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Background. Early initiation of combination antiretroviral therapy (cART) to human immunodeficiency virus
type 1 (HIV-1)–infected infants controls HIV-1 replication and reduces mortality.

Methods. Plasma viremia (lower limit of detection, <2 copies/mL), T-cell activation, HIV-1–specific immune
responses, and the persistence of cells carrying replication-competent virus were quantified during long-term effec-
tive combination antiretroviral therapy (cART) in 4 perinatally HIV-1–infected youth who received treatment early
(the ET group) and 4 who received treatment late (the LT group). Decay in peripheral blood mononuclear cell
(PBMC) proviral DNA levels was also measured over time in the ET youth.

Results. Plasma viremia was not detected in any ET youth but was detected in all LT youth (median, 8 copies/
mL; P = .03). PBMC proviral load was significantly lower in ET youth (median, 7 copies per million PBMCs) than in
LT youth (median, 181 copies; P = .03). Replication-competent virus was recovered from all LT youth but only 1 ET
youth. Decay in proviral DNA was noted in all 4 ET youth in association with limited T-cell activation and with
absent to minimal HIV-1–specific immune responses.

Conclusions. Initiation of early effective cART during infancy significantly limits circulating levels of proviral
and replication-competent HIV-1 and promotes continuous decay of viral reservoirs. Continued cART with reduc-
tion in HIV-1 reservoirs over time may facilitate HIV-1 eradication strategies.

Keywords. continuous HIV-1 decay; proviral reservoirs; early antiretroviral therapy; prolonged viral suppres-
sion; reduced HIV reservoirs.

Mother-to-child transmission (MTCT) remains the pri-
mary mode of pediatric human immunodeficiency
virus type 1 (HIV-1) infection. Antiretroviral prophy-
laxis and maternal antiretroviral therapy (ART) have

decreased MTCT, but >260 000 new pediatric infections
occur globally each year [1]. Perinatally infected chil-
dren experience more-rapid disease progression than
adults [2, 3]. In limited-resource settings, one half of
perinatally infected children die by their second birth-
day, while 75% die by their third birthday [4].
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The initiation of combination antiretroviral therapy (cART)
within the first several months of life effectively controls HIV-1
replication, preserves immune function [5–8], and markedly re-
duces HIV-1–related mortality [9]. Early diagnosis of HIV-1 in-
fection with prompt initiation of cART in HIV-1–infected
infants is thus recommended globally [10, 11]. Available data
suggest that early therapy limits replication-competent HIV-1
reservoirs [12] and HIV-1 quasispecies diversity [13]. However,
latently infected, resting CD4+ T cells carrying replication-com-
petent HIV-1 remain detectable in most children (80%) studied
up to 5 years following early initiation of therapy [13]. As a re-
sult, lifelong therapy, which is expensive and potentially toxic, is
currently recommended.

Because larger numbers of children access early cART and
highly sensitive techniques to characterize and measure HIV-
1 reservoirs have evolved, we have begun to use these techniques
to characterize HIV-1 reservoirs in children undergoing durable
suppression of virus replication following early cART. Here, we
report long-term follow-up of a small cohort of perinatally in-
fected youth aged 14–18 years who initiated cART between 2
and 11 weeks of age and who have maintained suppression of
plasma HIV-1 RNA to below the limits of detection of clinical
assays for up to 18 years following cART initiation.

METHODS

Study Cohorts
Perinatally HIV-1–infected youth who initiated cART between
0.5 and 2.6 months of age (the early treatment [ET] group)
through clinical trials underwent extensive evaluation to
quantify the persistence of HIV-1 proviral and replication-
competent reservoirs, along with analysis of low-level plasma
viremia and HIV-1–specific immune responses. Four perinatal-
ly infected youth who began ART during established infection
(ages 6–14.7 years, in keeping with contemporaneous treatment
guidelines from the Department of Health and Human Servic-
es) and who controlled HIV-1 replication (defined as a plasma
HIV-1 RNA load of <50 copies/mL) after receiving cART
for 4.5–10.7 years (median duration, 9.6 years; the late-
treatment [LT] group) were also studied. HIV-1 infection was
diagnosed using standard criteria [10]. The University of Mas-
sachusetts Medical School and the Johns Hopkins School of
Medicine institutional review boards approved this study.
Signed informed consent was obtained from all subjects and
their guardians.

