced (ms) RNA (Tat, Rev, and Nef) are the dominant species expressed in 
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the early stages of the viral life cycle. These accessory proteins are vital for production of 

progeny virions because they promote viral transcription (Tat) and nuclear transport of 

viral RNA species (Rev). Once sufficient levels of these accessory proteins are generated, 

viral transcription is shifted towards creating unspliced (us) or full-length transcripts. 

These are late-stage viral RNAs that encode for the important structural (Gag), and 

enzymatic (Pol) proteins, and they become the genomic RNA for progeny virions. The 

different RNA species are used to assess the level of transcriptional activity in an infected 

host. For example, detection of msRNA along with usRNA is interpreted to represent 

recent replication events, whereas detection of usRNA in the absence of msRNA likely 

represents transcription of viral genomes in partially activated memory CD4+ T cells. 

The PCR methods described above are far simpler than the QVOA and 

importantly can be done on stored cells and are technically less challenging and less 

costly. These features make these markers more suitable for clinical trials. The major 

limitation is that the majority (>99%) of proviruses that persist under cART are defective 

and therefore cannot represent a true measure of the reservoirs. Additionally, cell-

associated HIV-1 RNA can also be transcribed from defective genomes, and therefore 

does not give a true measure of reservoir size with replication-competent genomes. 
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Figure 1.9 Temporal regulation of viral transcripts in HIV-1-infected cell. 

 
Cell-associated HIV-1 RNA provides information on the transcriptional activity of the 
viral genomes. Cellular host factors and viral proteins dictates the temporal regulation of 
the primary transcript that subsequently produces different forms of viral RNA: short 
(~2kb), intermediate (~4kb), and unspliced (~8kb) transcripts. 

Extrapolated from source: Pasternak A et al. Retrovirology 2013. 

 

1.7.2.3 Inducible HIV-1 RNA  

An intermediate measure to the QVOA and PCR-based assays described above is 

to quantify intracellular and extracellular concentration of HIV-1 RNA produced with a 

single round of T cell activation. The detection of intracellular viral transcripts reflects 
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the presence of proviruses that can be induced to produce msRNA and usRNA; however, 

this approach may also underestimate the latent reservoir size because not all replication-

intact genomes may be induced with a single round of T cell stimulation. Moreover, some 

induced transcripts may also be defective. The incorporation of extracellular HIV-1 RNA 

in the culture supernatant gives additional information on advancement to the stage of 

virion production. The limitation, however, lies in the inability to reflect true replication 

competency by spread to target cells.   

 

1.8. Strategies under study towards HIV- remission and cure 

Reducing the size of the latent reservoir is one of the first steps towards long-term 

remission or cure. Various approaches are being pursued to decrease the size of the latent 

reservoir in HIV-1-infected individuals (Figure 1.10) [29, 63].  
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Figure 1.10 Strategies under study towards HIV-1 remission and cure. 

 

Among various approaches 
that are being pursued to 
decrease the size of the 
latent reservoir, early 
treatment has proven to be 
the only promising avenue, 
including in perinatally 
infected children. 

Adapted from source: 
Katlama C et al., Lancet, 
2013. 

 

Treatment intensification 

Residual viremia can be detected in 80% of HIV-1-infected adults and infants 

[46], the source of which could be latently infected cells and/or ongoing low-level 

replication. If persistent low-level replication does exist, the additional of new ARV 

drugs (intensification) to the current cART regimen could block new rounds of infections 

and hence reduce the reservoir size. Addition of new classes of drugs such as CCR5 

inhibitors (example, maraviroc) and integrase inhibitors (example, raltegavir) to the 

cART regiment in adults has not reduced residual viremia and HIV-1 reservoir size in 

peripheral blood [64, 65]. Up to the present time, such strategies have not been tested in 

perinatally infected children or in adolescents yet. 

Gene therapy 

To date, the only HIV-1-infected adult (the Berlin patient) who has been cured of 

HIV-1 infection underwent an aggressive treatment for leukemia with an allogeneic 

hematopoietic stem cell transplant (HSCT) from a homozygous CCR5∆32 donor [66, 
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67]. Immune reconstitution with CCR5∆32 cells that are refractory to HIV-1 infection, 

most likely resulted in the cure. Such rigorous treatment approach is not feasible for 

widespread use for cure studies. New strategies focused on gene therapy to produce cells 

that are resistant to HIV-1 are in the early stages of development and testing in adults.   

Shock and kill 

Efforts are underway to reverse epigenetic silencing of the provirus with latency 

reversing agents (LRA) [68]. ‘Shocking’ the cells with LRA remodels the chromatin, 

allowing for initiation of transcription and production of virions. Presumably, this should 

lead to death of the virus-producing cells due to cytopathic effects of the virus or 

clearance by the immune system of the host, though this has not been the case. Clinical 

trials in adults are underway to optimally reactivate the latent provirus using a 

combination of LRA like protein kinase c agonists and histone deacetylase inhibitors. 

LRA have not been tested in perinatally infected children and adolescents yet. 

Reduced inflammation and immune activation 

The ongoing inflammatory immune environment as a consequence of HIV-1 

infection can potentiate the establishment and maintenance of HIV-1 reservoirs. Several 

interventions are being tested in adults to attenuate inflammation and immune activation 

with the hope of diminishing the size of the latent reservoir [28]. Interventions to alter the 

microbial composition in the gastrointestinal tract (GI) through the use of 

prebiotics/probiotics are being investigated. Colonization with beneficial microbial flora 

could promote the GI immune health, decrease microbial translocation and lower immune 

activation. Other interventions being pursued include treatment of co-infections such as 
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cytomegalovirus (CMV) infection [69], and repairing lymphoid tissue fibrosis by use of 

angiotensin-converting enzyme (ACE), a TGF-β1 inducer which has been associated with 

tissue fibrosis [70]. Alternate approaches to directly target immune activation with an 

anti-inflammatory drug like celecoxib are also being pursued [71]. Such strategies have 

not been tested in perinatally infected children and adolescent yet. 

Broadly neutralizing monoclonal antibody 

One of the rapidly emerging strategies to reduce the size of the reservoir is the use 

of broadly HIV-1 neutralizing monoclonal antibody (bNAbs) [63]. These antibodies are 

naturally generated in an infected host and can neutralize a broad panel of HIV-1 

variants. Findings from a recent study showed that passive administration of bNAbs can 

neutralize up to 78% of circulating HIV-1 subtype B and G viruses in untreated mother–

infant pairs [72]. This suggests that bNAbs can neutralize the virus in the settings of 

uncontrolled replication and could presumably neutralize virus emerging from the latent 

reservoir. Hence bNAbs could be used to reduce reservoir size and potentially prevent 

virologic rebound in the context of perinatal infection; these studies are in development.   

Early treatment with combination antiretroviral therapy  

Studies in HIV-1-infected adults [58, 73-77] and children [78-83] have shown that 

the early initiation of cART affects the latent reservoir. The case of the Mississippi child 

is the only case of HIV-1 remission in HIV-1-infected infants reported to date that likely 

resulted from very early treatment (within 31 hours of life) [84]. After 18 months of 

cART, the replication-competent reservoir was not detected and an extremely low level 

of proviral DNA was detected in peripheral circulation. The infant achieved virologic 
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remission for 27 months before recrudescence of viral replication [85]. To date, early 

treatment has proved to be the only promising avenue to reduce the size of the latent 

reservoir in HIV-1-infected adults and children. A perinatally infected adolescent who 

initiated cART by 3 months of age is now reported to have experienced virologic 

remission for 11.5 years off cART that is analogous to the post-treatment controller state 

reported in adults [86].  

Among various approaches that are being pursued to decrease the size of the latent 

reservoir, early treatment has proved to be the only promising avenue, including in 

perinatally infected children. 

 

1.9 Timing of treatment initiation on size of proviral reservoirs 

 Recent studies comparing the effects of the timing of cART initiation on the HIV-

1 reservoir size have suggested that earlier initiation of cART results in a small reservoir 

size in children and adults (Table 1.2).  

A unique aspect of perinatal HIV-1 transmission is that the timing of HIV-1 

infection can be established through sequential testing for HIV-1 nucleic acid. Infection 

occurring in utero can be identified by testing for the presence of HIV-1 nucleic acid, 

either for free virus or cell-associated DNA, in the blood of the infant collected within the 

first 48 hours of birth (Figure 1.2B). Infants who acquire infection during the intrapartum 

period do not test reliably positive for HIV-1 DNA until after 2-6 weeks of age. 

Therefore, HIV-1 testing within the first 48 hours of life and then within the first 2-6 

weeks of life allows for early identification and treatment of HIV-1 infection in infants, 
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though not early enough to promote virologic remission and cure. Early treatment of 

perinatal HIV-1 infection with cART is life-saving [5, 6] and is now a global 

recommendation [87].  

HIV-1-infected infants treated during chronic infection respond to cART with 

biphasic decay of infected cells as seen in adults. This biphasic decay supports the 

concept of HIV-1 infection in cells with varying half-lives (Table 1.3) [88-90]. How the 

timing of cART initiation in early infancy affects the decay dynamics and transcriptional 

activity of HIV-1 infected cells over the time course of 10 or more years of suppressive 

cART was previously unknown and is described in chapters 4 and 5 of the thesis.  
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Table 1.2 Earlier control of HIV-1 replication and proviral reservoir size in 
perinatally HIV-1-infected children. 

Publicati
on  

Median Age at 
ART (range) 

Study 
Partici
pants 
(N) 

Median 
Treatment 
Duration 

Proviral 
Reservoir 
size (log10 

copies/106 
PBMC ) 
 

Findings  

Van Zyl 
G.U et al. 
JID 2014 
 

ET (7.4 wk)€ 

(7.1 wk, 7.7 wk)* 
 
LT (24.3 wk) 
(10.5 wk, 39.8 
wk) 

12 
  
 
8 
 

7-8 yr 
 
 
7-8 yr 

1.68 
  
 
2.33 

Significantly lower 
proviral reservoir 
with ET vs LT. 
 
Only 1/12(8.3%) 
children in ET vs 
none in LT reached 
undetectable DNA. 
 

Ananwor
anich J et 
al. AIDS 
2014 
 

ET (17 wk)€ 

(0 wk, 25 wk) 
15 6 yr 2.12 

 
1.23# 

Early ART lead to 
small proviral 
reservoir. 
 

Luzuriag
a et al. 
JID 2014 
 

ET (2.4 mo) ± 
(0.5 mo, 2.6 mo) 
 
LT (13 yr) 
(6 yr, 14.7 yr) 
 

4 
 
 
4 

16.7 yr 
 
 
9.6 yr 

0.84 
  
 
2.26 

Continuous decay of 
proviral reservoir 
through adolescence 
with ET. 
 

Martinez
-Bonet M 
et al. CID 
2015 

ET (7.2wk)€ 
(2.8 wk, 9.6 wk)* 
 
LT (32.4wk) 
(27.3 wk, 35.6 
wk) 

14 
 
 
9 

7.6 yr 
 
 
9.1 yr 

1.59Δ 
 
 
2.36 
 

Earlier ART leads to 
a 6-fold lower 
concentration of 
proviral reservoirs; 
estimated 0.1 log10 
increase in proviral 
DNA per month 
delay in effective 
cART. 
 

Studies comparing the timing of cART initiation on reservoir size in perinatally infected 
infants have shown that earlier initiation of cART results in smaller reservoir size.± 

Longitudinal Study; € Cross sectional study; Δ Proviral load in CD4+ T cells; #Integrated 
DNA. Abbreviations: ET, early treatment; LT, late treatment; da, days; yr, years; wk, 
weeks; mon, months; VET; very early treatment. 
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Table 1.3 Delayed control of HIV-1 replication and proviral reservoir size in 
perinatally infected children. 

Publicat
ion  

Median 
Age at 
ART 
(range) 

Study 
Particip
ants 
(N) 

Treat
ment 
Durat
ion 

Proviral 
Reservoir size 
(log10 
copies/million 
PBMC) 

Findings 

 Entry Last 
Visit 

Saitoh A 
et al. 
JID 
2002 

5.6 yr 
(4.8 yr, 9.1 
yr)* 
 

31 104 
wk 

2.9 2.4 Decay through 80 
weeks, no additional 
decay from 80-104 
weeks. 
 

Rossi D 
et al. 
AIDS 
2002 

7.1 yr  
(0.3 yr, 
15.5 yr) 

33 96 wk 3.2 2.3 Biphasic decay through 
96 weeks of cART, 
with faster decay in first 
4 weeks. 

Zanchett
a M et 
al. JID 
2006 

9 yr 
(3 yr, 14 
yr)  

14 48 mo 2.9 1.82 Non-linearly decay of 
HIV-1 DNA with 
fastest decay within 1 
months of cART, 
followed by slower but 
sustained decay at 1-9 
and >9 months of 
cART. 
 
Slower DNA decay in 
infants with persistence 
of unspliced transcripts 
(67%). 

Treatment during chronic stage of infection results in slow decay of HIV-1 infected cells, 
followed by a stable persistence of large number of HIV-1-infected cells. All of the 
studies were longitudinal. *IQR. Abbreviations: LT, late treatment; yr, years; wk, weeks; 
mo, months. 

 

 

 

 



35 
 

1.9.1 Dynamics of HIV-1 infected cells in perinatal infection  

Most of the published studies on decay of HIV-1 DNA concentrations during 

effective cART in perinatally infected children have been done in children whose 

treatment has been initiated in late childhood. These studies have shown that with 

untreated infection at a median of 6-9 years of age, the concentration of HIV-1-infected 

cells in the circulation is fairly high, ranging from 2.9-3.2 log10 copies/106 PBMC (Table 

1.1) [88-90]. Within the first two years of cART initiation, there is a 3 to 7-fold decay of 

HIV-1 DNA with a fairly high median proviral DNA concentration of 2.3 log10 copies 

per 106 PBMC after 2 years of cART (Table 1.3). This data supports the notion that, 

although initiation of cART during chronic infection leads to decay of HIV-1 DNA, HIV-

1-infected cells persist at a high concentration even after two years of suppressive cART. 

Whether infected cells continue to decay with long-term suppressive cART in perinatally 

infected infants is not known and is addressed in Chapter 5 of this thesis.  

Studies in HIV-1-infected adults have shown that the decay dynamics are altered 

by the timing of cART initiation, with early cART leading to faster clearance of infected 

cells and lower proviral reservoir after a decade of suppressive cART [73, 91]. The decay 

dynamics of HIV-1-infected cells could be different in perinatal infection because, unlike 

in adults, infection is established in the context of a developing immune system and 

infections persists during the period of somatic growth. To date, there are no studies 

addressing this in perinatally infected infants. The decay dynamics of HIV-1-infected 

cells in perinatally infected infants under short-tem (2 years) and long-term (>10 year) 

cART is reported in Chapters 4 and 5. 
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1.10 Early treatment and long-term remission in HIV-1-infected adults and children 

One of the main goals of early cART is to achieve long-term virologic remission, 

which is the control of virus in the absence of cART. Early treatment—within 10 weeks 

of the primary HIV-1 infection— has been found to be associated with virologic control 

for several years in the absence of cART in 14 adult patients referred to as post-treatment 

controllers in the VISCONTI cohort [58]. A lower concentration of HIV-1 infected cells 

(2.3 log10 copies per 106 PBMC) was identified as the biomarker associated with this 

long-term control. Additionally, the same investigators have identified a perinatally 

infected adolescent who fits the profile of a post-treatment controller. Initiation of 

antiretroviral treatment by 3 months to 6 years of age led to virologic remission for up to 

11.5 years [86]. Efforts are underway to identify additional cases of post-treatment 

controllers and to understand other mechanisms of virologic remission, mainly 

immunologic and virologic factors. 

1.10.1 A case of cure  

To date, only one adult (the Berlin patient) has been cured of HIV-1 [66, 67]. This 

patient has met the definition of HIV-1 cure: having sustained virologic control for 8 

years off cART following an intervention. In this case, the recipient was transplanted 

with allogeneic hematopoietic stem cells from a donor who was homozygous for 

CCR5∆32, and has had an undetectable replication-competent latent reservoir. This 

approach was used for treatment of acute myeloid leukemia. While there is much 

optimism regarding HSCT and cure, the return of rebound virus in two patients in 

Boston—who were transplanted and had undetectable levels of HIV-1-infected cells in 

the circulation at 3.5 years following HSCT, yet rebounded at 84 and 225 days after 
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treatment cessation—highlights the challenges of achieving HIV-1 cure despite 

seemingly large reductions in infected cell burden [92, 93].  

1.10.2 Cases of long-term remission in perinatally HIV-1-infected children. 

 Likewise, the case of the Mississippi child is the only case of HIV-1 remission 

reported to date in perinatal infection that likely resulted from marked reduction in 

reservoir size from very early treatment, initiated within 31 hours of life and continued 

through age 18 months [84]. The infant achieved virologic remission for 27 months 

before recrudescence of viral replication [85]. Efforts are underway to replicate this case 

through clinical trials. 

Investigators have identified a perinatally infected adolescent who has been in 

virologic remission for 11.5 years, despite an unfavorable genetic background (HLA 

allele) and weak CD8+T cell response [86]. This individual’s antiretroviral treatment was 

initiated early (by 3 months of age) and maintained virologic suppression until 6 years of 

age. Immediate control of virus replication through early treatment most likely resulted in 

the small reservoir size and post-treatment virologic control; however, the role of other 

immunologic mechanisms in virologic remission, mainly NK cell responses cannot be 

excluded.  

Reduction in the size of the latent reservoir is one of the first steps towards long-

term remission or cure. Among various approaches that are being pursued to decrease the 

size of the latent reservoir, very early or early treatment has proven to be the only 

promising avenue, including in perinatally infected children. 
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1.11 Summary 

HIV-1 infection in adults is characterized by inflammation and immune 

activation. Since an infant’s immune system is more tolerogenic, it is not clearly known 

to what extent HIV-1 infection in infants perturbs their immune microenvironment and if 

it modifies humoral responses to routine childhood vaccines. We hypothesized that 

HIV-1 infection in infants induces inflammation and immune activation, which 

further attenuates the efficacy of the humoral responses to oral, live rotavirus 

vaccine (RotaTeq). The current study was performed in the context of a double-blind, 

placebo-controlled clinical trial (IMPAACT P1072) in Sub-Saharan African. Results of 

the findings are reported in Chapter 3. 

An important consideration for antiretroviral treatment is that while cART can 

control HIV-1 replication and reduce HIV-1-induced inflammation, it is not curative due 

to the early establishment of an HIV-1 reservoir in latently infected memory CD4+ T 

cells (the latent reservoir), making lifelong treatment necessary. Studies have shown that 

early initiation of cART, by 3 months of age, is life-saving and reduces the latent 

reservoir. How the timing of cART initiation in early infancy affects the decay dynamics 

and transcriptional activity of HIV-1 infected cells over the time course of 10 or more 

years of suppressive was previously unknown. We hypothesized that children who 

receive an early initiation of cART will have faster clearance of infected cells and 

smaller proviral reservoir size compared to children who have a delay in beginning 

cART. The study on decay dynamics of HIV-1-infected cells in the first two years of 

cART was nested within the clinical trial of early therapy (IMPAACT P1030), the results 

from which are reported in Chapter 4. The study on long-term dynamics study was 
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performed in older children and youth enrolled in a prospective cohort study in the U.S. 

(PHACS Cohort), the results from which are reported in Chapter 5. 
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Optimization of Droplet Digital PCR to Quantify HIV-1 Persistence in 
Infected Children 
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Real-time quantitative polymerase chain reaction (qPCR) methods have traditionally 

been used to quantify concentrations of HIV-1 DNA and cell-associated HIV-1 RNA in 

infected individuals to gain insight into the dynamics of HIV-1 infection before and 

following combination antiretroviral therapy (cART). With qPCR, the copy number is 

estimated based on extrapolation from a standard curve that is run with each experiment. 

The major drawback of qPCR is that each laboratory uses its own in-house standards, 

which makes it difficult to standardize results across laboratories. Moreover, the 

sensitivity of the assay starts to fall off at low template copy number [1]. This is a major 

drawback, especially when sensitive assays that accurately measure infected cells at low 

target copy numbers are needed to assess the efficacy of clinical interventions for 

remission and cure in perinatal HIV-1 infection.  

To overcome these barriers, we have employed Droplet Digital (dd) PCR 

methods, which have higher accuracy and precision than qPCR, particularly at low 

template concentrations [1]. With ddPCR, the PCR reaction mixture is partitioned into up 

to 20,000 droplets, within which independent PCR reactions are carried out (Figure 2.1) 

[2]. The massive partitioning of the sample increases the signal to noise ratio and allows 

for detection of rare targets. Following PCR amplification, the droplets are read for 

positive or negative signal and the target gene concentration is calculated using Poisson 

statistics; hence, no reference standard is needed for the quantitation. Droplet digital 

based assays for HIV-1-infected cell quantitation have calculated the copy number of 

input cells by measuring the cellular housekeeping gene ribonuclease P MRP 30kDa 

subunit (RPP30) [1]. We have used similar methods for RPP30 quantitation to estimate 

HIV-1-infected cell frequencies. ddPCR therefore allows for absolute quantitation of 
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HIV-1 DNA and for standardization across laboratories. The high sensitivity and 

precision of ddPCR, coupled with the absolute quantification of the infected cell pool 

makes ddPCR a very attractive approach for monitoring infected cells during cure 

research. For our studies of quantification of infected cells in pediatric HIV-1 infection, 

we modified previously published ddPCR methods to measure the HIV-1 DNA (total 

HIV-1 DNA and 2LTR circle) to improve the performance characteristics by changing 

the restriction digestion conditions and DNA input concentrations. Furthermore, we 

developed methods to quantify HIV-1 transcription (multiply-spliced RNA and unspliced 

RNA) within infected cells to analyze the transcription state of HIV-1 persistence in 

children before and during cART.  

Figure 2.1 Principal of Droplet Digital PCR. 

Genomic DNA was isolated from 
cells and fragmented using 
restriction enzymatic digestion. The 
digested DNA was mixed with PCR 
reagents and droplet generator oil. 
This master mix was partitioned into 
20,000 droplets, which were then 
put in a thermocycler for PCR 
amplification. Individual droplets 
were read for positive or negative 
signal and target gene copy number 
per well was calculated  using 
poisson statistics.  

Source: BioRad (http://www.bio-
rad.com/en-us/applications-
technologies/droplet-digital-pcr-
ddpcr-technology). 

 

 

 

http://www.bio-rad.com/en-us/applications-technologies/droplet-digital-pcr-ddpcr-technology
http://www.bio-rad.com/en-us/applications-technologies/droplet-digital-pcr-ddpcr-technology
http://www.bio-rad.com/en-us/applications-technologies/droplet-digital-pcr-ddpcr-technology
http://www.bio-rad.com/en-us/applications-technologies/droplet-digital-pcr-ddpcr-technology
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2.1 Cell-associated total HIV-1 DNA species 

For quantitation of total HIV-1 DNA by ddPCR, a primer/probe combination 

targeting the conserved region of HIV-1 Pol (primer #1) was used (Figure 2.2, Table 2.1). 

Another primer set amplifying the LTRGag (primer #2) region was used to measure the 

HIV-1 DNA to ensure reliable quantification of the viral genome. Primer #1 was used to 

validate the assay and measure the HIV-1 DNA concentration in both clinical trials 

reported in Chapters 4 and 5. Primer #2 was used to measure HIV-1 DNA on at least one 

time point for the second clinical trial only (Chapter 5). 

Figure 2.2 Primer amplification sites for HIV-1 DNA using Droplet Digital PCR. 

A        B 

 

Target site amplified by primer for quantification of A. Total HIV-1 DNA (primer 1) 
HXB2 at 2536-2662 and (primer #2) HXB2 at 626-786 B. 2-LTR circle (primer #3) 
HXB2 at 9585-51. Primer #2 was later used in parallel with primer #1 to test some of the 
patient samples (Chapter 5). 

Source: http://www.hiv.lanl.gov/content/sequence/QUICK_ALIGNv2/QuickAlign.html. 

 

 

 

 

http://www.hiv.lanl.gov/content/sequence/QUICK_ALIGNv2/QuickAlign.html
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Table 2.1 Primer sequences used for quantitation of HIV-1 DNA and RNA species. 

Primer 1 (Pol) 
HXB2 2536,2662 

Forward: GCA CTT TAA ATT TTC CCA TTA GTC CTA 
Reverse: CAA ATT TCT ACT AAT GCT TTT ATT TTT TC 
Probe: HEX-AAG CCA GGA\ZEN\ ATG GAT GGC C-3IABkFQ 
 

Primer 2 (LTRgag) 
HXB2 626, 786 

Forward: TCT CTA GCA GTG GCG CCC GAA CA 
Reverse: TCT CCT TCT AGC CTC CGC TAG TC 
Probe: FAM-CAA GCC GAG TCC TGC GTC GAG AG--3IABkFQ 
 

Primer 3 (2LTR) 
HXB2 9585, 51 

Forward: AAC TAG GGA ACC CAC TGC TTA AG 
Reverse: TCC ACA GAT CAA GGA TAT CTT GTC 
Probe: FAM-ACA CTA CTT\ZEN\GAA GCA CTC AAG GCA AGC 
TTT-3IABkFQ 
 

Primer 4 (usRNA) 
HXB2 2536,2662 

Forward: AGT TGG AGG ACA TCA AGC AGC CAT GCA AAT 
Reverse: TGC TAT GTC AGT TCC CCT TGG TTC TCT 
Probe: HEX-AGA CCA TCA\ZEN\ ATG AGG AAG CTG CAG AAT 
GGG AT-3IABkFQ 
 

Primer 5 (msRNA) 
HXB2 2536,2662 

Forward: GGA TCT GTC TCT GTC TCT CTC TCC ACC 
Reverse: CTT AGG CAT CTC CTA TGG CAG GA 
Probe: FAM-AGG + GGA CCC GACAG + GCCC-3IABkFQ 
 

Primer RPP30 Forward: GAT TTG GAC CTG CGA GCG 
Reverse: GCG GCT GTC TCC ACA AGT 
Probe: HEX-CT+G+ACC TGA +AG+G CTC T-3IABkFQ 
 

New double quencher, ZEN-3IABkFQ was used to further reduced background 
fluorescence. Locked nucleic acid (LNA) denoted by ‘+’ was added to some of the probes 
to increase their melting temperature.  

 

Measuring total HIV-1 DNA requires accounting for both integrated proviral 

DNA and unintegrated DNA species such as dynamic DNA and episomal DNA (1-LTR 

and 2-LTR circles) (Figure 2.3) [3, 4]. In untreated HIV-1 infection, the ddPCR 

quantitation for total HIV-1 DNA measures the proviral DNA and all forms of 

unintegrated DNA. Following the initiation of cART, there is a disproportionate loss of 

unintegrated DNA, and the ddPCR predominantly measures the proviral DNA. Similarly, 

for 2-LTR DNA, a primer/probe combination targeting a unique region—which forms 

when the two LTR regions ligate (primer #3) —were used. For each sample, 



53 
 

simultaneous analysis of RPP30 was used to quantify the amount of host genomic DNA 

or cell equivalents being analyzed. The infected cell concentration was calculated by 

normalizing the HIV-1 copy number to one million cells. 

 

Figure 2.3 HIV-1 DNA species measured by droplet digital PCR. 

 

Most of the cDNA species 
fails to integrate into host 
DNA and are dead end 
products (unintegrated 
DNA, 1 and 2 LTR) of 
infection. A small fraction of 
cDNA undergoes 
integration and persists 
stably into the host genomes 
for the life of the cell.  

Modified from source: 
Sloan RD, Wainberg MA. 
Retrovirology 2011. 

 

Testing Sensitivity of Droplet Digital PCR for HIV-1 DNA Quantification 

To test the sensitivity of the HIV-1 DNA quantitative assay using ddPCR, we first 

custom created a plasmid containing Pol and 2LTR from GeneArt (Grand Island, NY). 

The plasmid was serially diluted, and a known amount of plasmid was spiked into 

genomic DNA from MOLT-4 cells, an HIV-1 negative CD4+ T cell line (ATCC, 

Manassas, VA). The target genes (Pol and 2-LTR) were measured in 3 replicates per 

experiment and in up to 3 independent experiments (Figure 2.4). MOLT-4 cells that were 

infected with HIV-1Ba-L, a lab strain of HIV-1, were run as positive control and MOLT-4 

cells that were uninfected run as negative control. Using this approach, we found the 
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dynamic range of the assay for HIV-1 Pol quantitation to range from as high as 147,267 

to as low as 2.8 copies per well. The dynamic range was similar for the 2-LTR circle 

assay (147,667 to 2.5 copies per well) (Figure 2.4). A major limitation of using ddPCR to 

quantify HIV-1-infected cells is significant loss (~43%) of the sample during the process 

of droplet generation and downstream testing. Hence, despite its high sensitivity, low 

sample recovery becomes an issue when a limited number of cells are available for 

testing. This is particularly relevant for pediatric studies. Furthermore, the genomic DNA 

needs to be fairly pure for optimal droplet formation; this further exacerbates the issue of 

cell numbers due to losses incurred with the DNA purification process. This is unlike 

qPCR where the purity of the DNA is not as critical. Nonetheless, ddPCR offers the 

advantage of being able to detect extremely low concentrations of HIV-1 DNA (at near 

single cell level) by increasing the number of replicates tested.  
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Figure 2.4 Sensitivity of Droplet Digital PCR for HIV-1 DNA quantitation. 

A 

 
B 

 
Median total HIV-1 DNA in a serial dilution of plasmid containing A, Pol (circle) and B, 2-LTR 
(square) that was spiked into a known amount of genomic DNA from MOLT-4 cells. The target 
genes (Pol and 2-LTR) were measured in 3 replicates per experiment, in up to 3 independent 
experiments. The dynamic range of the assay for Pol was 147,267 to 2.5 copies per well and for 
and 2-LTR was 147,667 to 2.5 copies per well. There was a loss of around 43% of the sample 
during the droplet generation phase using ddPCR methods. Each dot represents the intra-assay 
mean concentration of target gene from 3 replicates. For each concentration, samples were run 
in 2 to 3 independent experiments. 
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2.2 Cell-associated HIV-1 RNA species 

We optimized the methods for quantification of cell-associated HIV-1 RNA, 

which provides information on the transcriptional activity of persistent HIV-1 genomes. 

Droplet digital PCR was used to quantify two species of intracellular HIV-1 RNA: 

multiply-spliced (HXB2 5956-8459) and unspliced (HXB2 1362-1497) (Figure 2.5, 

Table 2.1). MsRNA (Tat, Rev) are the dominant species expressed early in the life cycle, 

whereas unspliced RNA (Gag) are expressed towards the later part of the virus life cycle 

(Figure 1.9). The detection of msRNA along with usRNA indicates ongoing replication 

events [5], whereas detection of usRNA in the absence of msRNA represents 

transcription from latently infected cells [5]. 

Figure 2.5 Primer amplification sites for cellular HIV-1 RNA using Droplet Digital 
PCR. 

 

 

Target site amplified by primers for quantification of cellular RNA: unspliced RNA 
(primer #4) at HXB2 1362-1497 and multiply-spliced RNA (primer #5) at HXB2 5956-
8459.  

Source: http://www.hiv.lanl.gov/content/sequence/QUICK_ALIGNv2/QuickAlign.html 

 

 

http://www.hiv.lanl.gov/content/sequence/QUICK_ALIGNv2/QuickAlign.html
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Testing Sensitivity of Droplet Digital PCR for HIV-1 RNA Quantitation 

ACH-2 is an HIV-1-infected cell line (NIH AIDS Reagent Program, 

Germantown, MD) that continuously produces low-level virus and can be stimulated with 

phorbol myristate acetate (PMA) to produce a high level of infectious HIV-1. The total 

cDNA library constructed from the ACH-2 cells was used to test the sensitivity of the 

assays measuring msRNA and usRNA. For each experiment, controls (No RT, No Dnase 

and No RT+No Dnase) were used to test for contaminating DNA for msRNA and us 

RNA (Figure 2.6 A & 2.7 A). 

Cellular HIV-1 transcripts of msRNA and usRNA were measured in 3 replicates 

in up to 5 independent experiments (Figure 2.6B & 2.7B). For subsequent experiments on 

patient samples, only No RT control was used. The dynamic range of the assay for 

msRNA was 3,416 to 3.4 copies per well (500 ng of RNA analyzed per well). For usRNA 

the range was 21,544 to 3.8 per well. 
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Figure 2.6 Sensitivity of Droplet Digital PCR for multiply spliced HIV-1 RNA 
quantitation. 

A 

 
B 

Measuring multiply-spliced (ms) RNA in a cDNA library from ACH-2 cell line. A, 
controls for cDNA synthesis methods and B, serial dilution of msRNA. Samples were 
measured in 3 replicates per experiment, in up to 5 independent experiments. The 
dynamic range of the assay was 3,416 to 3.4 copies per well. There was a loss of around 
43% of the sample during the droplet generation phase using ddPCR methods. Each dot 
represents the intra-assay mean concentration of target gene from 3 replicates. For each 
concentration, samples were run in 4 to 5 independent experiments. 
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Figure 2.7 Sensitivity of Droplet Digital PCR for unspliced HIV-1 RNA 
quantitation. 

A 

 

 
B 

 
Measuring unspliced (us) RNA in a cDNA library from ACH-2 cell line. A, controls for 
cDNA synthesis methods and B, serial dilution of usRNA. Samples were measured in 3 
replicates per experiment in up to 5 independent experiments. The dynamic range of the 
assay was 21,544 to 3.8 per well. There was a loss of around 43% of the samples during 
the droplet generation phase using ddPCR methods. Each dot represents the intra-assay 
mean concentration of target gene from 3 replicates. For each concentration, samples 
were run in 4 to 5 independent experiments. 
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2.3 Summary 

Droplet digital PCR offers much higher sensitivity over quantitative PCR, 

especially at low template concentrations. Moreover, absolute quantitation of the HIV-1-

infected cell concentration may allow for comparison of values across laboratories. 

Hence ddPCR is currently being used to quantify HIV-1-infected cell concentrations in 

clinical trials for remission and cure in perinatal HIV-1 infection. However, compared to 

qPCR, this assay is more expensive and labor intensive and requires higher input of 

genomic DNA. Nevertheless, ddPCR can still be used to quantify HIV-1-infected cell 

concentrations from PBMCs of perinatally infected infants. 

We have used the assays to quantify total HIV-1 DNA, episomal DNA, multiply 

spliced RNA and unspliced RNA to study HIV-1-infected cells concentrations and their 

transcriptional activity in context of two studies. These methods were used to 

longitudinally quantify a total of 99 samples of PBMCs from 18 perinatally HIV-1-

infected children in the International Maternal Pediatric Adolescent AIDS Clinical Trials 

Group (IMPAACT) P1030 study (Chapter 4) and 402 samples of PBMCs from 61 

children in the Pediatric HIV/AIDS Cohort (PHACS) study (Chapter 5). These assays are 

undergoing rigorous evaluation for application to pediatric cure trials. 
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3.1 Abstract 

Background:  HIV-1 infection induces chronic inflammation and immune activation that 

are associated with increased morbidity and reduced vaccine responses in HIV-1-infected 

adults, but their effects are undefined in perinatal HIV-1 infection. 