HIV-1–Specific Immune Responses and HLA Typing
HIV-1 antibody testing was performed using enzyme-linked
immunosorbent assays (ELISAs) and Western blot testing
(Cambridge Biotech HIV-1 Western Blot Kit; Maxim Biomed-
ical, Rockville, MD). Intracellular cytokine assays were used to
detect HIV-1–specific CD4+ and CD8+ T-cell responses to

pooled peptides [14]. CD4+ T-cell and CD8+ T-cell coexpres-
sion of HLA-DR were measured by flow cytometry. HLA typing
was performed using the Bio-Rad HLA SSP kit (Sequence Spe-
cific Primers; Dreieich, Germany).

Detection and Measurement of Plasma HIV-1 RNA Levels
Standard HIV-1 RNA testing (Roche Monitor Assay: routine
lower limit of detection [LOD] of <400 copies/mL and ultrasen-
sitive LOD of <50 copies/mL; Versant HIV-1 RNA 3.0 Assay:
branched DNA LOD of <75 copies/mL) was conducted in Clin-
ical Laboratory Improvement Amendments–certified laborato-
ries. Low-level viremia was quantified in plasma, using a
modified Roche Cobas AmpliPrep/Cobas Taqman HIV-1 test,
version 2.0 (LOD, <2 copies/mL), in quadruplicate.

Quantification of Proviral HIV-1 DNA Burden in Peripheral
Blood Mononuclear Cells (PBMCs), Total Resting CD4+ T Cells,
and Memory CD4+ T-Cell Subsets
PBMCs were isolated from whole blood by using a standard Fi-
coll separation technique. Resting CD4+ T cells were isolated
from PBMCs by using magnetic beads. To quantify the contribu-
tion of memory CD4+ T-cell subsets to the total proviral DNA,
cryopreserved PBMCs were thawed, washed, and rested over-
night. Cells were then stained using an antibody cocktail contain-
ing the live-dead discriminator (LDB, Invitrogen) and CD14
(V500, BD Pharmingen), to exclude dead cells and monocytes;
CD3 (PacBlue, Invitrogen) and CD4 (Alexa 700, BD Pharmin-
gen), to sort for total CD4 T cells; CD69, HLA-DR, and CD25,
(FITC, BD Pharmingen and Beckman Coulter), to discriminate
and sort for resting CD4+ T cells; and CD45RA (ECD, Beckman
Coulter), CCR7 (PeCy7, BD Pharmingen), and CD27 (APC, BD
Pharmingen), to sort for the following CD4+ T-cell subpopula-
tions: central memory cells (CD45RA−CCR7+CD27+), transi-
tional memory cells (CD45RA−CCR7−CD27+), effector
memory cells (CD45RA−CCR7−CD27−), and naive cells
(CD45RA+CCR7+CD27+). The purities of each sorted memory
CD4+ T-cell population exceeded 95%. Sorted cell populations
were pelleted, cryopreserved, and stored as dry cell pellets until
analysis. Levels of proviral DNA and 2-long terminal repeat cir-
cles in PBMCs, resting CD4+ T cells, and CD4+ T-cell subsets
were measured using a droplet digital polymerase chain reaction
assay (detection limits, <3–4 copies/106 cells [15]).

Evaluation of Decay of HIV-1 Proviral DNA Over Time
Models were fit using linear regression on log10 HIV-1 DNA copy
numbers. For the combined model, these values were scaled, di-
viding by the patient’s maximum count, before calculating the
logarithm. Statistical significance of the exponential decay models
was evaluated by way of the root mean square error (RMSE), cal-
culated as the square root of the average square error of the model
prediction over the available time points. The null hypothesis that
the RMSE occurred by chance was evaluated using a permutation
test (10 000 permutations of the time order).
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Quantification of Replication-Competent HIV-1
Replication-competent HIV-1 was measured in resting CD4+

T cells, using an enhanced quantitative virus outgrowth assay
[12]. Cell inputs ranged from 10 million to 24 million cells.