Methods:  Plasma concentrations of cytokines (IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, 

IL-12p70, IL-13, TNFα) and soluble CD14 [sCD14] were measured in 68 HIV-1-infected 

(HIV-1+) and 116 HIV-1-exposed, uninfected (HEU) African infants enrolled in a 

double-blind, placebo-controlled clinical trial (IMPAACT P1072) of the pentavalent 

rotavirus vaccine (RV5). Non-parametric tests and correlations were used for unadjusted 

comparisons by HIV-1 status. Censored normal regression was used to explore 

differences adjusted for virologic, immunologic, and growth status at study entry.  

Results: In unadjusted analysis, HIV-1+ infants, 93% of who initiated combination 

antiretroviral therapy, had significantly higher concentrations of 7 of 10 cytokines (1.30 

[TNFα] to 2.32 [IL-6]-fold higher; all p≤0.026) and sCD14 (1.23-fold higher; p<0.001) 

compared with the HEU. After adjusting for age and breastfeeding, IFNγ, IL-1β, IL-2, 

IL-6, IL-10, and sCD14 remained significantly higher in HIV-1+. Plasma viral load, 

breastfeeding and WHO weight-for-age Z-scores were significantly correlated with 

elevated concentrations of ≥1 biomarkers. Overall, antibody concentrations to RV5 were 

comparable in the HIV-1+ and HEU, although higher pre-vaccination IL-10 

concentrations in HIV-1+ were correlated with lower post-vaccination neutralizing 

antibodies to vaccine epitopes G1 (r= -0.39, p=0.022) and P1[A] (r= -0.37, p=0.029), and 

higher pre-vaccination IFNγ with lower neutralizing antibodies to vaccine epitope G1 (r= 
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-0.44, p=0.009). There was no significant correlation of cytokines and sCD14 with serum 

α-Rota IgA, the best correlate of RV5 efficacy. 

Conclusion: HIV-1+ African infants experienced early onset of inflammation and 

immune activation that was associated with high levels of viremia and low weight. High 

plasma IFNγ and/or IL-10 may be associated with impaired α-Rota neutralizing antibody, 

but not IgA antibody responses. 
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3.2 Introduction 

Globally, there are 2.6 million children living with HIV-1, of whom 220,000 were newly 

infected in 2014 [1]. Early treatment of perinatal HIV-1 infection by three months of age 

is life-saving [2], but does not completely reverse the process of inflammation and 

immune activation induced by HIV-1 infection [3]. The health and immunological 

consequences of heightened inflammation and immune activation in perinatal infection 

are unknown.  

Enhanced inflammation and immune activation were recently reported to 

modulate immune responses to yellow fever vaccines in HIV-1-uninfected African adults 

[4], where a heightened inflammatory milieu was associated with low vaccine-induced 

serum antibody titers. Similarly, in HIV-1-infected US adults, elevated concentrations of 

the proinflammatory cytokine, TNF-α, before influenza vaccine were negatively 

correlated with the serum antibody response to vaccination [5]. HIV-1-infected children 

are known to have poor responses to routine childhood vaccines [6], including infant 

responses to oral polio virus vaccine [7, 8].  

The effect of inflammation and immune activation on immune responses to live 

vaccines of HIV-1-infected infants who started antiretroviral treatment shortly after birth 

has not been investigated. African infants and infants living in resource-constrained 

settings have lower response rates and antibody titers to the pentavalent rotavirus vaccine 

(RV5) compared with European or Latin American children [9, 10]. The factor(s) that 

influences the lower responses to RV5 in these populations is unknown, but malnutrition, 

altered microbiome, and an inflammatory state from co-infections have been implicated 

[11, 12].  



66 
 

To gain further insight into the effects of inflammation and immune activation in 

perinatal HIV-1 infection, we determined differences in plasma cytokines (IFNγ, IL-1β, 

IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNFα) and soluble CD14 (sCD14) 

concentrations in HIV-1-infected (HIV-1+) and HIV-1-exposed, uninfected (HEU) 

African infants participating in a randomized, double-blind, placebo-controlled clinical 

trial evaluating the safety and immunogenicity of pentavalent rotavirus vaccine (RV5 or 

RotaTeq). Associations between inflammation and immune activation and virologic, 

immunologic and growth measures, and vaccine-induced immune responses were 

examined. 

 

3.3 Materials and Method  

Study Population 

HIV-1-infected (HIV-1+) and HIV-1-exposed uninfected (HEU) African infants were 

enrolled into IMPAACT P1072 [13] and randomized to receive three doses of RV5 or 

placebo orally. The dosing schedule was given per package insert. The present analysis 

included infants who received all three study doses and had plasma samples available for 

analysis of inflammatory and immune activation markers. This included 184 (91%) of 

202 enrolled infants (Figure 3.1) of whom 68 were HIV-1+ and 116 were HEU.   
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Figure 3.1 Derivation of study population from enrollees in the IMPAACT P1072 
rotavirus vaccine trial 

 

Quantitation of Plasma Cytokines  

Soluble cytokines (IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and 

TNFα) were quantified in plasma collected at study entry (pre-vaccination) and at 21 

days after the first vaccine dose (the first blood collection post-vaccination) using the 

ultrasensitive 10-plex human cytokine kit (V-Plex proinflammatory kit) from Meso-Scale 

Discoveries (MSD, Rockville, MD) according to the manufacturer’s directions. The limit 

of detection for each cytokine was determined from analysis of standard curves included 

in each run and reported in picograms per milliliter (pg/mL). Samples were measured in 

duplicate and the average concentrations determined. The median (min, max) limits of 

detection (LOD) for each cytokine were: IFNγ [0.45 (0.33, 1.16 )], IL-1β [0.03 (0.03, 

0.21)], IL-2 [0.10 (0.08, 0.23)], IL-4 [0.03 (0.02, 0.07)], IL-6 [0.09 (0.07, 0.14)], IL-8 
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[0.09 (0.05, 0.20)], IL-10 [0.10 (0.04, 0.13)], IL-12p70 [0.15 (0.09, 0.42)], IL-13 [0.47 

(0.40, 0.98)], TNFα [0.08 (0.05, 0.12)] pg/mL. 

Quantitation of Immune Activation  

The soluble marker of monocyte/macrophage activation, soluble CD14 (sCD14) [14], 

was measured in plasma at four time points (study entry, 21 days after the first vaccine 

dose, and 14 and 42 days after the third vaccine dose). sCD14 concentrations were 

determined with an enzyme-linked immunosorbent assay (ELISA) (sCD14 Quantikine 

Enzyme-Linked Immunoassay kit; R&D Systems, Minneapolis, MN). The optical 

densities of analytes were measured using a microtiter plate reader (VersaMax Plus 

ROM, version 1.21; SoftMax, Sunnyvale, CA) and values quantified in GraphPad Prism 

version 5 (GraphPad Software, Inc., La Jolla, CA) to yield concentrations in pg/mL based 

on the standard curve. Samples were measured in duplicate and average concentrations 

determined. The LOD of the sCD14 assay was 125 pg/mL.  

Assessment of Vaccine Responses to Pentavalent Rotavirus Vaccine 

Humoral responses to RV5 were determined in the parent trial [13] at baseline and 14 

days after the third study dose by quantifying serum-neutralizing antibodies (SNA) to the 

viral capsid protein (G1, G2, G3, G4 and P1[A]) [15] and serum anti-rotavirus IgA [16]. 

Rotavirus IgA copro-antibody levels were also measured at baseline and 21 days after 

each of the three study doses [13].  Vaccine humoral responses were expressed in 

units/mL for serum and copro IgA responses. In the parent trial, a three-fold rise in 

antibody (SNA and serum IgA) from baseline to any of the viral capsid proteins was 

defined as a vaccine response [13].  
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Statistical analysis 

Baseline characteristics were compared by HIV-1 infection status using Wilcoxon rank 

sum tests for continuous data and Chi-square tests for categorical data. Lower limits of 

detection (LLOD) varied between assay runs; some markers had substantial proportions 

of measurements below the LLOD. These left-censored values were set to the LLOD for 

descriptive summaries. Since marker distributions were skewed, analyses were performed 

on a log10 scale and transformed back to the arithmetic scale for presentation of results. 

Statistical tests were performed to check for normality. Marker distributions were 

compared by HIV-1 infection status and other categorical covariates using Wilcoxon rank 

sum tests; associations with continuous covariates were assessed using Spearman 

correlations. To account for the left-censoring, multivariate models were fit using 

censored normal regression. A significance level of 5% was used to establish statistical 

significance. We did not adjust for multiple comparisons, and therefore results should be 

viewed as exploratory and hypothesis-generating in nature.  

 

3.4 Results 

Participant Demographic and HIV-1 Disease Characteristics 

Table 3.1 summarizes demographic, virologic, and immunologic characteristics, and the 

antiretroviral (ARV) prophylactic and treatment histories. The median ages at study entry 

for the HIV-1+ and HEU infants were 93 and 82 days, respectively. More infants in the 

HEU group had received ARV prophylaxis to prevent mother-to-child HIV-1 

transmission (PMTCT) compared with the HIV-1+ group (91% vs. 69% respectively; 
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p<0.001). Similar proportions were breastfed and received the oral polio vaccine (OPV) 

on the same day as the first dose of RV5 (Table 3.1). The median (Q1, Q3) percentage of 

CD4+ T cells at screening was lower in the HIV-1+ [31% (24, 37)] compared with the 

HEU [37% (32%, 45%), p<0.001]. HIV-1+ infants had significantly lower WHO weight-

for-age Z-scores (WAZ) compared with the HEU (median of -1.5 vs. -0.7; p=0.001). 

Among the HIV-1+, 61/65 (94%) had initiated combination antiretroviral treatment 

(cART) with a median (Q1, Q3) duration of 6 (0, 12) days prior to receiving vaccine. The 

majority (68%) were receiving lopinavir/ritonavir-based cART. The five infants not on 

cART at study entry all had cART initiated within 28 days of the first vaccine dose. In 

the 65 HIV-1+ with plasma viral load (pVL) measured at study entry, the median pVL 

was 4.6 log10 copies/mL; 61 (94%) had detectable HIV-1 RNA at >400 copies/mL (Table 

3.1).  

Following the third dose of RV5, 64 of the 68 HIV-1+ infants (median age 179 

days, median duration of cART 105 days) had pVL measured; 32/64 (50%) had reached 

pVL of ≤400 RNA copies/mL.  
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Table 3.1 Participant characteristics 

 

HIV-1 Infected 
(HIV-1+) 

N=68 

HIV-1 
Exposed 

Uninfected 
(HEU) 
N=116 

P-
Value 

Female, N (%) 38 (56%) 63 (54%) 0.84# 
Age at randomization, days 93 (85, 96) 82 (74, 93) <0.001¥ 

Received ARV for PMTCT, N (%) 47 (69%) 105 (91%) <0.001# 
Ever breastfed prior to entry, N (%) 43 (63%) 74 (64%) 0.94# 

Receipt of OPV with first vaccine dose, 
N (%) 

52 (76%) 89 (77%) 0.97# 

CD4 % at screening 31 (24, 37) 37 (32, 45) <0.001¥ 
Receipt of cART at randomization, N 

(%) 
63 (93%) na na 

Lopinavir/ritonavir-based cART, N (%) 46 (68%) na na 
Nevirapine-based cART, N (%) 17 (25%) na na 

None, N (%)δ 5 (7%) na na 
Duration of cART at randomization, 

days 
6 (0, 12) na na 

pVL>400 copies/mL at entry, N (%) 61 (94%)γ na na 
HIV-1 RNA (log10copies/mL) 4.6 (3.5, 5.7) na na 
WHO weight-for-age-z-score -1.5 

(-2.4, -0.2) 
-0.7 

(-1.3, -0.1) 
0.001¥ 

WHO height-for-age-z-score -1.1 
(-2.1, -0.2) 

-0.9 
(-1.8, 0.0) 

0.23¥ 

Continuous variables are reported as median (Q1, Q3); categorical variables as 
frequency (%). Statistical tests comparing HIV-1+ and HEU groups were done using 
Chi-Square Test# and Wilcoxon Tests¥. Only 65 of 68 HIV-1+ infants had HIV-1 viral 
load results at entry. All HIV-1+ started ART within 28 days of entryδ. 

Abbreviations: PMTCT, Prevention of Mother to Child Transmission; OPV, oral 
poliovirus vaccine; na, not applicable; cART, combination antiretroviral therapy; pVL, 
plasma viral load. 
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Table 3.2. Unadjusted and adjusted ratios (HIV-1+ relative to HEU) of plasma 
cytokines and monocyte activation marker. 

 Unadjusted Adjusted 

Inflammatory 
Cytokines 

Ratio (95% CI) 
HIV-1+:HEU 

P Value  Ratio (95% CI) 
HIV-1+:HEU 

P Value 

IFNγ  1.88 (1.49, 2.38) <0.001 1.90 (1.50, 2.41) <0.001 
IL-1β  1.90 (1.22, 2.98) 0.005 1.65 (1.04, 2.61) 0.033 
IL-2  2.07(1.66, 2.59) <0.001 1.95 (1.56, 2.44) <0.001 
IL-4  1.04 (0.80, 1.33) 0.79 0.96 (0.74, 1.24) 0.74 
IL-6  2.32 (1.54, 3.50) <0.001 2.20 (1.46, 3.32) <0.001 
IL-8  1.56 (1.01, 2.40) 0.046 1.51 (0.96, 2.38) 0.07 
IL-10  1.67 (1.34, 2.09) <0.001 1.69 (1.35, 2.12) <0.001 
IL-12p70  0.96 (0.80, 1.16) 0.69 1.00 (0.83, 1.21) 0.98 
IL-13  0.90 (0.68, 1.19) 0.46 0.84 (0.64, 1.09) 0.19 
TNFα  1.30 (1.02, 1.65) 0.031 1.27 (1.00, 1.62) 0.05 
Monocyte Activation 
sCD14 1.23 (1.12, 1.36) <0.001 1.17 (1.06, 1.29) 0.001 

Ratios > 1 indicate higher values in HIV-1+ relative to HEU. Models adjusted for age 
(above/below median=90 days) and ever breastfed (Yes or No). 
 Abbreviations: HIV-1+, HIV-1-infected; HEU, HIV-1-exposed, uninfected.  
 

 

Plasma Cytokine Profiles before and after RV5 

HIV-1-infected infants had significantly higher concentrations of seven (IFNγ, IL1-β, IL-

2, IL-6, IL-8, IL-10 and TNFα) of the 10 cytokines measured compared with the HEU 

(Table 3.2 and Figure 3.2). In bivariate (adjusted for HIV-1 status) censored normal 

regression models, age at study entry (above/below median age of 90 days) and ever 

having any exposure to breastmilk were significantly associated with at least one 

inflammatory cytokine level at study entry. In a multivariate model with HIV-1 status and 

these two covariates, concentrations of IFN-γ, IL1-β, IL-2, IL-6, and IL-10 remained 
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significantly higher in the HIV-1+ compared with the HEU  (ranging from 1.65 [IL-1β] 

to 2.20 [IL-6]-fold; Table 3.2). 

 

Figure 3.2 Baseline plasma concentrations of cytokines (IFNγ, IL-1β, IL-2, IL-4, IL-
6, IL-8, IL-10, IL-12p70, IL-13, and TNFα) and sCD14 in HIV-1+ and HEU African 
infants. 

 
Middle line of the box is the median; upper and lower lines of the box are the 25th(Q1) 
and 75th(Q3) percentile. The upper fence and lower fence are defined as 1.5± (Q3-Q1). 
Data points above the upper or below the lower cap are outliers. Differences between 
HIV-1+ (N=68) and HEU (N=113) were analyzed using Wilcoxon rank sum tests. The 
percent of measurements with values below the lower limit of quantification is shown in 
parentheses.  
Abbreviations: HIV-1+, HIV-1-infected; HEU, HIV-1-exposed, uninfected; RV5, 
pentavalent rotavirus vaccine. 
 

To assess associations between age, pVL, CD4 percentages, WAZ, and breastmilk 

exposure with inflammatory cytokine concentrations at study entry in the HIV-1+ infants, 

univariate censored regression models were fit for each covariate. pVL, WAZ and 

breastmilk exposure were all significantly associated with levels of at least one of the 
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cytokines, so all three were included in a multivariate model (Figure 3.3). In the 

multivariate model, higher pVL was associated with higher IFNγ, IL-2, and IL-10 

concentrations; lower WAZ was associated with higher IFNγ, IL-1β, IL-2, IL-8, and IL-

10 concentrations; any exposure to breastmilk was associated with higher concentrations 

of IL-2 and IL-6, and lower concentrations of IL-13. 

 
Figure 3.3 Results of multivariate models of entry marker values in HIV-1+ African 
infants adjusted for breastfeeding, WHO weight-for-age Z-scores, and HIV-1 RNA. 
 
     A      B      C 

 
Ratios > 1 indicate higher marker values in (A) ever vs. never breastfed, (B) higher HIV-
1 RNA (per log10 increase), and (C) higher WHO WAZ per unit of standard deviation (per 
SD  increase).  
Abbreviations: WAZ, weight-for-age Z-score; SD, standard deviation. 
 

 With administration of the first dose of RV5, no significant increases in any of the 

cytokines were observed in both the HIV-1+ and the HEU relative to baseline (Figure 

3.6A) at 21 days post-vaccination. Similar trends were observed in HIV-1+ and HEU 

who received RV5 and placebo (Figure 3.6B).  



75 
 

Figure 3.6 Plasma cytokines (IFNγ, IL-1β , IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, 
IL-13, and TNFα) in HIV-1+ and HEU African infants before (entry) and following 
receipt of one dose (1+21 days) of (A) RV5 or (B) placebo.  

A.  

 
B 

 
Summary measures are reported as median (Q1, Q3).  
Abbreviations: HIV-1+, HIV-1-infected; HEU, HIV-1-exposed uninfected; RV5, 
pentavalent rotavirus vaccine. 
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Monocyte/Macrophage Activation before and after RV5 

Plasma concentrations of sCD14 were also significantly higher in the HIV-1+ compared 

with the HEU at study entry (Figure 3.2); this difference remained significant after 

adjusting for age and exposure to breastmilk (Table 3.2). In the HIV-1+, higher pVL was 

associated with higher sCD14 concentrations (Figure 3.3, model also adjusted for 

breastfeeding and WHO WAZ at entry).  

There was a trend towards an increase in sCD14 concentrations over the time 

course of the study in both the HIV-1+ and HEU, irrespective of RV5 receipt (Figures 

3.4A and B); however, this increase in sCD14 was statistically significant only among 

HEU infants. By the last study visit, sCD14 concentrations did not differ significantly by 

receipt of vaccine or placebo in either the HIV-1+ or HEU. Combining vaccine- and 

placebo-recipients, sCD14 did not differ by HIV-1 status. 

 

Figure 3.4 Plasma sCD14 concentrations in HIV-1+ and HEU African infants before 
(at study entry) and following receipt of one dose (1+21 days) and three doses (3+14 
days and 3+42 days) of (A) RV5 and (B) placebo. 

A             B 
 

 
Summary measures are reported as median (Q1, Q3). No significant increase in sCD14 
among HIV-1+ RV5 and placebo recipients. In HEU RV5 recipients (solid blue), fold 
change in sCD14 from baseline to third dose + 14 days (p=0.019) and third dose + 42 
days (p<0.001). In HEU placebo recipients (dotted blue), fold change in sCD14 from 
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baseline to first dose + 21 days (p<0.001), baseline to third dose + 14 days (p=0.002), 
and third dose + 42 days (p<0.001).  
Abbreviations: sCD14, soluble CD14; HIV-1+, HIV-1-infected; HEU, HIV-1-exposed 
uninfected; RV5, pentavalent rotavirus vaccine.   
 

Correlates of Entry Plasma Biomarkers and Vaccine-induced Humoral Responses  

As reported in the parent trial, no significant differences were observed in antibody 

concentrations to the vaccine viruses after the third dose of RV5 in the HIV-1+ compared 

with the HEU [13]. The overall antibody response rates to vaccine viruses, measured by 

≥3-fold increase from entry to post-vaccination, in HIV-1+ vaccinees were 53% (G1), 

24% (G2), 29% (G3), 62% (G4), and 24% (P1). Response rates were higher in the HIV-

1+ than in the HEU (except for P1), and significantly higher for G1 and G4, but the HIV-

1+ had lower antibody concentrations at entry compared with the HEU. While there is no 

defined threshold of neutralizing antibody titer to viruses in RV5 that is associated with 

protection, we found that pre-vaccination plasma concentrations of IFNγ were negatively 

correlated with neutralizing titers to G1 (r= -0.44, p=0.009) and IL-10 concentrations 

were negatively correlated with neutralizing titers to G1 (r= -0.39, p=0.022) and P1 (r= -

0.37, p=0.029) (Figure 3.5A). Eighty-one percent of both the HIV-1+ and HEU had IgA 

seroresponses.  None of the markers of inflammation or immune activation at study entry 

in the HIV-1+ were significantly correlated with serum IgA serum concentrations or 

copro-antibody concentrations (Figure 3.5A). 
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Figure 3.5 Heat map of correlations of plasma cytokines (IFNγ, IL-1β , IL-2, IL-4, 
IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNFα), and sCD14 with IgA, SNA P1, G1-
G4 and IgA copro-antibody concentrations measured 14 days after the third vaccine 
dose of RV5 among the (A) HIV-1+ and (B) HEU.  

A 

 HIV-1+ 
 
B 

  HEU 
Shades of red and blue indicate the strength of the negative and positive correlations, 
respectively. Statistically significant correlations (p-values <0.05) are noted within 
respective boxes. 
Abbreviations: sCD14, soluble CD14; HIV-1+, HIV-1-infected; HEU, HIV-1-exposed 
uninfected; RV5, pentavalent rotavirus vaccine. 
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3.5 Discussion  

Our results indicate that perinatally HIV-1-infected African infants experience 

early onset of inflammation and immune activation with high circulating concentrations 

of Th1 (IFNγ), proinflammatory (IL-1β, IL-6), and pleotropic cytokines (IL-2, IL-10), as 

well as a heightened state of monocyte activation reflected by sCD14 concentrations 

when compared with HEU. Higher concentrations of IFNγ, IL-2, IL-10 and sCD14 were 

associated with higher pVL, as indicated by an 8-23% increase for each log-10 increase 

in plasma viral load. A similar correlation of sCD14 with pVL was found in HIV-1+ 

infants [17]. Following the third dose of RV5, only 32/64 (50%) children had reached a 

pVL of ≤400 RNA copies/mL after a median of 105 days of cART, suggesting ongoing 

production of virus as one factor in the pathogenesis of inflammation and immune 

activation in perinatal HIV-1 infection 

HIV-1+ infants had significantly lower WHO WAZ than the HEU infants at study 

entry; lower WAZ was associated with higher IFNγ, IL-1β, IL-2, IL-8, IL-10 

concentrations. In a linear regression model, WAZ remained associated with these four 

markers (IL-1β (p=0.002), IL-2 (p=0.06), IL-8 (p=0.017), and IL-10 (p=0.020)) after 

adjusting for HIV-1 RNA at entry and the screening CD4%. This observation suggests an 

interaction of inflammation and immune activation with growth outcomes in perinatal 

infection, similar to the association previously reported in the context of malnutrition [11, 

12, 18, 19]. Further studies are needed to elucidate the relationship between the plasma 

cytokines and early infant weight gain. 

Perinatal HIV-1 infection impairs long-term immunity to routine childhood 

vaccines [6]—including oral polio vaccine [7, 8]—with generally lower and less durable 
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antibody titers [6, 20]. In this cohort of African infants initiating cART in infancy, we did 

not find significant differences in antibody levels to RV5 within the first year of life. 

Most importantly, the IgA responses to the vaccine, which have been previously shown 

to correlate with vaccine-conferred protection [21, 22], were similar in HIV-1+ and HEU 

despite differences in plasma cytokine concentrations. Therefore, the heightened 

inflammatory and immune activation milieu at the time of initiation of the RV5 series did 

not appear to reduce vaccine-induced IgA responses to RV5. These findings are in 

contrast to a recent study in HIV-1-infected adults where an association between 

inflammation and immune activation and poor responses to influenza vaccines was 

reported [5]. It is important to note that anti-influenza antibodies measured by 

hemagglutination inhibition or neutralization are overwhelmingly IgG, which seems to 

behave differently from IgA (see below). In addition, HIV-infected adults typically start 

cART after much longer durations of infection compared with the HIV-1+ infants in this 

study, during which time the adult immune systems are likely to suffer more damage.  

Although the levels of neutralizing antibodies raised by the vaccine did not differ 

between HEU and HIV-1+ infants, we found a negative association between neutralizing 

antibodies and IL-10 and IFN-γ concentrations in HIV-1+. The majority of neutralizing 

antibodies typically belong to the IgG class. Hence, we cannot rule out an effect of 

immune dysregulation reflected by the increased concentrations of IL-10 and IFN-γ on 

the IgG responses to vaccines. This may be a clinically significant problem that needs to 

be further studied because it may affect not only the magnitude but also the 

affinity/avidity and/or the persistence of the antibodies generated during periods of 

immune dysregulation. 
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The consequences of inflammation and immune activation in perinatal HIV-1 

infection are unknown, although elevated lipopolysaccharide levels—thought to reflect 

microbial translocation in HEU infants—have been correlated with increased risk of 

acquisition of HIV-1 through breastfeeding [23]. In our study, RV5 did not lead to 

increases in inflammation and immune activation markers in HIV-1+ or HEU vaccinees 

compared with placebo recipients. Although the levels of sCD14 increased in the first 

year of life in both the HIV-1+ and HEU, no new cases of breastmilk-transmitted HIV-1 

infection were identified. An age-related increase in sCD14 concentrations in HIV-1+ 

and HEU infants was also reported in a study of infants in the Children with HIV Early 

Antiretroviral Therapy (CHER) trial [17], and in the Breastfeeding and Nutrition (BAN) 

trial [23]. In contrast, the longitudinal analysis of the proinflammatory cytokines did not 

show any significant changes 21 days after the first vaccine dose relative to baseline 

concentrations. These data suggest that administration of an oral, live vaccine in HIV-1- 

infected infants who recently initiated cART does not lead to significant increases in 

immune activation and inflammation markers. 

Our study was limited by the lack of HIV-1-unexposed uninfected (HUU) infants 

as controls for the HEU group. Immunologic abnormalities in HEU infants have been 

recently described and HEU infants also had increased rates of severe infections 

compared with HUU [24-26].  

In conclusion, we found neutralizing IgG concentrations may be affected in the 

context of HIV-1 associated inflammation and immune activation, although no 

detrimental effect on short-term IgA antibody responses to RV5 in HIV-1+ infants 

initiating cART was identified. This is encouraging for immunization of this potentially 
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vulnerable population, although the long-term effects on durability of vaccine responses 

needs further evaluation. 
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Chapter 4 

Cell-associated HIV-1 DNA and RNA Decay Dynamics During Early 
Combination Antiretroviral Therapy in HIV-1-infected Infants 

 

 

The data presented in this Chapter has been published in part in: 
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Yenokyan G, Persaud D.  2015.  Cell-Associated HIV-1 DNA and RNA Decay Dynamics 
During Early Combination Antiretroviral Therapy in HIV-1-Infected Infants.  Clinical 

Infectious Disease. 61(12):1862-70.  PMID: 26270687 
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4.1 Abstract 

Background: The decay dynamics of HIV-1-infected cells during early combination 

antiretroviral therapy (cART) in perinatally infected infants have not been defined.  

Methods: Concentrations of HIV-1 DNA, including 2-LTR circles, and multiply-spliced 

(ms) and unspliced (us) HIV-1 RNA were measured at 0, 24, 48, and 96 weeks of cART 

in infants from the IMPAACT P1030 trial receiving lopinavir-ritonavir-based cART. The 

ratios of HIV-1 DNA concentrations to replication-competent genomes were also 

estimated.  Linear mixed effects models with random intercept and linear splines were 

used to estimate patient-specific decay kinetics of HIV-1 DNA. 

Results: The median HIV-1 DNA concentration before cART at a median age of two 

months was 3.2 log10 copies per million PBMC. With cART, the average estimated 

patient-specific change in HIV-1- DNA concentrations was -0.04 log10/week (95%CI: -

0.05, -0.03) between 0 and 24 weeks and -0.017 log10/week between 24 and 48 weeks 

(95%CI: -0.024, -0.01). 2-LTR circles decreased with cART but remained detectable 

through 96 weeks. Pre-cART HIV-1 DNA concentration was correlated with time to 

undetectable plasma viral load and post-cART HIV-1 DNA at 96 weeks. HIV-1 DNA 

concentrations exceeded replication-competent HIV-1 genomes by 148-fold.  Almost all 

infants had detectable msRNA and usRNA before cART, with 75% having usRNA 

through 96 weeks of cART. 

Conclusions: By two months of age, a large pool of HIV-1-infected cells was established 

in perinatal infection, which influences time to undetectable viral load and reservoir size. 
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This will guide clinical trials in perinatal HIV-1 infection aimed at virologic remission 

and cure. 
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4.2 Introduction 

An early establishment of the HIV-1 latent reservoir in long-lived resting memory CD4+ 

T cells enables its lifelong persistence [1-4]. Early combination antiretroviral therapy 

(cART) restricts the size of this reservoir and affords a subset of HIV-1-infected adults 

long-term virologic control in the absence of antiretroviral therapy, which is referred to as 

HIV-1 remission [5]. In the single reported case of HIV-1 remission in perinatal 

infection—the “Mississippi Child”—very early institution of cART (at 30 hours of age) 

likely contributed to the 27 months of remission by restricting the latent reservoir size [6, 

7]. Indeed, reducing HIV-1 reservoir size by 3 or more logs is estimated through 

mathematical modeling to enable periods of HIV-1 remission, though more studies are 

needed to support this notion [8]. Early initiation of cART (by 3 months of age) has been 

shown to be life-saving [9], and is now the standard of care globally. Most HIV-1 

infected infants, however, do not have the opportunity to start cART within hours of 

birth, as HIV-1 infection is typically identified between 1-3 months of age [10]. 

The propensity to achieve low reservoir size in later childhood and adolescence 

due to an early initiation of cART during infancy has been reported [11]. However, the 

concentration of HIV-1-infected cells before cART and its decay dynamics following 

early cART during the first two years of life are unknown. Previously, we showed that 

the resting CD4+ T-cell latent HIV-1 reservoir is established by two months of age and 

decayed with a half-life of 11 months between 24 and 96 weeks of cART [12] among a 

subset of infants enrolled in the International Maternal, Pediatric, and Adolescent AIDS 

Clinical Trials Network (IMPAACT) P1030 study [13, 14]. In the P1030 trial, the mean 

reservoir size was 0.32 infectious units per million resting CD4+ T cells (IUPM) at 96 
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weeks of cART [12]. However, that study of latent reservoirs was limited by a lack of 

analyses of the total HIV-1-infected cell concentration using proviral DNA measurements 

in circulating blood before and during cART. Here, we estimate the effects of early cART 

on the kinetics of HIV-1 DNA and cellular RNA concentrations over time using a nested, 

longitudinal study of infants in the IMPAACT P1030 clinical trial [13, 14]. 

 

4.3 Materials and Methods 

Study Participants 

This study consisted of 18 of the 31 perinatally infected infants between the ages of 14 

days and 6 months who were enrolled in the IMPAACT P1030 clinical trial (Figure 4.1), 

a multicenter, Phase I/II, open-label trial to establish the pharmokinetic properties of 

lopinavir/ritonavir (LPV/r) for treatment of HIV-1-infected infants [14]. As part of the 

original study design, infants were stratified by age at treatment (< or ≥ 6 weeks of age). 

Peripheral blood was collected before (“week 0”) and 24, 48, 96 weeks post-cART, from 

which PBMCs were isolated and stored. Infants were included in the present study if they 

had an effective virologic response to cART, defined as a ≥2-log10 decrease in pVL by 24 

weeks of cART, an undetectable pVL (<400copies/mL) by 48 weeks of cART, and 

virologic suppression maintained through 96 weeks of study. After achieving virologic 

suppression to<400 copies/ml, episodes of transient viremia in between undetectable pVL 

were allowed. The dynamics and size of the replication-competent, resting CD4+ T cell 

latent reservoir (infectious units per million resting CD4+ T cells (IUPM) were 

previously reported for 14 of the 19 infants [12]. 
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  One infant was excluded from the present study after testing negative for HIV-1 

DNA in peripheral blood mononuclear cells (PBMCs) due to primer mismatch with 

subtype A/G recombinant HIV-1 (Figure 4.1). Not all infants had samples available for 

both HIV-1 DNA and cellular RNA at all-time points (Figure 4.1).  

Figure 4.1 Study population: PACTG/IMPAACT 1030. 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Abbreviations: IMPAACT, International Maternal Pediatric Adolescent AIDS Clinical 
Trials Group; EVR, effective virologic response; cART, combination antiretroviral 
therapy; HIV-1, Human Immunodeficiency Virus Type 1; 2-LTR, 2-long terminal repeat; 
ms, multiply spliced; us, unspliced. 

Samples for RNA Study 
pre-cART (n=15) 
24 weeks (n=10) 
48 weeks (n=6) 
 96 weeks (n=8) 

RNA species assayed:  
 ms and us RNA 

Post-
cART 

Samples for DNA Study 
pre-cART (n=18) 
24 weeks (n=16) 
48 weeks (n=14) 
96 weeks (n=12) 

DNA species assayed: 
total HIV-1, 2-LTR circle 

Post- 
cART 

Samples Studied (n=19) 

Subjects Excluded (n=6) 
Failure to have EVR 

EVR defined as, (i) ≥2log drop in pVL by 24wk (ii) <400 by 48wk 

Samples Excluded (n=1) 
Failure to detect HIV-1 DNA  

A/G recombinant virus 

Samples in present sub-study (n=18) 

SInfants Enrolled (n=31) 
      

Infants Enrolled (n=31) 
< 6 weeks of age (n=10) 
>6 weeks of age (n=21) 

Subjects Excluded (n=6) 
Failure to obtain international samples 
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Quantification of HIV-1 DNA and 2-LTR Circles  

Genomic DNA was isolated from PBMCs using Qiagen Blood Midi kit (Qiagen, 

Valencia, CA). HIV-1 DNA levels were quantified using modified methods for droplet 

digital PCR (ddPCR) published by Strain et al. [15]. Methods for fragmentation of 

genomic DNA were modified by digesting the DNA with the restriction enzyme XbaI 

(New England BioLabs Inc., Ipswich, MA) at 37°C for 1 hour, followed by inactivation 

at 65°C for 20 minutes. The median limit of detection (LOD) for both HIV-1 DNA and 2-

LTR was 0.41 log10 copies per million PBMCs.  

Quantification of Multiply Spliced- and Unspliced-HIV-1 RNA  

Total RNA was isolated from cryopreserved PBMCs using Trizol (Life Technologies, 

Grand Island, NY) and DNase-treated (Life Technologies, Grand Island, NY). cDNA 

synthesis was performed from 500 ng of cellular RNA using iScript Advanced cDNA 

Synthesis Kit (Bio Rad, Hercules, CA). Cellular HIV-1 RNA species were then 

quantified using a published primer set for HIV-1 msRNA targeting Tat/Rev and HIV-1 

usRNA targeting Gag [16, 17]. For each sample, residual DNA was assessed in parallel 

with a no reverse transcriptase (RT) control reaction. Samples were included for analysis 

if the ratio of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a housekeeping 

gene, in RT versus no RT was >100. Copy numbers of msRNA and usRNA species were 

normalized to total RNA concentration and reported as copies per 1 μg of total input 

cellular-derived RNA. The lower limits of detection for msRNA and usRNA were -0.74 

log10 and -0.46 log10 copies per μg total input RNA from PBMC.  