RESULTS

Study Subjects
Four ET youth and 4 LT youth were studied (Table 1). All ET
youth began cART prior to 2.6 months of age and have been
followed through 14–17.7 years of age (Figure 1). These 4
youth cleared plasma HIV-1 RNA to undetectable levels, as
measured by routine clinical assays, within a median of 13
weeks of starting cART; the age at suppression of plasma
HIV-1 RNA to <400 copies/mL ranged from 3 to 8 months.
Three have maintained consistently undetectable plasma
HIV-1 RNA levels during cART. The fourth youth (P-1042)
had 2 isolated plasma HIV-1 RNAvalues of 1100 and 1600 cop-
ies/mL at 18 months of age despite reported adherence to the
cART regimen. After changing the cART regimen, plasma
HIV-1 RNA became undetectable by 19 months of age and
has remained undetectable through 17.7 years of age. In all 4
ET youth, CD4+ T-cell counts have remained within normal
limits for age. None of the ET youth had HLA class I alleles
(ie, HLA B*13, B*57, B*58, or B*81) associated with spontane-
ous control of HIV-1 replication (Table 1) [16].

Undetectable Plasma Viremia and Limited HIV-1–Specific
T-Cell Responses in ET Youth During cART Suggest Restricted
Viral Production
By use of highly sensitive assays, low levels of HIV-1 RNA can
be detected in nearly 60%–70% of HIV-1–infected individuals
receiving cART who have plasma HIV-1 RNA levels below the
detection limit of routine clinical assays [17]. The origins of this
viremia are incompletely understood but likely represent either
HIV-1 expression from established proviral reservoirs and/or
low levels of ongoing HIV-1 replication. Ultrasensitive assays
were used to evaluate the extent of virus production during
long-term cART that was initiated early. These assays revealed
that the HIV-1 RNA levels in plasma specimens from all 4 ET
youth were below the limits of detection (<2 HIV-1 RNA
copies/mL; Table 2). By contrast, HIV-1 RNA (median level,
8 copies/mL; range, 4–14 copies/mL) was readily detectable by
ultrasensitive assays in plasma specimens from all 4 LT youth
(P = .03).

Immune correlates of HIV-1 replication were also evaluated.
Activated CD8+ T-cell subsets coexpressing HLA-DR expand
with ongoing viral replication [18]. The frequencies of activated
CD8+ T cells in the peripheral blood of the ET youth (Figure 1)
did not exceed those in HIV-1–uninfected children [19]. HIV-
1–specific antibodies were undetectable by ELISA in 3 of the 4
ET youth (Figure 2A) and by Western blot in 2 youth (P-1043

and P-1049; Figure 2B). Single reactive bands to gp160 were
detected by Western blot in the peripheral blood of 2 ET
youth (P-1042 and P-1048; Figure 2B). By contrast, all 4 LT
youth maintained strong responses to all 9 HIV-1 proteins
tested on Western blot.

Similarly, HIV-1–specific CD4+ and CD8+ T-cell responses
were not detected in any of the ET youth, despite normal
CD4+ T-cell responses to staphylococcal enterotoxin B (SEB)
and normal CD8+ T-cell responses to SEB and phytohemagglu-
tinin (data not shown). By contrast, HIV-1–specific CD4+ and
CD8+ T cells were detected in all 4 LT youth. Prior to cART ini-
tiation at 2.6 months of age, HIV-1 gag-, nef-, and tat-specific
CD8+ T cells were detected in P-1042 and HIV-1 rev–specific
CD8+ T cells were detected in P-1043; HIV-1–specific CD8+

T-cell responses have not been detected upon subsequent retest-
ing. Together, these data suggest extremely limited or no ongo-
ing HIV-1 production in the ET youth during prolonged cART.

Limited HIV-1 Persistence in ET Youth With Prolonged HIV-1
Suppression Following Early Initiation of cART
The persistence of HIV-1 reservoirs carrying viral DNA repre-
sent a barrier to cure. Extraordinarily low levels of HIV-1 pro-
viral DNA were detected in PBMCs from ET youth (median, 7
copies/million PBMCs; range, 4–12 copies/million PBMCs;
Table 2). These levels were substantially lower than those de-
tected in the LT youth (median, 181 copies/million PBMCs;
range, 68–345 copies/million PBMCs; P = .03). Given the evi-
dence for little or no ongoing viral replication in the ET
youth, it is likely that the detectable DNA primarily represents
integrated provirus. HIV-1 DNA copy numbers in ET youth,
which were just above the detection limits of the assay (ie, 3–
4 copies per million PBMCs), remained at extremely low levels
even after enrichment of the PBMCs for CD4+ T cells, a known
HIV-1 reservoir. Similar studies could not be performed for the
LT youth because of a lack of available samples.

Not all integrated proviruses are replication competent. We
determined the frequency of cells carrying replication-competent
viruses that could be recovered from between 10 million and
24 million resting CD4+ T cells (Table 2). The frequencies of
latently infected resting CD4+ T cells were below the limit of de-
tection (<0.1 infectious units/million cells) in all ET youth,
whereas replication-competent viruses were recovered from all
LT youth at 0.22–3.25 infectious units/million cells. Of the 9
viral outgrowth assays performed for ET youth, only 1 of 20 rep-
licates (1 million cells each) tested positive for replication-
competent virus from subject P-1048 at the second time
point, which is roughly equivalent to approximately 0.05 infec-
tious units/million cells (Table 2). HIV-1 envelope V1–V5
sequences of isolates from this culture-positive well revealed
very little sequence evolution when compared to viruses directly
sequenced from plasma obtained prior to therapy, at 2 weeks of
age (data not shown).
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HIV-1 Proviral Reservoirs Decay Over Time During cART Receipt
The PBMC HIV-1 DNA levels measured in ET youth were
lower than those described in most HIV-1–infected adults
[20] or children receiving cART [21]. Previous longitudinal
studies conducted within several years of cART initiation in
adults or children suggested an initial steep decline in proviral
reservoir size, followed by a slower decline [22–25]. Extrapola-
tion of data from those earlier studies suggested that even with
potent cART, eradication of the proviral reservoir would not be
achievable within the lifetime of the individual. To examine the
stability of HIV-1 DNA levels over time in ET individuals re-
ceiving cART, we measured HIV-1 DNA levels in cryopreserved
PBMCs obtained at 1–2, 3, 5, 10, and 13 years of age (Figure 3).
At the earliest time points tested (1–2 years), HIV-1 proviral
DNA copy numbers ranged between 1 and 1.5 log10 copies
per million PBMCs; proviral DNA copy numbers remained
within this range for tests performed through 5 years of age.
By 10 and 13 years of age, HIV-1 proviral copy numbers fell
to a median of 0.6–0.7 log10 copies per million PBMCs (Fig-
ure 3). Each patient’s HIV-1 DNA was fit to an exponential
decay model. An overall trend in decay of proviral DNA copy
number over time was observed and was statistically significant
for the 3 patients with sufficient data (P-1042: P = .02; P-1043:

P = .03; P-1048: P = .01; ad P-1049, with only 6 data points:
P = .17). Variability in the counts appeared to decrease over
time, but additional data from more subjects are needed to con-
firm that trend. To increase the power of the analysis, the 4 pa-
tients’ normalized HIV-1 DNA data were collectively fit to an
exponential decay model (data not shown). Again, the model re-
flected the general trend (P < 10−4). The patients’ CD4+ T-cell
percentages and absolute counts remained stable over the period
of analysis (Figure 1), and virtually identical results were observed
when proviral decay rates were analyzed using the proviral copy
number, expressed per million CD4+ T cells.

Contribution of Memory CD4+ T-Cell Subsets to the Total
Circulating HIV-1 Proviral Reservoir
The observed decay in HIV-1 proviral DNA levels over time was
slower than that reported for adults studied within 1–2 years
following cART initiation [25]. The variable decay rates over
time following cART initiation suggests variability in cellular
reservoirs that harbor proviral DNA. The observed proviral
decay in the absence of detectable HIV-specific immune re-
sponses also suggests that early therapy might limit seeding of
long-lived cellular reservoirs. We therefore examined the distri-
bution of proviral DNA in resting memory CD4+ T-cell subsets

Table 1. Study Cohort Characteristics

Cohort, Patient Age at Study, y
Current cART
Regimen

cART
Duration, y

CD4+ T-Cell
Percentage

CD4+ T-Cell
Count

CD4+ T-Cell:
CD8+ T-Cell ratio HLA Types

Early treated
P-1042 17.7 2 NRTIs + 1 PI/

boosted
17.5 53 935 2.8 A26, A30, B18,

B39, Cw5,
Cw12

P-1043 17.7 2 NRTIs + 1 PI/
boosted

17.5 58 951 2.8 A11, A26, B39,
B51, Cw3,
Cw12

P-1048 16 2 NRTIs + 1 NNRTI 15.8 39 1328 1.4 A29, A30, B44,
Cw4, Cw16

P-1049 14 2 NRTIs + 1 PI 13.9 38 689 1.4 A1, A2, B7,
B50, Cw6,
Cw7

Overall, median
(IQR)

16.9 (14.5–17.7) . . . 16.7 (14.4–17.5) 46 (38–57) 943 (751–1234) 2.1 (1.4–2.8) . . .