Statistical analyses 
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The half-life of the HIV-1 DNA level was calculated using a pharmacokinetic analysis 

for the entire cohort and also after excluding four patients who only had available blood 

samples for measurements at two time points. HIV-1 DNA concentrations were measured 

and modeled over the follow-up period using linear mixed effects (LME) model with a 

random intercept for each infant. Non-linear HIV-1 DNA trajectories were represented 

with 3 linear splines with knots at 24 and 48 weeks. The model also included concurrent 

CD4+ T cell percent and age. Random slopes for each infant were tested to account for 

heterogeneity in HIV-1 DNA trajectories but did not improve model fit and, therefore, 

were not included in the final model. LME models were also used to calculate differences 

in cellular usRNA concentrations during cART. Concentrations of msRNA were 

undetectable by 48 weeks post-cART, precluding similar analyses of this marker. 

Correlations between concentrations of HIV-1 DNA, msRNA, usRNA, IUPM, 

and VL were calculated at each study visit using either Pearson’s (r) (for log-transformed 

variables) or Spearman’s correlation (ρ) coefficients. Time to undetectable viral load 

following cART initiation was modeled using a discrete-time proportional odds model. 

Transcriptional activity of the HIV-1 DNA was evaluated by calculating the ratio of 

usRNA (copies/µg RNA) to total DNA (copies/µg DNA). 

 

4.4 Results 

Patient Characteristics  

Among the 18 infants who achieved virologic suppression, the median age at cART 

initiation was 2.0 months (Table 4.1). Five infants were < 6 weeks of age (median: 5.7 
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weeks) and 13 were ≥ 6 weeks of age (median: 11.1 weeks) at cART initiation. At the 

start of cART, the median pVL was 5.8 log10 copies/ml and the median CD4+ T cell 

percentage was 35% (Table 4.1). The median time to undetectable pVL to <400 

copies/ml was 12 weeks (range: 4 to 48 weeks). Ten of 18 (56%) infants experienced 

intermittent episodes of viremia above 400 copies/mL (IQR: 489.5, 4908) through 96 

weeks of cART. Only 2/18 infants (11%) had intermittent viremia >10,000 copies/mL; 

509908 had viremia of 93,800 copies/mL and 60,400 copies/mL at 32 weeks and 84 

weeks, respectively, following cART initiation; 374199 had viremia of 57,339 and 

160,334 at week 32 and 40 weeks, respectively, following cART initiation. 

(Supplementary Figure S4.1). Concentrations of HIV-1 DNA and 2LTR circle decreased 

in both infants, despite the occurrence of intermittent viremia.  

 
 
Table 4.1 Patient Characteristics at cART initiation. 
 
Characteristic N=18 
Female (%) 9 (50%) 
Age (months) (IQR) 2.0 (1.4, 3.8) 
Plasma HIV-1 RNA (log10 copies/ml) (IQR) 5.8 (5.4, 6.3) 
Race 

White non-Hispanic 0 
Black non-Hispanic 12 (67%) 
Hispanic 6 (33%) 

CD4+ T cell (%) (IQR) 35% (29, 41) 
CD8+ T cell (%) (IQR) 23% (20, 25) 
Prophylactic Regimen (%) 

None 4 (22%) 
Zidovudine 10 (56%) 
Zidovudine + Nevirapine 3 (17%) 
Zidovudine + Lamivudine + Nevirapine 1 (6%) 

cART Regimen (%)  
Zidovidune + Lamivudine + Lopinavir/Ritonavir 10 (56%) 
Stavudine + Lamivudine + Lopinavir/Ritonavir 7 (39%) 
Stavudine + Abacavir + Lopinavir/Ritonavir 1 (6%) 

Abbreviations: cART, combination antiretroviral therapy; HIV-1, Human 
Immunodeficiency Virus Type 1. 

https://en.wikipedia.org/wiki/Lopinavir/ritonavir
https://en.wikipedia.org/wiki/Lopinavir/ritonavir
https://en.wikipedia.org/wiki/Lopinavir/ritonavir
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Supplementary Figure 4.1 Decay of HIV-1 DNA species in two infants with 
intermittent viremia of >10,000 copies/mL, A, Total HIV-1 DNA and B, 2-LTR 
DNA. 

A       B 
   

Open symbols represent data points below the limit of detection of the assays. 
Intermittent viremia of >10,000 copies/mL was observed in two infants, 509908 (red) 
and 374199 (pink).  
 

Cellular HIV-1 DNA  

The median HIV-1 DNA concentration prior to cART was 3.2 log10 copies per million 

PBMCs and was lower at all subsequent time points with median levels of 2.0 log10 (IQR: 

1.7, 3.0), 2.1 log10 and 2.1 log10 copies per million PBMCs at 24, 48 and 96 weeks of 

cART, respectively (Table 4.2). One infant reached an undetectable HIV-1 DNA by 48 

weeks of cART but was subsequently lost to follow-up, precluding additional 

longitudinal analyses. The median half-life of HIV-1 DNA among the 18 infants was 

estimated at 26.8 weeks. After excluding four patients with only two measurements, the 

median half-life was 32.6 weeks. 
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Table 4.2 Summary of total HIV-1 DNA, and 2-LTR DNA concentrations in PBMC 
before cART initiation and after 24, 48, and 96 weeks of cART. 

 Time on combination antiretroviral therapy 
(Weeks) 

  
0  

 
24 

 
48  

 
96  

log10 (HIV-1 DNA copies per million 

PBMC)     
 

N 18 16 14 12 
Median 
[IQR] 

3.2 
[2.6, 3.9] 

2.0 
[1.7, 3.0] 

2.1 
[1.2,  2.8] 

2.1 
[1.6, 2.3] 

 
Min-Max 2.1, 4.4 1.1, 3.2 0.40, 2.9 1.3, 2.7 
Detectable 

[%] 
18/18 

[100%] 
16/16 

[100%] 
13/14 
[93%] 

12/12 
[100%] 

log10 (2-LTR DNA copies per million 
PBMC) 

   
 

 

 
N 

 
18 

 
16 

 
14 

 
12 

Median 
[IQR] 

2.0 
[0.69, 2.9] 

1.1 
[0.5, 2.1] 

0.75 
[0.4, 1.7] 

1.0 
[0.8, 1.3] 

 
Min-Max 0.32, 3.2 0.38, 2.4 0.33, 2.1 0.54, 1.6 
Detectable 

[%] 
15/18 
[83%] 

11/16 
[69%] 

10/14 
[71%] 

11/12 
[92%] 

Abbreviations: HIV-1, Human Immunodeficiency Virus Type 1; 2-LTR, 2-long terminal 
repeat; PBMC, peripheral blood mononuclear cells; cART, combination antiretroviral 
therapy; IQR, Interquartile range; Min, minimum; Max, maximum. 

 

The results of the linear mixed effects model indicated statistically significant 

changes in patient-specific slope at 24 weeks (p <0.0001) and at 48 weeks (p= 0.003) of 

cART. HIV-1 DNA levels decayed rapidly at an estimated rate of -0.040 log10 copies per 

million PBMCs per week (95% CI: -0.05,-0.03, p-value<0.0001) from 0-24 weeks of 

cART, followed by a slowed estimated decay rate of -0.017 log10 copies per million 

PBMCs per week (95% CI: -0.024, -0.01; p-value <0.0001) from 24 to 48 weeks and no 

further statistically significant decay at an estimated rate of -0.0021 log10 copies per 

million PBMCs per week (95% CI: -0.006, 0.002; p-value = 0.295) from 48 to 96 weeks 
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of cART (Figure 4.2a). The estimated decay rates did not change substantially after 

adjusting for age at analysis and concurrent CD4+T cell percentages. 

We examined differences in HIV-1 DNA concentration as a function of age at 

cART initiation following the P1030 trial's original design of stratification at 6 weeks of 

age. The median HIV-1 DNA concentration before cART initiation in infants treated at < 

6 weeks of age (n=5) was not significantly different from those treated at ≥ 6 weeks of 

age (n=13), p-value = 0.961, with medians of 3.1 (IQR: 2.9, 3.2) and 3.6 copies per 

million PBMCs (IQR: 2.6, 3.9), respectively. HIV-1 DNA was lower but not significantly 

different in the <6 week age group compared to the ≥ 6 weeks age group at weeks 24, 48, 

and 96 weeks of cART (data not shown). This analysis was not powered to detect 

significant difference by the age at cART initiation. 

 Fifteen of 18 (83%) infants had 2-LTR circles detected before cART initiation 

with a median concentration of 2.0 log10 copies per million PBMCs (Table 4.2). 2-LTR 

circles decayed in parallel with total HIV-1 DNA with increased duration of cART 

(Figure 4.2b) and remained detectable but at substantially lower concentrations in 11/16 

(69%), 10/14 (71%), and 11/12 (92%) infants at 24, 48 and 96 weeks of cART, 

respectively (Table 4.2).  
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Figure 4.2 Decay of HIV-1 DNA species following initiation of cART: A, Total HIV-
1 DNA and B, 2-LTR DNA.  

A      

 

B 

 

Abbreviations: cART, combination antiretroviral therapy; HIV-1, human 
immunodeficiency virus type 1; 2-LTR (2-long terminal repeat).*** p≤0.0001 statistical 
significance for decay rates from 0 to 24 weeks and from 24 to 48 weeks following cART 
initiation. Individual dotted lines indicate patient-specific slopes and thick black line 
indicates the model-based summary.  
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 We examined the ratio of HIV-1 DNA concentration to replication-competent 

HIV-1, as indicated by IUPM previously reported for these infants [12]. HIV-1 DNA 

concentrations in total PBMC were significantly correlated with IUPM in resting CD4+ T 

cell at 24 weeks but not at 48 or 96 weeks (Table 4.3). However, HIV-1 DNA 

concentrations exceeded replication-competent viral genomes by 66-, 170- and 148-fold 

at 24, 48, and 96 weeks post-cART, respectively, albeit in a small sample size.  

 

Table 4.3. Relationship between HIV-1 DNA concentrations in PBMC and 
replication-competent HIV-1 in resting CD4+ T cells among infants with detectable 
levels by both measurements. 

 Time on combination antiretroviral therapy (Weeks)  
  

24  
 

48  
 

96  
 

N 11 8 6 
Spearman’s (ρ) of HIV-1 DNA 

and Replication-competent DNA 0.66 0.39 0.44 
 

p-value (p) 0.028 0.34 0.38 
Total HIV-1 DNA: Replication-

competent HIV-1 DNA (copies per 
infectious unit) [IQR] 

66 
[15, 240] 

170 
[52, 375] 

 
148 

[66, 274] 
 

Min-Max 7.1, 642 8.7, 752 53.6, 933 
Abbreviations: ddPCR, droplet digital PCR; HIV-1, Human Immunodeficiency Virus 
Type 1; PBMC, peripheral blood mononuclear cells IQR, Interquartile range; Min, 
minimum; Max, maximum. 

 

Cellular HIV-1 RNA  

Before cART initiation, msRNA, a general marker of productively infected cells, 

was detected in 100% of 15 infants tested and at a median concentration of 2.7 log10 

copies/μg total RNA (Table 4.4). Within 24 weeks of cART, msRNA expression 
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decreased to -0.07 log10 copies/μg total RNA, but remained detectable in 5/10 (50%) 

infants, and reached undetectable levels in all infants by 48 weeks of cART (Figure 4.3a).   

Before cART initiation, usRNA was detected in 14/15 (93%) infants at a median 

concentration of 3.4 log10 copies/μg total RNA (Table 4.4). Within 24 weeks of cART, 

median levels of usRNA decreased significantly to 1.2 log10 copies/μg total RNA, but 

remained detectable in 8/10 (80%) infants (Figure 4.3b). By 48 and 96 weeks of cART, 

usRNA remained detectable in 5/6 (83%) and 6/8 (75%) infants, respectively. The 

median ratio of HIV-1 usRNA/total DNA before cART initiation was 18.2 copies per 

infectious unit, which declined to 2.3, 0.67 and 2.5 copies per infectious unit by 24, 48 

and 96 weeks of cART, respectively (Table 4.5).  

Table 4.4 Summary of messenger HIV-1 RNA (ms- and us-) before cART initiation 
and after 24, 48, and 96 weeks of cART. 

  
Time on combination antiretroviral therapy (Weeks) 

  
0  

 
24  

 
48  

 
96  

log10 (msRNA c/ug total 
RNA)     

 
N 

 
15 

 
10 

 
6 

 
8 

Median 
[IQR] 

2.7 
[2.3, 3.3] 

-0.07 
[-0.74, 0.75] 

-0.74 
[-0.74, -0.74] 

-0.74 
[-0.74, -0.74] 

 
Min-Max 0.90, 4.0 -0.74, 1.2 

 
-0.74, -0.74 

 
-0.74, 0.38 

Detectable 
[%] 

15/15 
[100%] 

5/10 
[50%] 

0/6 
[0%] 

1/8 
[12.5%] 

log10 (usRNA c/ug total 
RNA) 

   
 

 

 
N 

 
15 

 
10 

 
6 

 
8 

 
Median [IQR] 

3.4 
[3.1, 4.2] 

1.2 
[0.9, 2.2] 

0.83 
[0.41, 1.6] 

0.94 
[0.2, 1.5] 

 
Min-Max -0.46, 4.5 

 
-0.46, 2.5 

 
-0.46, 1.7 

 
-0.46, 2.2 

Detectable 
[%] 

14/15 
[93%] 

8/10 
[80%] 

5/6 
[83%] 

6/8 
[75%] 
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Abbreviations: HIV-1, Human Immunodeficiency Virus Type 1; ms-, multiply spliced; us-
, unspliced; c/μg, copies per microgram; IQR, Interquartile range; Min, minimum; Max, 
maximum. Samples below the LOD were adjusted to their respective LOD. 

 
 
Figure 4.3. Decay of cellular HIV-1 RNA species following initiation of cART: A, 
msRNA and B, usRNA. 
 
A      B 

 
Abbreviations: cART, combination antiretroviral therapy; HIV-1, human 
immunodeficiency virus type 1; c/μg, copies per microgram; ms, multiply spliced; us, 
unspliced. *** p≤0.0001; * p≤0.05 statistical significance. Dotted lines indicate limit of 
detection for the RNA assay. Open symbols indicate RNA measurements below limit of 
detection. Samples below the LOD were adjusted to their respective LOD. Only baseline 
samples were available from two infants who experienced intermittent viremia of 
>10,000 copies/mL: 509908 (red) and 374199 (pink). 
 

 

Table 4.5 Summary of ratio of HIV-1 us RNA and total DNA before cART initiation 
and 24, 48, and 96 weeks after cART among infants with detectable levels. 

  
Time on combination antiretroviral therapy (cART) 

 
HIV-1 usRNA/total DNA 

 
0 Weeks 

 
24 Weeks 

 
48 Weeks 

 
96 Weeks 

 
N 14 8 5 6 

Median  
[IQR] 

18.2 
[6.3, 37] 

2.3 
 [0.56, 3.3] 

0.67 
 [0.26, 0.84] 

2.5 
 [0.77, 3.4] 

 
Min-Max 0.05, 70 0.06, 15 0.03, 1.3 0.59, 8.1 

Abbreviations: HIV-1, Human Immunodeficiency Virus Type 1; us, unspliced; IQR, 
Interquartile range; Min, minimum; Max, Maximum. 
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Correlations between Virologic and Immune Markers of HIV-1 Infection following 

cART  

HIV-1 DNA concentration prior to cART was positively correlated with the time to first 

virologic suppression: a one-log10 increase in HIV-1 DNA was associated with a 76% 

decreased odds (95% CI: 32%, 91%; p-value =0.007) of reaching an undetectable VL at 

any week, assuming a constant effect of HIV-1 DNA over the entire follow-up time. 

Higher baseline pVL was also associated with lower probability of achieving 

undetectable pVL: a one log10 increase in pVL was associated with a 78% decreased odds 

(95% CI: 13%, 94%; p-value = 0.031) of reaching an undetectable pVL at any week. 

However, no association was found between age at cART and baseline CD4+ T cell 

percentage with time to virologic suppression. Pre-cART HIV-1 DNA concentration was 

highly correlated with post-cART HIV-1 DNA concentration at all study visits [Figure 

4.4] and was not significantly correlated with age [r = 0.30; p-value = 0.23], plasma viral 

load [r = 0.43; p-value = 0.08], or CD4+ T cell percentage [r = -0.03; p-value = 0.91] at 

cART initiation. 

Figure 4.4 Correlations between pre-and post-cART HIV-1 DNA concentrations at 
24, 48, and 96 weeks. 

Abbreviations: cART, combination antiretroviral therapy; HIV-1, human 
immunodeficiency virus type 1 
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Prior to cART initiation, msRNA was significantly correlated with HIV-1 DNA 

concentration [ρ=0.73; p-value = 0.002], but not pVL [ρ = 0.27; p-value = 0.334], 

whereas usRNA was correlated with both pVL [ρ = 0.59; p-value = 0.02] and HIV-1 

DNA concentration [ρ = 0.68; p-value = 0.005]. Analyses of correlations between HIV-1 

RNA and DNA concentrations were precluded due to limited samples from study 

participants at later time points. 