Late treated
P-1376 22 3 NRTIs + 1 PI/

boosted
9.4 32 452 0.6 A1, A2, B7,

B35, Cw4

P-1377 23 2 NRTIs + 1 PI/
boosted

9.8 23 500 0.5 A30, A68, B7,
B35, Cw7

P-1378 19 1 NRTI + 1
NNRTI + 1 PI

4.5 30 1008 0.8 A23, A30, B7,
B15, Cw3,
Cw7

P-1379 23 1 NRTI + 1
NNRTI + 1 PI/
boosted

10.7 18 397 0.3 A2, A68, B15,
B48, Cw1,
Cw8

Overall, median
(IQR)

22.5 (19.8–23) . . . 9.6 (5.7–10.5) 27 (19–32) 476 (411–881) 0.6 (0.4–0.8) . . .

Abbreviations: cART, combination antiretroviral therapy; IQR, interquartile range; NNRTI, nonnucleoside reverse-transcriptase inhibitor; NRTI, nucleoside reverse-
transcriptase inhibitor; PI, protease inhibitor.
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from 3 ET youth with prolonged HIV-1 suppression following
early cART. In this very small sample, transitional memory
CD4+ T cells made a larger contribution to the pool of resting
CD4+ T cells harboring HIV-1 proviruses than central memory
or effector memory CD4+ T cells (Figure 4). This pattern differs
from that reported in individuals who initiated therapy after
chronic infection, in whom central memory CD4+ T cells
contribute most heavily to the proviral reservoir [26], but is sim-
ilar to that described in a cohort of so-called posttreatment
controllers who initiated cART during primary infection
and successfully controlled HIV-1 replication after therapy
cessation [27].

DISCUSSION

We characterized HIV-1 persistence in 4 ET youth in whom
plasma HIV-1 RNA was consistently undetectable by routine
clinical assays for 13–17.5 years to determine whether pro-
longed suppression of HIV-1 replication following early cART
alters HIV-1 persistence. The paucity of detectable residual vi-
remia, circulating activated T cells, and HIV-1–specific immune
responses suggests restriction of ongoing HIV-1 production.
Very low frequencies of PBMCs bearing HIV-1 DNA were

detected, and we were unable to isolate replication-competent
virus from resting CD4+ T cells (10–24 million) of most ET
youth. Of importance is the novel finding that proviral HIV-1
copy numbers in circulating PBMCs decreased over a decade
or more of virologic suppression during cART.

The levels of HIV-1 proviral DNA in the ET youth were low
and are similar to those described in adult long-term follow-up
studies of effective early cART and in elite controllers [24, 28].
In fact, most of the study participants had levels in whole
PBMCs that were just above the detection limits (3–4 copies
per million PBMC) of a highly sensitive assay. Proviral HIV-1
reservoirs are rapidly established in primary infection and serve
as a barrier to cure; Ananworanich et al [29] demonstrated a
gradual increase in gut and peripheral blood proviral reservoirs
over the course of primary infection. Strain et al [25] reported
marked reduction in proviral DNA levels in PBMCs from adults
over the first 2 years of cART that was initiated during primary
infection. Chun et al [30] and Hocqueloux et al [31] reported
significantly lower circulating HIV-1 DNA copy numbers in
adults who initiated treatment early, compared with those
who initiated treatment late. Together, these data suggest that
the initiation of cART early in primary infection markedly re-
stricts the size of the proviral HIV-1 DNA reservoir. HIV-1

Figure 1. Circulating human immunodeficiency virus type 1 (HIV-1) RNA levels, CD4+ T-cell percentages, and activated CD8+ T-cell percentages over time
in youth who received early treatment. Abbreviation: cART, combination antiretroviral therapy.
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proviral DNA copy numbers in our cohort, at 1–2 years of age
(the earliest time point that limited cryopreserved PBMC repos-
itory permitted us to evaluate), ranged between 1 and 1.5 log10
copies per million PBMCs, which is equivalent to or lower than
values reported 1 year after initiating cART during primary in-
fection in adults [25].

The proviral DNA levels in ET youth at 1–2 years of age were
also much lower than pretherapy PBMC-specific DNA levels of
2.85 log10 DNA per million PBMCs in 14 children who initiated
cART at a median of 9 years of age [21]. The latter levels are
similar to those observed in the LT youth, who initiated
cART at a median age of 13 years and in whom evidence of on-
going viremia suggests likely ongoing replenishment of the pro-
viral DNA reservoir. Lack of longitudinal PBMC samples
precluded examination of the decay in circulating HIV-1

proviral DNA levels in LT youth. In the cohort described by
Zanchetta et al [21], HIV-1 proviral copy numbers fell by a
mean of about 1 log after 4 years of therapy; HIV-1 DNA
decay rates were slower in children with detectable levels of un-
spliced HIV-1 RNA, again suggesting that residual HIV-1 rep-
lication may contribute to the stability of the HIV-1 proviral
reservoir.

Hocqueloux et al [31] reported that individuals treated dur-
ing primary infection have similar pretherapy levels of HIV-1
proviral DNA copy numbers as individuals treated during
chronic infection. However, they noted more-rapid decay of
HIV-1 DNA in early treated than late-treated adults; moreover,
90% of individuals treated during primary infection but only
20% of individuals treated during chronic infection had <2.3
log10 DNA copies/million PBMCs after 6 years of HIV-1

Table 2. Quantitation of Human Immunodeficiency Virus Type 1 RNA and DNA in Peripheral Blood

Cohort,
Patient

Age at
Study, y

Proviral DNA
Load, Copies/
106 PBMCs

Proviral DNA
Load, Copies/106

Resting CD4+ T
Cells

2-LTR DNA
Circles,

Copies/106

PBMCs

2-LTR DNA
Circles, Copies/
106 Resting CD4+

T Cells

Replication-Competent
Virus

Residual
Viremia, RNA
Copies/mL

IU/106

Cells

Resting CD4+ T
Cells Cultured,

No., ×106

Early treated
P-1042

V1 16.3 ND ND ND ND <0.1 10 ND

V2 16.6 8.9 ND <4 ND <0.1 14.5 <2
V3 17.7 12.0 9.7 <4 <4 <0.11 15 <2

P-1043

V1 16.3 ND ND ND ND <0.1 12.5 ND
V2 16.6 <4 ND <4 ND <0.1 17 <2

V3 17.7 6.6 <4 <4 <4 <0.1 24 <2

P-1048
V1 14.5 <4 ND <4 ND <0.1 21 <2

V2 15.9 <4 <4 <4 <4 0.05 19.5 <2

P-1049
V1 13.1 5.5 ND <4 ND <0.1 12 <2

V2 14.0 8.3 8.2 <4 <4 ND ND ND

Late treated
P-1376

V1 22.0 ND ND ND ND 0.51 12.5 ND

V2 22.0 190.7 ND 6.8 ND 1.05 12.5 3.5
P-1377

V1 23.0 ND ND ND ND 1.83 12.5 ND

V2 23.0 172.0 ND 11.0 ND 1.61 12.5 10.5
P-1378

V1 19.0 ND ND ND ND 3.25 12.5 ND

V2 19.0 345.0 ND 0.0 ND 1.11 12.5 13.8
P-1379

V1 23.0 ND ND ND ND 0.51 12.5 ND

V2 23.0 68.0 ND 5.0 ND 0.22 12.5 4.5

Abbreviations: IU, infectious units; LTR, long terminal repeat; ND, not done; PBMC, peripheral blood mononuclear cell.

1534 • JID 2014:210 (15 November) • Luzuriaga et al

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/210/10/1529/2193217 by guest on 20 M

arch 2024



RNA suppression. Altogether, the data suggest that early sup-
pressive cART reduces the number of long-lived cells harboring
HIV-1 proviral DNA; restriction of ongoing HIV-1 replication
may limit reservoir replenishment over time.