 

4.5 Discussion 

To our knowledge, this is the first study to assess the effect of early cART on HIV-1 

DNA and cellular RNA dynamics, with estimates of the ratio of total HIV-1 DNA to 

replication-competent genomes during the first two years of life in infected infants on 

effective cART. We found early generation of high concentrations of HIV-1-infected 

cells in peripheral blood mononuclear cells within two months of birth. Pre-cART 

concentrations of HIV-1-infected cells were highly correlated with the concentrations of 

HIV-1-infected cells persisting under cART through two years of age and with time to 

virologic suppression. Time to virologic suppression was also associated with pre-

treatment plasma viral load. HIV-1 DNA concentrations decreased in a bi-phasic manner 

over the first 48 weeks of cART, before becoming stable between 48 and 96 weeks of 

cART. Such non-linear decay kinetics of total HIV-1 DNA are similar to those seen in 

HIV-1-infected adults treated during primary infection, reflecting the clearance of 

heterogeneous HIV-1 reservoirs [20]. Total HIV-1 DNA concentrations in PBMC was in 

large excess to replication-competent HIV-1 at an estimated 148-fold at 96 weeks of 

cART, emphasizing early and large contributions of defective genomes in the 
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pathogenesis of HIV-1 infection [18, 19]. A similar correlation between pre- and post-

cART HIV-1-infected cell concentrations was also reported in children initiating cART 

during chronic infection [20] and in infected adults [21]. The association between pre-

cART HIV-1 DNA concentrations and time to virologic suppression is consistent with 

ongoing production of virus from long-lived cells generated before the initiation of cART 

and is supported by data in adults, which shows the correlation of HIV-1-infected cells at 

pre-cART with residual viremia despite years of effective treatment [22]. Together these 

findings support the early establishment of long-lived infected cells in perinatal HIV-1 

infection.  

The increased time to undetectable plasma viral load and the occurrence of 

“intermittent viremia” during cART may represent ongoing low-level replication or virus 

production from long-lived cells [23]. Over 50% of the infants experienced “intermittent 

viremia” during the 96 weeks of cART. Analyses of 2-LTR circles, which are frequently 

cited as a measure of ongoing virus replication [23], failed to distinguish between those 

with and without intermittent viremia (data not shown). Indeed, 2-LTR circles decayed in 

parallel with HIV-1 DNA, and persisted in 11/12 (92%) infants through 96 weeks of 

cART, suggesting stability of 2-LTR circles in infants with effectively treated perinatal 

HIV-1 infection. Long-term detection of 2-LTR circles was observed in HIV-1-infected 

adults after up to 10 years of cART [21], supporting that this byproduct of abortive 

integration event may also be long-lived.  

Before cART, levels of HIV-1 transcripts were high and correlated with HIV-1 

DNA and plasma viral load confirming the transcriptionally active state of the infected 

cell pool. The detection of msRNA transcripts, Tat and Rev, generally indicates presence 
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of productively infected cells [24-26], whereas usRNA transcripts represents 

transcriptionally active genomes that may not lead to productive infection. The inability 

to detect msRNA by 48 weeks is consistent with clearance of productively infected cells 

with cART [26]. The clinical relevance of persistent detection of usRNA transcripts 

though 96 weeks of cART is unclear. Studies in perinatally infected children treated in 

later childhood reported persistence of unspliced transcripts through 48 months of cART 

[27], and even with up to 7-8 years of early cART [28]. However, the extent to which 

these unspliced transcripts represent readthrough transcripts or LTR-derived HIV-1 

transcripts is unclear [29]. Whether these transcripts are defective or capable of virus 

production will require further investigation as this will be  important for immune-based 

strategies aimed at reducing HIV-1 reservoirs [30]. 

Our study was limited by small sample size and the inability to measure HIV-1 

DNA and RNA transcripts among all infants studied at baseline and on subsequent 

follow-up visits. In addition to knowledge of the timing of infection which may have 

influenced their decay dynamics. Blood volume limitations also precluded quantitative 

analyses of HIV-1 infection within the various CD4+ T cell subsets. However, we 

observed strikingly similar patterns of decay over time among individuals. The ratio of 

HIV-1 DNA in PBMCs to replication-competent HIV-1 from resting CD4+ T cells is 

likely an underestimate of the proportion of defective genomes. The major cell type 

contributing to the latent HIV-1 reservoir is presumed to be resting CD4+ T cells [31]. 

Hence, it is expected that the ratio of HIV-1 DNA to replication-competent HIV-1 would 

be higher if HIV-1 DNA levels were measured in resting CD4+ T cells compared to that 

measured in PBMCs.  
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Avalos CR et al. recently showed that tissue macrophages (brain, lung, spleen) are 

productively infected with HIV-1 [32]. Since emerging evidence suggests that tissue-

resident macrophages have the ability to self-renew [33], they could serve as a long-lived 

reservoir. Tissue samples were not collected as part of this clinical trial; hence, we were 

not able to measure tissue reservoir, including memory CD4+ T cells and tissue-resident 

macrophages.   

Large stable pools of HIV-1-infected cells were established within two months of 

age in perinatally infected infants that influenced the concentrations of infected cells 

persisting through 96 weeks of cART and time to virologic suppression, although a 

substantial proportion were replication defective but maintained the capacity to produce 

unspliced HIV-1 transcripts. These findings support early establishment of long-lived 

HIV-1-infected cells in perinatal infection that creates an early barrier to HIV-1 

eradication. Dramatically limiting the size of replication-competent HIV-1 reservoirs will 

therefore require substantially earlier timing of cART, as was observed in the case of the 

Mississippi child. 
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5.1 Abstract 

Background: Even after more than a decade of effective virologic control in perinatal 

HIV-1 infection, the decay of HIV-1-infected cells is still unknown. 

Methods: HIV-1 DNA and 2-long terminal repeat (2-LTR) circles were quantified in 

peripheral blood mononuclear cells (PBMCs) during up to 14 years of virologic 

suppression (VS) (<400 copies/mL) among perinatally HIV-1-infected children and 

youth in the Pediatric HIV/AIDS Cohort Study (PHACS). The HIV-1 DNA levels over 

the time course of combination antiretroviral treatment (cART) following VS were 

estimated using piecewise linear mixed effects regression models and assessed for the 

effect of age at VS: group 1 (N=13) were < 1 year of age and group 2 (N=48) were 1-5 

years of age at the time of the VS.  

Results: HIV-1 DNA levels decreased significantly differently in the two groups in the 

first 2 years following VS: In group 1, HIV-1 DNA decayed by -0.50 (95% CI: -0.73 to -

0.27) log10 copies/million PBMCs per year; in group 2, it decayed by -0.15 (95% CI: -

0.23, -0.07) log10 copies/million PBMCs per year. Thereafter, between years 2 and 14 of 

VS, HIV-1 DNA decayed at a similar rate at -0.03 (95% CI: -0.06, -0.00) and -0.05 (95% 

CI: -0.07, -0.03) log10 copies/million PBMCs per year in groups 1 and 2, respectively  

After 10 years of VS, the estimated HIV-1 DNA concentration was significantly lower in 

group 1 (0.99 log10 copies/million PBMCs) compared with group 2 (1.51 log10 

copies/million PBMCs). Adjusting for CD4 cell counts had no effect on the decay 

estimates. 
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Conclusions: HIV-1 infected cell concentrations decreased by 7.2-fold over a decade or 

more of cART in perinatally-infected children, irrespective of age at VS and reached 

substantially lower concentrations with early virologic control by 1 year of age.   

 

 

 

 

 

 

 

 

 

 

 



113 
 

5.2 Introduction 

The early establishment of HIV-1 infection in long-lived cells (HIV-1 reservoirs) impairs 

stopping combination antiretroviral therapy without having prompt return of plasma virus 

[1-4]. Emerging data support that the small reservoir size achieved from treatment during 

acute HIV-1 infection [5-8] may enable a subset of HIV-1-infected individuals to stop 

cART and maintain virologic control [9]. Mathematical models also support the notion 

that reducing the size of the latent HIV-1 reservoir in resting CD4+ T cells allows for 

prolonged HIV-1 remission [10, 11].  

 In a cross-sectional study, we and others have shown that age at virologic control 

is associated with proviral reservoir size in perinatally infected children treated for 7 or 

more years with cART [12-14], with virologic control by the first year of life associated 

with smaller proviral reservoir size [12, 13]. However, when in the time course of 

antiretroviral treatment, a smaller proviral reservoir is achieved is unknown. We therefore 

performed a longitudinal study of the decay dynamics of HIV-1 DNA in HIV-1-infected 

children and youth who differed by age and duration of virologic suppression (VS).  

  

 

5.3 Materials and Methods 

Study Population 

This study included HIV-1-infected children and adolescents enrolled in a prospective 

cohort study of perinatal HIV Infection outcomes in the U.S. (the Pediatric HIV/AIDS 

Cohort Study (PHACS Adolescent Master Protocol (AMP) PHACS/AMP). Of the 451 
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HIV-1-infected children and adolescents enrolled in PHACS/AMP, 430 initiated cART 

by July 2012, 198 achieved confirmed VS, and 73 maintained VS throughout follow-up 

for a median of 10.1 years (Figure 5.1). Confirmed VS was defined as achieving two 

consecutive HIV-1 RNA viral loads (VLs) < 400 copies/mL after cART initiation; 

maintenance of VS was defined as maintaining VLs < 400 copies/mL during the study, 

although intermittent viremia of  ≥400 copies/ml in between VL measurements <400 

copies/ml was allowed.  

 Study participants were stratified into two groups based on age at VS: group 1 

(N=15) achieved VS by age 1 and group 2 (N= 58) between 1-5 years of age, as reported 

in a previous cross-sectional study [12]. Seventy-two of the 73 participants had blood 

samples available for testing; 65/72 had HIV-1 DNA that could be amplified by the HIV-

1 Pol primer set. The final analysis included data on the 61 of the 65 participants who had 

samples available for testing for longitudinal analysis. 
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Figure 5.1 Study population in the Pediatric HIV/AIDS Cohort Study (PHACS) 
Adolescent Master Protocol (AMP) cohort.  

 

 
Abbreviations: VS, virologic suppression; PBMC, peripheral blood mononuclear cell. 

Quantification of total HIV-1 DNA  

Genomic DNA was isolated from PBMC with the Qiagen Blood Midi kit (Qiagen, 

Valencia, California) and its concentration was determined using the NanoDrop 2000 

spectrophotometer (Thermo Scientific, Waltham, MA). Genomic DNA was subjected to 

digestion with the restriction enzyme XbaI (New England BioLabs Inc., Ipswich, MA) at 

37°C for 1 hour, followed by inactivation at 65°C for 20 minutes. HIV-1 DNA 

concentrations were quantified using modified methods for droplet digital polymerase 

chain reaction (ddPCR) [15], which have been previously used to test another cohort, 

with primers targeting HIV-1 Pol (HBX2: 2539, 2659) [12]. Another primer set LTRGag 

(HBX2:626, 786) was used to measure HIV-1 DNA on at least one time point for all 
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participants to ensure reliable quantification of the viral genome. Up to 4 µg of genomic 

DNA were assayed in 4 to 8 replicate reactions. The estimated copy number of input cells 

was calculated in parallel by assaying for the cellular housekeeping gene ribonuclease 

P/MRP 30kDa subunit (RPP30).   

For the present study, HIV-1 DNA concentrations obtained from the Pol assay 

were used to model decay dynamics. A total of 402 samples from 61 children were tested 

for HIV-1 DNA levels. The average limit of detection (LOD) was 2.5 copies/million 

PBMC (IQR: 1.5 to 2.7). 

Statistical analyses 

HIV-1 DNA was not detected in 9.7% (7/72) of the study participants with Pol primers at 

all of the time points tested due to primer binding issues (data not shown), which was 

determined by testing the samples in parallel with primer targeting the LTRGag region of 

HIV-1. These participants were excluded from the study. Failure to amplify HIV-1 

genomes by PCR-based methods due to primer mismatch, despite recovery of the 

replication competent genomes, has been reported [16].  Hence, the decay dynamics of 

HIV-1 DNA were modelled only from longitudinal samples obtained from the 61 

children with amplifiable Pol. 

 Socio-demographic, HIV-1 treatment and disease, and specimen characteristics 

were compared by age at VS group by Fisher’s Exact or Wilcoxon Rank Sum tests as 

appropriate. LOESS plots were first fit to obtain a graphical summary of the relationship 

between HIV-1 DNA and time since VS, overall and by age at VS group. Piecewise 

linear mixed effects regression models were then fit to estimate the HIV-1 DNA 
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trajectories following VS for all study participants, and by age at VS group. To estimate 

trajectories by age at VS, age at VS as well as interaction terms between age at VS and 

the slope parameters were added to the model. A knot was placed at year two from VS 

based on both the LOESS plots of these trajectories and prior knowledge on significant 

changes in immune cell populations, primarily the increase in the memory CD4+ T cell 

pool at this age. For group 2, the slopes were not different before and after 2 years of VS; 

however a knot was forced at year 2 following VS to compare the slopes between groups 

1 and 2.  Model-based mean PBMC-associated HIV-1 DNA load during VS and half-

lives were calculated. In further analyses, HIV-1 DNA concentrations were normalized to 

CD4+ T cells by dividing the PBMC-associated HIV-1 DNA by the proportion of PBMC 

that were CD4+ T cells. Fisher’s permutation test was used to calculate p-values for 

comparison of these estimates by age at VS group. In further analyses, HIV-1 DNA 

concentrations were normalized to CD4+ T cell levels by dividing the original outcome 

of PBMC-associated HIV-1 DNA by the proportion of PBMC that were CD4+ T cells. 

 

5.4 Results 

Patient Characteristics 

Group 1 initiated cART at median of 2.1 months of age, and achieved VS within a 

median of 5.9 months of starting cART; group 2 initiated cART at 1.7 years of age and 

achieved VS within a median of 10.2 months of starting cART (Table 5.1). The median 

duration of VS was 11.9 and 9.5 years for groups 1 and 2, respectively. A median of 9 

and 5.5 PBMC samples were available per study participant in groups 1 and 2, 
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respectively, during the period of VS. The median age at last study visit, defined as the 

date of the last specimen analyzed for HIV-1 DNA, was 12.6 years for both groups. At 

cART initiation, for groups 1 and 2, the median plasma viral load (pVL) was 5.7 

copies/mL and 5.0 copies/mL, respectively; the median CD4 percent was 31.5 and 28, 

respectively.  Of the 2,298 pVL measurements collected over a median of 10.1 years of 

follow-up from the time of VS, 2.5% (57/2,298) were ≥400 copies/mL with 0.2% 

(4/2,298) measurements at ≥10,000 copies/mL. 
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Table 5.1 Patient Characteristics 

  Age at Virologic Suppression  

 All 
(N=61) 

<1 Yr  
(Group1) 
(N=13) 

1 to<5 Yrs 
(Group2) 
(N=48) 

P 
value# 

Female (%) 31 (51%) 6 (46%) 25 (52%) 0.76† 
Year of Birth 1998 

(1996,2000) 
1998 
(1997,1999) 

1998 
(1996,2000) 0.37‡ 

Received infant 
prophylaxis 14 (23%) 5 (38%) 9 (19%) 0.15† 
Number of ART regimens before suppressive cART 
Median No. 0 (0, 1) 0 (0, 0) 0 (0, 1.5) 0.13‡ 
Median duration, yr 0 (0.0, 0.5) 0 (0, 0) 0 (0.0, 1.0) 0.08‡ 
First ever cART regimen with NRTI backbone 
PI alone 45 (74%) 9 (69%) 36 (75%) 0.58† 
PI + NNRTI 8 (13%) 1 (8%) 7 (15%)  
NNRTI alone 8 (13%) 3 (23%) 5 (10%)  
Age at cART 
initiation, yr 1.2 (0.3, 2.6) 0.2 (0.1, 0.3) 1.7 (0.8, 3.4) <.001‡ 
pVL at cART 
initiation, c/ml 5.2 (4.7, 5.5) 5.7 (5.0, 6.3) 5 (4.7, 5.4) 0.08‡ 
%CD4 at cART 
initiation 28 (21.8, 39.0) 31.5 (26.5, 41.0) 28 (21, 38) 0.19‡ 
Age at first 
confirmed VS, yr 2.9 (1.3, 4.7) 0.7 (0.6, 0.8) 3.6 (2.6, 4.9) <.001‡ 
Time from cART 
initiation to VS,  mo 8.0 (4.6, 23.2) 5.9 (3.8, 7.1) 10.2 (5.0, 33.8) 0.01‡ 
Age at last visit, yr 12.6 (10.9,14.6) 12.6 (11.8, 14.0) 12.6 (10.4, 15.5) 0.87‡ 
pVL at last visit, c/ml 1.7 (1.6, 1.7) 1.7 (1.6, 1.7) 1.7 (1.6, 1.8) 0.03‡ 
CD4% at last visit 38.1 (35.8, 43.0) 40 (37.0, 41.6) 38 (35, 43) 0.55‡ 
CD4/CD8 ratio at 
last visit 1.4 (1.1, 1.7) 1.4 (1.1, 1.5) 1.4 (1.1, 1.7) 0.57‡ 
Duration of cART 
through last visit, yr 11.5 (8.8, 13.2) 12.4 (11.7, 13.7) 11.1 (8.3, 12.9) 0.02‡ 
Time from confirmed 
VS to last visit, yr 10.1 (7.5, 12.2) 11.9 (11.4, 13.4) 9.5 (6.9, 11.7) 0.002‡ 
Age at 1st analyzed 
PBMC, yr 4.2 (1.6, 6.8) 0.6 (0.2, 1.8) 4.8 (2.7, 7.4) <.001‡ 
Age at last analyzed 
PBMC, yr 12.6 (10.9, 14.6) 12.6 (11.8, 14.0) 12.6 (10.4, 15.5) 0.87‡ 
Analyzed PBMC per 
person during VS 6 (4, 9) 9 (7, 11) 5.5 (3.5, 8) 0.01‡ 

 

Continuous variables are reported as median (IQR). Dichotomous variables are 
expressed as frequency (%). #Statistical test comparing groups (<1yr and 1 to <5 years) 
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by age at virologic suppression. †Fisher's exact test; ‡Wilcoxon test. Infant prophylaxis 
comprises of a 6-week regimen of antiretroviral drug(s) that is recommended for all HIV-
1-exposed infants to reduce perinatal transmission of the virus (Aidsinfo.nih.gov). 

Abbreviations: PBMC, peripheral blood mononuclear cells; yr, year; mo, month; NRTI, 
nucleoside reverse transcriptase inhibitor; PI, protease inhibitor; NNRTI, non-nucleoside 
reverse transcriptase inhibitors. 
 