In the ET youth, the decay of proviral DNA in the absence of
detectable HIV-specific immunity suggests that early cARTmay
restrict seeding of long-lived reservoirs. Buzon et al [32] have
recently reported a significant decrease in proviral DNA levels
in effector memory and terminally differentiated CD4+ T cells
over a median of 8 years in a group of adults who initiated cART
during primary infection. Long-lived central memory CD4+

T cells appear to harbor the majority of proviral DNA in chron-
ically infected individuals. Of interest, measurement of HIV-1
proviral DNA in memory CD4+ T-cell subsets in 3 ET youth
demonstrated that transitional memory CD4+ T cells make a
larger contribution to CD4+ T-cell proviral levels than central
memory CD4+ T cells. Longer-lived central memory CD4+

T cells also made a smaller contribution to overall proviral
DNA levels in a cohort of early treated adults in whom decay
of HIV-1 replication was observed during cART [27]. Together,
these data, along with the case of remission in a baby who ini-
tiated cART within 31 hours of birth [33], suggest that early or

Figure 2. Human immunodeficiency virus type 1 (HIV-1) antibodies levels over time in youth with long-term suppression of HIV-1 replication who initiated
combination antiretroviral therapy early or late. A, Antibody levels in early treated youth, determined by enzyme-linked immunosorbent assay (ELISA). B,
Western blot findings for in early treated and late-treated youth. Abbreviations: Neg, negative results; str pos, strongly positive results; wk pos, weekly
positive results.
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very early initiation of cART may limit the infection of long-
lived cells that serve as the barrier to HIV-1 cure. Additional pe-
diatric studies are planned to test this hypothesis.

An important question that arises is whether the ET youth
have sufficiently limited replication-competent HIV-1 reser-
voirs to preclude a rebound in plasma viremia after cART ces-
sation. HIV-1 proviral DNA levels measured in the ET youth
are well below levels reported (median, 1.71 log copies/million
PBMCs) in a group of postreatment controllers, with long-
term (>10 years) suppression of HIV-1 replication following
cART cessation after having received treatment during primary
infection [27]. Several groups [12, 34, 35] have shown that early
initiation of cART restricts but does not eliminate latent infec-
tion of resting CD4+ T cells [35].The fact that we recovered little
or no replication-competent virus from ET youth is unusual

and suggests that detectable HIV-1 proviruses may have com-
promised replicative potential [20].

One caveat is that blood volume restrictions limited the max-
imum available number of cells for our replication-competent
virus assays. Very low levels of proviral DNA may hamper the
recovery of replication-competent HIV-1 from relatively small
cell volumes [20]. Indeed, repeated testing of 1 ET individual
(P-1048) yielded replication-competent virus despite extremely
low to undetectable levels of HIV-1 proviral DNA. Eriksson
et al [20] recovered replication-competent HIV-1 from 2 indi-
viduals with proviral DNA levels below the detection limits of
their assays (2 copies/million PBMCs), suggesting the stochastic
nature of virus recovery when circulating levels of HIV-1 provi-
rus are low. Together, these data emphasize the desirability of
obtaining larger numbers of PBMCs or CD4+ T cells (available

Figure 3. Decay in human immunodeficiency virus type 1 (HIV-1) proviral DNA level over time in youth with long-term suppression of HIV-1 replication
who initiated combination antiretroviral therapy early. A, Variability in HIV-1 proviral DNA levels over time. Data are medians with interquartile ranges. B,
HIV-1 proviral DNA decay curves among individual patients. Abbreviation: PBMC, peripheral blood mononuclear cells.
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from blood volumes of >500 mL or by leukapheresis) to allow
more-definitive measurement of the total and replication-
competent HIV-1 proviral reservoirs.

The decay in PBMC HIV-1 proviral DNA, along with little or
no recoverable replication-competent HIV-1, suggest that life-
long therapy may not be necessary for all individuals, particu-
larly those who initiate cART during primary infection.
However, further work is necessary to define parameters of
viral reservoirs predictive of successful control of HIV-1 repli-
cation after cART cessation. In this regard, it is important to
point out that Chun et al [30] observed rebound of plasma vi-
remia following cessation of ART in an individual despite pro-
foundly low levels of replication-competent HIV-1 reservoirs.
Moreover, the recent report of HIV-1 rebound in 2 individuals
without detectable circulating provirus or replication-competent
virus following stem cell transplantation in combination with
cART [36] also highlights the need to define improved markers
for the presence of replication-competent virus in individuals
participating in HIV-1 cure protocols. Until we understand
this more fully, it is prudent for all HIV-1–infected patients
to continue receiving suppressive ART.
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