Decay dynamics of HIV-1 DNA  

At the time of virologic suppression, the estimated mean HIV-1 DNA concentrations for 

the entire cohort was 2.25 log10 copies/million PBMC and did not differ significantly 

between groups 1 and 2 (2.24 and 2.18 log10 copies/million PBMCs, respectively; 

p=0.86) (Figure 5.2, Table 5.2). Overall, HIV-1 DNA decreased at a rate of -0.25 (95% 

CI: -0.36, -0.13) log10 copies/million PBMCs per year (3.2-fold) during the first two 

years following VS (Figure 5.2, Table 5.2). Between years 2 and 15 years from VS, HIV-

1 DNA decreased by -0.05 (95% CI: (-0.07, -0.03) log10 copies/million PBMCs per year. 

The estimated median half-life of the HIV-1 DNA was 16 years. With 10 years of VS, the 

estimated mean HIV-1 DNA concentration was 1.39 (95% CI: 0.57, 2.06) log10 

copies/million PBMCs (Table 5.3).  

 

 

 

 

 

 

 

https://aidsinfo.nih.gov/education-materials/glossary/902/nucleoside-reverse-transcriptase-inhibitor
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Figure 5.2 Decay of HIV-1 proviral DNA in PBMC following virologic suppression. 
A, Overall study population. B, Study population stratified by age at virologic 
suppression- by 1 year of age (blue);  by 1 to <5 years of age (red).  

A. 

 
B 

 
Piecewise linear mixed effect model of HIV-1 proviral DNA decay (solid line). Dashed 
line represents fitted LOESS curve. Closed circles represent DNA levels below limit of 
detection. Abbreviations: PBMC, peripheral blood mononuclear cells; HIV-1, human 
immunodeficiency virus type 1; VS, virologic suppression. 
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 Most importantly, in the first two years from VS, the decline in HIV-1 DNA 

concentrations was significantly faster in group 1 [-0.50 (95% CI: -0.73, -0.27) log10 

copies/million PBMCs per year] compared with group 2 [-0.15 (95% CI: -0.23, -0.07) 

log10 copies/million PBMCs per year; p=0.005]. This corresponded to a net decrease of 

10-fold and 1.90-fold in HIV-1 DNA concentrations in the first 2 years of VS in group 1 

and 2, respectively. Between years 2 and 14 from VS, there was decay of HIV-1 DNA; 

however, the decay estimates were no longer significantly different between group 1 and 

2 at -0.03 (95% CI: -0.06, -0.00) log10 copies/million PBMCs per year and -0.05 (95% 

CI: -0.07, -0.03) log10 copies/million PBMCs per year, respectively ; p=0.35. With 10 

years of VS, the estimated mean HIV-1 DNA concentration reached a substantially lower 

level in group 1 at 0.99 (95% CI: 0.51, 1.54) log10 copies/million PBMCs compared to 

group 2 at 1.51 (95% CI: 0.66, 2.12) log10 copies/million PBMCs; p=<0.001 (Table 5.3). 

The estimated mean half-life of the HIV-1 DNA was 16 years for the entire cohort but 

was shorter for group 1 at 5.9 years and 18.8 years for  group 2 (p=0.09)  

Table 5.2 Estimated PBMC-associated HIV-1 DNA trajectories since virologic 
suppression. 

  Age at Virologic Suppression  
 All 

(N=61) 
<1 Year 
(N=13) 

1 to <5 years 
(N=48) 

P value# 

Intercept† 
(95% CI) 

2.25 
(1.98, 2.51) 

2.24 
(1.69, 2.79) 

2.18 
(1.93, 2.43) 

0.86 

Slope/yr (0-2 yr) 
(95% CI) 

-0.25 
(-0.36, -0.13) 

-0.50 
(-0.73, -0.27) 

-0.15 
(-0.23, -0.07) 

0.005 

Slope/yr (2-14 yr) 
(95% CI) 

-0.05 
(-0.06, -0.03) 

-0.03 
(-0.06, -0.00) 

-0.05 
(-0.07, -0.03) 

0.35 

#Difference between slopes in groups (<1yr and 1 to <5 years) by age at virologic 
suppression. †Intercept is defined as the estimated HIV-1 DNA concentrations at the time 
of VS.  
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Table 5.3 Estimated PBMC-associated HIV-1 DNA concentration following 
virologic suppression (VS). 

  Age at Virologic Suppression  
Time Since VS All** 

(N=61) 
<1 Year† 

(N=13) 
1 to <5 years† 

(N=48) 
P value# 

Year 2 
(95% CI) 

1.75 
(0.71 to 2.50) 

1.24 
(0.49 to 1.90) 

1.89 
(0.81 to 2.53) 

0.01 

Year 5 
 (95% CI) 

1.62 
(0.65 to 2.36) 

1.15 
(0.51 to 1.67) 

1.75 
(0.75 to 2.37) 

0.001 

Year 7 
 (95% CI) 

1.53 
(0.61 to 2.24) 

1.09 
(0.52 to 1.60) 

1.65 
(0.68 to 2.27) 

<0.001 

Year 10 
 (95% CI) 

1.39 
(0.57 to 2.06) 

0.99 
(0.51 to 1.54) 

1.51 
(0.66 to 2.12) 

<0.001 

DNA concentration reported as (log10 copies/million PBMC). Linear mixed effects 
regression models and empirical best linear unbiased predictors were used to predict 
HIV-1 DNA trajectories over follow-up for subjects from **overall and  †combined model. 
The 95%  confidence intervals (CI) were predicted from the model. #Difference between 
HIV-1 DNA concentrations in groups (<1yr and 1 to <5 years) by age at virologic 
suppression. 

 

Normalization for changes in CD4+ T cells 

As CD4 reconstitution of immune cells following virologic suppression can have a 

dilutional effect on HIV-1-infected cell concentrations, we examined the effects of 

normalizing for CD4+ T cells on the decay estimates. No change in the decay kinetics of 

HIV-1 DNA was observed with normalization for CD4+ T cell count (Figure 5.3, Table 

5.4,). At the time of VS, HIV-1 DNA concentration was estimated to be 2.63 log10 

copies/million CD4 cells in both groups and, as expected, was about 3-fold higher than in 

PBMCs. Similar differences in the decay of HIV-1 as a function of age at virologic 

control were found with faster clearance in group 1 compared to group 2 in the first 2 

years from VS (p=0.005), and no difference between the two groups for 2 to 14 years of 

VS (p=0.29). Also, the estimates of HIV-1 DNA decay did not change after adjusting for 

CD4+ T cell counts and percentages over the time course of treatment (data not shown).  
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Figure 5.3 Decay of HIV-1 proviral DNA in PBMC and CD4+ T cells following 
virologic suppression. A, Overall study population. B, Study population stratified by 
age at virologic suppression- by 1 year of age (blue);  by 1 to <5 years of age (red). 

A 

 

B 

 

Piecewise linear mixed effect model of HIV-1 proviral DNA decay by PBMC (solid line) 
and CD4+ T cells (dashed line). Abbreviations: PBMC, peripheral blood mononuclear 
cells; HIV-1, human immunodeficiency virus type 1; VS, virologic suppression. 
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Table 5.4. Estimated CD4-associated HIV-1 DNA trajectories over years since 
virologic suppression. 

  Age at Virologic Suppression  
 All 

(N=61) 
<1 Year 
(N=13) 

1 to <5 years 
(N=48) 

P Value# 

Intercept 
(95% CI) 

2.69 
(2.43 to 2.94) 

2.63 
(2.13, 3.13) 

2.63 
(2.38, 2.88) 

0.99 

Slope/yr (0-2 yr) 
(95% CI) 

-0.25 
(-0.36, -0.14) 

-0.48 
(-0.69, -0.26) 

-0.15 
(-0.23, -0.07) 

0.005 

Slope/yr (2-14 yr) 
(95% CI) 

-0.05 
(-0.06, -0.03) 

-0.03 
(-0.06, -0.00) 

-0.05 
(-0.07, -0.03) 

0.29 

CD4+ cell normalization of the laboratory measured HIV DNA copies/million PBMCs 
was calculated by dividing this measurement by the proportion of PBMCs that are CD4+ 
cells. #Difference between slopes in groups (<1yr and 1 to<5 years) by age at virologic 
suppression. 

 

5.5 Discussion 

This is the first study to describe the temporal effects of age at cART initiation and 

virologic suppression on the long-term decay dynamics of HIV-1-infected cells in 

patients with perinatal infection. We found that there is a continuous decay of HIV-1-

infected cells over a decade or more of cART, and irrespective of age at virologic 

suppression. Importantly, the decay profiles differed substantially in those achieving 

virologic control by 1 year of age compared to those with virologic control between 1 to 

5 years of age. These findings suggest that delay in cART initiation and virologic control 

in perinatal infection leads to ongoing seeding of extremely long-lived HIV-1 reservoirs.  

 It is well established that HIV-1-infected cells decrease in both perinatal [17, 18] 

and adult [19, 20] infection by about one-log over the first year of cART; however most 

of the decay is driven by clearance of HIV-1-infected cells during first six months of 

starting cART, reflecting the turnover of short-lived virus-producing cells. In a study that 
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measured HIV-1 DNA decay over the time course of cART in perinatally infected 

children, a fast initial decay of HIV-1 DNA in the first year was observed, followed by a 

slower subsequent decay up to 4 years. However, even after 4 years of seemingly 

suppressive cART, the proviral reservoir was observed to reach high concentrations of 

1.82 log10 copies per million PBMC. However, this study was in children initiating cART 

later in life, at a median age of 9 years (range: 3 to 14 years) [21]. Longer follow-up 

studies of HIV-1 DNA decay in perinatal infections have not been systematically 

conducted.  

In this large longitudinal study on a well-characterized cohort of perinatally 

infected children and youth in the US, we found that following virologic suppression—

when a high proportion of virus-producing cells have been cleared—there was substantial 

faster ongoing decay of HIV-1 infected cells for an additional two years at 0.50 log10 per 

year in children who achieved virologic control by 1 year of age (group 1) compared to 

decay at 0.15 log10 per year in children who achieved virologic control between 1 and 5 

years of age (group 2). This faster decay of HIV-1-infected cells is most likely due to 

restricted seeding of long-lived CD4+ T cells with early cART compared to late cART. It 

is possible that group 2, compared to group 1, had greater clearance of HIV-1-infected 

cells due to prolonged time to achieve VS. Prior studies in HIV-1-infected children [17] 

and adults [20] have shown that most of the clearance of HIV-1-infected cells occurs 

during the first six months after cART initiation, suggesting that the longer duration of 

virologic suppression may not have affected the HIV-1-infected cells concentration at the 

time of VS and the late second phase of decay for group 2. Similar observation has been 

shown in HIV-1-infected adults, where HIV-1-infected cell concentration is comparable 
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irrespective of treatment at primary and chronic infection (3.4 versus 3.3 log10 

copies/million PBMC, respectively; p=0.5), with prolonged time to virologic control 

following treatment at chronic infection [7]. Nevertheless, we cannot rule out the 

possibility that the difference in slopes that we observed in the first two years after VS 

was due to the difference between groups 1 and 2 in the timing of measurements relative 

to the start of cART. Due to the lack of immediate post-cART samples, we cannot 

evaluate the post-cART short-term changes.  

The clearance of HIV-1-infected cells over the subsequent decade or more of 

treatment, however, was not different between early and later-treated children and youth, 

highlighting the stability of HIV-1 reservoirs. The substantial difference in the estimated 

HIV-1 proviral reservoir size after a decade of virologic control was notable. With 10 

years of effective virologic control, the proviral reservoir size reaches less than one-log10 

(0.99) or <10 copies/million PBMCs in the early-suppressed group, with 85% having 

clearance of half of the infected cells in the peripheral circulation by 15 years of VS 

compared with 19% of the later-suppressed group. The effect of early virologic control 

(by 2 months) on proviral reservoir size after 7-8 years of antiretroviral treatment is 

supported by data from recent cross-sectional studies showing lower proviral reservoirs 

in PBMC (1.68 log10 copies per million cells) [22] and peripheral CD4+ T cells (1.59 

log10 copies per million cells) [13] with early, long-term effective cART. In a previous 

study, we reported on the pattern of ongoing decay of HIV-1-infected cells over 10.2 

years of cART [12]. In this study, we confirm that the lower reservoir size with early 

treatment is not from early restriction of the infected cell pool, but rather from restriction 

of infection in extremely long-lived cells that are the barriers to HIV-1 remission and 
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cure. Understanding the immunopathogenesis of ongoing clearance of HIV-1-infected 

cells with early, long-term cART will be critical for informing treatment aimed towards 

virologic remission and cure.   

Data on HIV-1 decay with long term virologic suppression in adults are 

conflicting. Besson et al. reported no additional decay in HIV-1 DNA in chronically 

treated adults after 4 years of cART, although the time point of 4 years was based on the 

timing of testing [19]. Other studies, however, have shown that HIV-1 DNA continuously 

decays, albeit at a very slow rate with long-term cART, even when initiated during 

chronic infection [6, 23]. However, the clearance rates are much faster with early 

initiation of cART [6, 23] and result in much lower HIV-1-infected cells after a decade of 

cART [5, 6, 23].  Nonetheless, in contrast to perinatal infection, proviral reservoir size 

remains much higher in adults treated during acute infection by 14-fold (2.15 log10 

copies/million PBMC) and in chronic infection by 21-fold (2.84 log10 copies/million 

PBMC), even after a decade of effective cART [23]. 

 The effects of somatic growth and lymphoid expansion on the apparent decay of 

HIV-1 DNA which we observed need consideration. However, normalizing the HIV-1 

DNA concentrations for CD4+ T cells did not affect the observed decay slopes, and was 

consistent with prior findings of CD4+T cells as the main viral reservoirs in peripheral 

blood. The estimates of HIV-1 DNA decay also did not change after adjusting for CD4+ 

T cell counts and percentages over the time course of treatment, suggesting that immune 

reconstitution with naïve CD4+ T cells or lymphoid expansion from somatic growth are 

likely not the primary mechanisms for the observed decrease of HIV-1 DNA 
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concentrations over time in perinatal infection. However, this likely requires additional 

investigation with mathematical models. 

The long-term persistence of HIV-1 infected cells in infected individuals has been 

postulated to represent the following: (i) inherent long-term survival of HIV-1-infected 

cells, (ii) homeostatic proliferation, (iii) clonal expansion of infected cells,  and (iv) 

possibly low-level residual virus replication [19]. Our cohort has been extensively 

characterized for virologic control with 2298 plasma pVL measurements collected over a 

median of 10.1 years from the time of virologic suppression to the end of follow-up, of 

which only 2.5% of measurements were detected  ≥400 copies/mL and only 0.2% above 

≥10,000 copies/mL. Together, these data coupled with the duration of suppression, 

highlight the durability of cART and overall stability of a subset of HIV-1-infected cells 

generated in the context of the less-developed immune system of infants and children. 

This also underscores the challenges to HIV-1 eradication even when treatment can be 

started early and infected cells continuously decay.  

Our study was limited by lack of availability of PBMCs before cART to directly 

estimate first phase decay of infected cells with initial cART, although our previous study 

[17] showed a high concentration of HIV-1-infected cells present by 2 months of age and 

with similar decay in the first two years of cART as observed in HIV-1 infected adults 

[20]. Furthermore, studies to explain the mechanisms of persistence of proviral genomes, 

mainly, distribution of proviral genomes by memory CD4+ T cell subsets [24], and 

integration site analyses [25, 26], were not feasible, but  such studies are warranted. 

Additionally, given that  >90% of HIV-1 DNA is replication defective [27], the true size 

of the latent, replication-competent HIV-1 reservoir that re-establishes viremia when 
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cART is stopped was not evaluable from the sample repository. Nevertheless, HIV-1 

DNA has recently been shown to serve as a predictor of post-treatment control and 

virologic rebound in the context of treatment during acute infection [11, 28].  

In summary, this is the first study in perinatally-infected children to show that 

HIV-1-infected cell concentrations continually decrease over a decade or more of cART 

to reach substantially low concentration of 10 copies/million PBMC when virologic 

control is achieved within 1 year of age. Persistence of such small proviral reservoir size 

may guide the use of immunotherapeutic and latency reversing agents to further decrease 

the size of the reservoir among perinatally HIV-1-infected children to achieve remission 

and cure. However, additional studies are needed to understand the basis for decreasing 

HIV-1-infected cell concentrations with long-term effective cART in perinatal infection.  
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Globally, there are 2.6 million children living with HIV-1, with 91% living in Sub-

Saharan Africa (UNAIDS 2014). In 2014, 220,000 infants acquired HIV-1, the majority 

through mother-to-child transmission (MTCT). HIV-1 infection is detrimental to the 

infant’s immune system and is associated with a rapid tempo of disease progression [1]. 

Suppression of virus replication through the use of cART is life-saving, as 50% of 

infected infants will die by 2 years of age in the absence of treatment [1, 2]. The health 

benefits of cART that effectively suppress HIV-1 replication are enormous to a 

perinatally infected infant and more pronounced when started early (within three months 

of life) in the course of infection [3, 4]. Due to the lifesaving benefits of early cART, the 

WHO has recently revised its recommendation to initiate cART as soon as possible [5]; 

however, one of the major challenges in the field of perinatal HIV-1 infection is the lack 

of ultrasensitive assay to measure HIV-1 infection. Diagnosing HIV-1 infection among 

perinatally infected infants is challenging because the standard serologic tests to detect 

the presence of HIV-1-specific antibodies are not informative. The passive transfer of 

maternal antibodies across the placenta signifies HIV-1 exposure but not infection [1]. As 

such, HIV-1 nucleic acid detection—either viral RNA or DNA—is required. 

Ultrasensitive PCR-based assays are required to measure low levels of HIV-1 nucleic 

acids in the era of infant prophylaxis and early treatment. Such an assay to measure HIV-

1 DNA and cellular RNA has been optimized as part of this PhD thesis and is reported in 

Chapter 2. 

One of the hallmarks of HIV-1 infection, including in perinatal infection, is 

heightened inflammation and immune activation that is not completely reversed with 
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effective control of HIV-1 replication [6]; however, it is not clear how early such immune 

dysregulation is initiated and the adverse effects of such events.  

While early treatment with cART is life-saving, it is not curative due to an early 

established HIV reservoir in latently infected memory CD4+ T cells (the latent reservoir), 

necessitating life-long treatment [7-10]. The decay dynamics of HIV-1-infected cells and 

proviral reservoir size following an early initiation of cART in perinatally infected infants 

were previously undefined.  

The two main objectives of my thesis were: 

1) To test the hypothesis that the level of inflammation and immune activation 

induced in infants by perinatal HIV-1 infection reduces the efficacy of the humoral 

responses to oral, live rotavirus vaccine (RotaTeq). This study was performed in the 

context of a double-blind, placebo-controlled clinical trial (IMPAACT P1072) 

sponsored by the NIH Clinical Trials Network of pentavalent rotavirus vaccine 

(RV5) in HIV-1 exposed infected and uninfected African infants. This study was 

conducted before widespread roll-out of rotavirus vaccines in Sub-Saharan Africa. 

 2) To test the hypothesis that children who receive an early initiation of cART will 

increase the clearance of infected cells and reduce the proviral reservoir size 

compared to children who have a delay in beginning cART. A study of HIV-1-

infected cell frequencies before and following cART in the first two years of life was 

conducted in perinatally infected infants enrolled in a clinical trial of early therapy 

(IMPAACT P1030). This was a Phase I/II clinical trial of pharmacokinetic 

properties of the HIV-1 protease inhibitor lopinavir/ritonavir in infants. A second 
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study on HIV-1 decay was performed in older children and youth enrolled in a 

prospective cohort study in the U.S. (PHACS Cohort) of the long-term outcomes of 

perinatal HIV-1 Infection.  

 

6.1 Chapter Summary 

6.1.1 Inflammation and immune activation in antiretroviral-treated HIV-1-infected 

African infants and effects on humoral responses to pentavalent rotavirus vaccine 

(Chapter 3) 

While there are a plethora of studies characterizing circulating biomarkers of 

inflammation and immune activation in HIV-1-infected adults [11-17], there is a paucity 

of such data in HIV-1-infected infants [18, 19]. The immunopathogenesis of pediatric 

HIV-1 infection is different than that of adults because the infection is established in the 

context of a developing immune system. To date, there are two studies characterizing 

biomarkers of inflammation in infants under one year of age [18, 19], but with limited 

biomarker assessment that did not include the inflammatory cytokine profiles typically 

used in adults.  

Results from this thesis (Chapter 3) show that by 3 months of age, perinatal HIV-1 

infection resulted in high circulating concentrations of Th1 (IFNγ), proinflammatory (IL-

1β, IL-6), and pleomorphic cytokines (IL-2, IL-10), as well as a heightened state of 

monocyte activation reflected by sCD14 concentrations when compared with age-

matched, HIV-1-exposed uninfected infants (HEU) residing in the same geographic 

locale. We observed that higher levels of IFNγ, IL-2, and IL-10 and sCD14 were 
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significantly associated with higher levels of plasma viremia, implicating virus 

replication as one factor involved in the pathogenesis of inflammation and immune 

activation in perinatal infection. Interestingly, at baseline, HIV-1-infected infants had 

significantly lower WHO weight-for-age Z scores (WAZ) than the HEU infants. The 

lower WHO WAZ was associated with higher concentrations of IFNγ, IL-1β, IL-2, IL-8, 

and IL-10 concentrations, suggesting an association between cytokines—mostly the 

inflammatory cytokines—and poor growth outcomes in the context of perinatal HIV-1 

infection. However, further studies are needed to elucidate the relationship between the 

plasma cytokines and early infant growth outcomes.  

Although there were no significant differences in serum neutralizing antibody (SNA) 

levels to capsid proteins of RV5 (G1, G2, G, G4, and P1A) [20], we found a negative 

association between two of the SNA (G1 and P1A) levels and IL-10 and IFN-γ 

concentrations in HIV-1-infected infants. The majority of neutralizing antibodies 

typically belong to the IgG class; hence we cannot rule out an effect of immune 

dysregulation reflected by the increased concentrations of IL-10 and IFN-γ on the IgG 

responses to vaccines. This may be a clinically significant problem that needs to be 

further studied, because it may affect not only the magnitude but also the long-term 

persistence of the antibodies generated during periods of immune dysregulation. 

However with RV5, the serum IgA levels to the vaccine—which have been shown to 

correlate with vaccine-conferred protection [21]—were similar in HIV-1-infected and 

HIV-1-exposed uninfected infants despite distinct differences in plasma cytokine 

concentrations. Therefore, the heightened inflammatory and immune activation milieu at 
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the time of initiation of the RV5 series did not appear to reduce vaccine-induced IgA 

responses to RV5. 

 One of the main limitations of this study is the lack of HIV-1-unexposed, uninfected 

(HUU) infants as controls for the HIV-1-exposed, uninfected (HEU) group. It has been 

shown that in-utero exposure to HIV-1 leads to immune dysfunction and thereby could 

alter vaccine immunogenicity, rendering HEU infants at an increased risk of infections. 

In fact, HEU infants have more immunologic abnormalities and higher infection-

associated morbidity and mortality compared to HUU infants [22, 23]. Also, long-term 

persistence of inflammatory markers and its association with antibody levels to RV5 

could not be studied because the last time point for sample collection was 42 days after 

the third dose of RV5. In this study, we did not look at cellular markers of immune 

activation such a HLA-DR and CD38 and their association with antibody response to 

RV5. 

Nevertheless, this is the first study in perinatally HIV-1-infected and HIV-1-exposed, 

uninfected African infants to characterize the inflammatory cytokine profile and study its 

consequences on humoral response to vaccine in the first year of life. In conclusion, we 

found that by 3 months of age, HIV-1 infection leads to an inflammatory milieu that was 

associated with plasma viremia and low WHO WAZ. High plasma IFNγ and IL-10 may 

have impaired neutralizing IgG but not total IgA antibody responses to RV5. Results 

from the primary trial showed that administration of 3 doses of RV5, is immunogenic 

among HIV-1-infected African infants despite the heightened level of inflammation and 

immune activation. The findings from this study are encouraging for immunization of 
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this population and pertinent to other routine childhood vaccines administered to HIV-1-

infected infants on cART.  

 

6.1.2 Temporal effects of age at cART initiation and duration of virologic suppression on 

decay dynamics of HIV-1-infected cells and proviral reservoir size (Chapters 4 and 5) 

The decay of HIV-1-infected cells with early initiation of cART and effective 

virologic control in perinatal infection was unknown. Our results show that by 2 months 

of age, a large pool of transcriptionally active HIV-1-infected cells is established in 

perinatal infection. The infected cell concentration influenced the time it took for an 

infant to control plasma viremia to an undetectable level and also predicted the size of the 

proviral reservoirs after 2 years on cART. The pattern of decay we observed for infants 

was similar to that reported in adults despite the typical overall lack of HIV-1-specific 

immune responses that occur with early treatment of infants [24]. Our results showed that 

following the initiation of cART, there was a first phase of HIV-1 DNA decay over the 

first 48 weeks of cART before becoming stable between 48 and 96 weeks. Although all 

infants had a statistically significant decline in HIV-1 DNA in the first year of cART, 

only one infant reached an undetectable HIV-1 DNA by 48 weeks of cART, highlighting 

the stability of HIV-1 proviral reservoirs in perinatal infection.  

Given that over 90% of HIV-1 genomes measured by HIV-1 DNA are defective [25], 

it is important to get an estimate of the changes in replication-competent defective 

genomes over the time course of cART. Analysis of the ratio of total HIV-1 DNA 

concentration to replication- competent HIV-1 (reported as infectious units per million 
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cells [IUPM]) measured earlier in the same cohort [26] indicated that HIV-1 DNA 

concentrations in total PBMC were indeed correlated with IUPM early in the course of 

treatment at 24 weeks of cART, but this correlation was lost at 48 and 96 weeks of 

treatment. HIV-1 DNA was in excess to replication-competent genomes by 148-fold at 

96 weeks of suppressive cART, highlighting early and large contributions of defective 

genomes to HIV-1 DNA measures in perinatal HIV-1 infection. Since QVOA, the gold 

standard assay to measure the size of the latent reservoir underestimates its size by 60-

fold [25], the contribution of defective genomes could be greater than 148-fold. 

Importantly, HIV-1 genomes persisting under 2 years of cART were found to still express 

unspliced viral transcripts but not multiply-spliced transcripts in up to 75% (6/8) of 

children tested. The pattern of low-level unspliced transcripts in the absence of multiply-

spliced transcripts is interpreted to represent transcription from latently infected cells 

[27]. This study was limited by the short duration of follow-up of only 96 weeks of 

antiretroviral treatment or approximately through two years of age. It was unclear 

whether decay of HIV-1-infected cells continued with additional years of follow-up, 

which led to our third study in which we investigated the temporal effects of age at cART 

initiation on decay dynamics of HIV-1-infected cells over a decade of cART. 

Our recent data show that HIV-1-infected reservoir cells decay through adolescence 

with long-term (over a decade or more) virologic control in perinatally infected children, 

irrespective of the time of cART initiation; however, the decay profile was different 

based on the age at which a child achieved virologic suppression (VS). The decay was 

faster in the first two years of VS compared with subsequent years. The decrease was 

substantially larger if a child was treated as an infant and achieved VS by 1 year of age 
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(10.0-fold) compared with when VS did not occur until 1-5 years of age (1.9-fold), 

suggesting differences in the type or activation state of the cells seeded with prolonged 

virus replication. This earlier treatment with faster clearance gave rise to a highly 

favorable state where, after a decade of suppressing HIV-1, the amount of HIV-1 infected 

cells dropped sustainably to under 1-log10 or <10 copies of proviral DNA per million 

CD4+ T cells. Such proviral reservoir size is smaller than that of adults treated during 

primary infection for over a decade (2.15 log10 or 141.3 copies/million PBMC) [28] and 

even long-term non-progressors (LTNP) (1.68 log10 or 47.9 copies/million PBMC) [29], 

or adult post-treatment controllers (PTC) (2.3 log10 or 199.5) [30], both of whom 

spontaneously controlled viremia in the absence of therapy, although the former was 

through well-defined CD8+ T cell responses. 

Our study was limited by the lack of availability of PBMCs before cART to directly 

estimate the infected cell concentration and first phase decay of infected cells with initial 

cART. We were also unable to measure transcriptional activity and replication 

competency of the persisting HIV-1 DNA in blood. For both of the studies on decay and 

persistence of the proviral reservoir, the timing of HIV-1 infection (in utero or 

intrapartum) was not collected as part of the clinical trial and hence could have affected 

the decay dynamics of infected cells. Also, since the majority (>90%) of the proviral 

DNA is replication defective [25], HIV-1 DNA does not reflect on the true size of latent 

reservoir. Nevertheless, recent studies have shown that total HIV-1 DNA predicts disease 

progression and post-treatment virologic control; hence it may be one of the few feasible 

biomarkers that can be studied in clinical trials aimed at pediatric curative research [31, 

32].  
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Recent studies have shown that preferential seeding of CD4+ T cell subsets with 

increased replication capacity—mainly stem cells (TSCM) and central memory (TCM) 

cells—could influence the long-term persistence of infected cells [33]. In the current 

studies, we could not do quantitative analyses of HIV-1 infection within the various 

CD4+ T-cell subsets in peripheral circulation due to blood volume limitations. 

In perinatal HIV-1 infection, almost all of the studies, including ours, are done in 

samples obtained from the peripheral circulation due to limited access to tissues samples. 

Bunders at al. showed that in healthy fetuses and newborns (median gestation age 33 

weeks), memory cells comprise only 2% of CD4+ T cells in the peripheral circulation 

compared to 20% in the gastrointestinal (GI) tract [34]. Moreover these cells were highly 

susceptible to HIV-1 infection in vitro in the absence of any stimulation. Because 

perinatal HIV-1 transmission occurs predominantly via ingestion of HIV-1-infected 

fluids, memory CD4+ T cells in the GI tract represent an important yet understudied 

reservoir. Since the composition of immune cells, primarily memory CD4+ T cells, in 

blood is distinct from that of lymphoid and mucosal tissue [35, 36], the latent reservoir 

measured in blood may not be reflective of the reservoir size at other anatomical sites.  

Nevertheless, these are the first studies in perinatal HIV-1 infection to show the effect 

of early initiation on cART on long-term decay dynamics of HIV-1. In summary, ours 

results show that by 2 months of age, a large pool of HIV-1-infected cells with high 

transcriptional activity is established. With over a decade of suppressive cART, there is a 

continual decrease of HIV-1-infected cells, with early virologic control resulting in much 

lower concentration of HIV-1-infected cells. Recent reports have shown that total HIV-1 

DNA is the best predictor of post-treatment virologic control [32, 34]. The finding of 
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reaching substantially low concentrations of HIV-1 DNA of 10 copies/106 PBMC in the 

peripheral circulation, with early and a decade of cART is encouraging for current HIV-1 

remission and curative efforts for this population. Such low proviral reservoir could 

increase the probability for spontaneous virologic control in absence of cART. Since 

perinatally infected individuals are starting to live over two decades, such low-levels of 

proviral reservoir may also allow for additional immunotherapeutic strategies aimed at 

further reducing or purging the reservoir during adolescence or adulthood (Figure 6.1) 

[37].  
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Figure 6.1 Strategies for virologic remission and cure in perinatal HIV-1 infection. 

 

By 2 months of age, a large pool of HIV-1-infected cells (a mean of 1,583 cells 
106PBMC) are established in perinatally infected infants. The majority of infected cells 
are cleared following initiation of cART (2 months) and control of virus replication (8 
months, mean of 177 cells 106PBMC). There is a substantial loss of infected cells within 
the first two years of virus suppression, reaching a very low concentration (mean of 17.4 
cells 106PBMC) at 2.5 years of age. There is a continual, albeit very slow, decay of 
infected cell with long-term suppressive cART. Infected cells persist at very low 
concentration at 5.5 years (mean of 14.1 cells 106PBMC) and 10.5 years (mean of 9.8 
cells 106PBMC). Such small proviral reservoir could allow for spontaneous virologic 
control in the absence of cART. It may also serve as a good platform for the use of 
additional immunotherapeutic strategies like broadly neutralizing antibodies (bNAbs) 
and T cell therapeutic vaccines aimed at further reducing or purging the reservoir during 
adolescence or adulthood. 

 

 

Age       2 months       8 months             2.5 years            5.5 years             10.5 years          >16 years 

Infected    1583                177                      17.4                    14.1                    9.8                            ??               
cells/106  

PBMC 



146 
 

6.2 Future Directions 

Studies on infants with natural rotavirus infection have shown that cell-mediated 

immune responses, particularly CD4+ T cell responses, are elicited; however, prior to the 

work presented in Chapter 3, the responses generated by the rotavirus vaccine had not yet 

been studied. Moreover, the role of cellular immunity in mounting a protective response 

remains to be studied in infants [38]. As part of the primary study, rotavirus-specific 

memory T and B cell responses were measured after a third dose of RV5. Additional 

analyses will be done to explore the associations between such RV5-specific cellular 

responses and circulating biomarkers of inflammation and immune activation. 

In the study of decay dynamics of proviral reservoir upon early cART that is reported 

in Chapter 4, we showed that 75% of the infants had detectable HIV-1 transcripts after 2 

years of suppressive cART. The clinical relevance of such usRNA transcripts persisting 

during suppressive cART is unclear. The extent to which these unspliced transcripts 

represent readthrough transcripts from host genes will need to be explored further, as 

these would not produce progeny virions, and hence may not be clinically relevant. 

Importantly, it has recently been shown that even defective viral genomes can be 

transcribed to HIV-1 RNA upon activation [39] and that LTR-driven transcripts from 

resting CD4+ T cells can be translated into viral proteins [40]. Whether persistent usRNA 

transcripts detected after 96 weeks of cART are intact or defective and whether they are 

capable of translation to HIV-1 proteins will require further investigation. 

Quantitative viral outgrowth assay (QVOA), the gold standard assay to measure the 

size of the latent reservoir, provides only a minimal estimate of the frequency of latently 

infected cells, whereas the PCR-based assay overestimates the size of the latent reservoir 
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(Figure 6.2). There is a need for a new assay that is feasible for clinical trials in pediatric 

HIV-1 to measure the size of the latent reservoir. One such assay that our laboratory is 

working on is the inducible RNA assay that measures the release of mature virions in 

culture supernatant following a single round of T cell activation. 

A major gap in knowledge in the field of pediatric HIV-1 is the mechanism for 

persistence of the latent reservoir as a function of age at virologic control. Studies in 

adults [41] and children [42]  have shown that one mechanism for long-term persistence 

of proviral DNA is through clonal expansion of infected memory CD4+ T cells. It has 

recently been shown that these clonally amplified cells carry replication-competent 

proviruses, serving as a stable reservoir of infectious virus [43]. Our group is working on 

optimizing an assay to study the HIV-1 integration site to further assess the differential 

contribution of clonal expansion to reservoir persistence in perinatal infection. 
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Figure 6.2 Potential target (assays) to measure the size of the latent reservoir 

  
 
Quantitative viral outgrowth assay (QVOA), the gold standard assay to measure the size 
of the latent reservoir, provides only a minimal estimate of the frequency of latently 
infected cells, whereas the PCR-based assay overestimates the size of the latent reservoir. 
Inducible RNA, a measure of inducible intact provirus, can be measured following a 
single round of T cell activation and may be one of the more conservative estimates of the 
latent reservoir that is feasible for clinical studies of pediatric HIV-1. 
Modified from source: Bruner KM et al. Trends Microbiol, 2015. 
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