Long-Term Antiretroviral Treatment Initiated at Primary HIV-1
Infection Affects the Size, Composition, and Decay Kinetics of the
Reservoir of HIV-1-Infected CD4 T Cells
Maria J. Buzon,a,b Enrique Martin-Gayo,b Florencia Pereyra,a,b* Zhengyu Ouyang,b Hong Sun,b,d Jonathan Z. Li,c Michael Piovoso,e
Amy Shaw,b Judith Dalmau,f Nadine Zangger,g Javier Martinez-Picado,f,h Ryan Zurakowski,i Xu G. Yu,b Amalio Telenti,g
Bruce D. Walker,b,j Eric S. Rosenberg,a Mathias Lichterfelda,b
Infectious Disease Division, Massachusetts General Hospital, Boston, Massachusetts, USAa; Ragon Institute of MGH, MIT and Harvard, Boston, Massachusetts, USAb;
Infectious Disease Division, Brigham and Women’s Hospital, Boston, Massachusetts, USAc; AIDS Research Center, The First Affiliated Hospital of China Medical University,
Shenyang, Liaoning, People’s Republic of Chinad; Department of Electrical Engineering, Pennsylvania State University, Malvern, Pennsylvania, USAe; Institut de Recerca de
la SIDA IrsiCaixa, Hospital Germans Trias i Pujol, Universitat Autònoma de Barcelona, Badalona, Spainf; Institute of Microbiology, Centre Hospitalier Universitaire Vaudois,
Lausanne, Switzerlandg; Institució Catalana de Recerca i Estudis Avançats, Barcelona, Spainh; Department of Electrical and Computer Engineering, University of Delaware,
Newark, Delaware, USAi; Howard Hughes Medical Institute, Chevy Chase, Maryland, USAj

ABSTRACT

Initiation of antiretroviral therapy during the earliest stages of HIV-1 infection may limit the seeding of a long-lasting viral reservoir,
but long-term effects of early antiretroviral treatment initiation remain unknown. Here, we analyzed immunological and virological
characteristics of nine patients who started antiretroviral therapy at primary HIV-1 infection and remained on suppressive treatment
for >10 years; patients with similar treatment duration but initiation of suppressive therapy during chronic HIV-1 infection served as
controls. We observed that independently of the timing of treatment initiation, HIV-1 DNA in CD4 T cells decayed primarily during
the initial 3 to 4 years of treatment. However, in patients who started antiretroviral therapy in early infection, this decay occurred faster
and was more pronounced, leading to substantially lower levels of cell-associated HIV-1 DNA after long-term treatment. Despite this
smaller size, the viral CD4 T cell reservoir in persons with early treatment initiation consisted more dominantly of the long-lasting central-memory and T memory stem cells. HIV-1-specific T cell responses remained continuously detectable during antiretroviral therapy, independently of the timing of treatment initiation. Together, these data suggest that early HIV-1 treatment initiation, even when
continued for >10 years, is unlikely to lead to viral eradication, but the presence of low viral reservoirs and durable HIV-1 T cell responses may make such patients good candidates for future interventional studies aiming at HIV-1 eradication and cure.
IMPORTANCE

Antiretroviral therapy can effectively suppress HIV-1 replication to undetectable levels; however, HIV-1 can persist despite treatment,
and viral replication rapidly rebounds when treatment is discontinued. This is mainly due to the presence of latently infected CD4 T
cells, which are not susceptible to antiretroviral drugs. Starting treatment in the earliest stages of HIV-1 infection can limit the number
of these latently infected cells, raising the possibility that these viral reservoirs are naturally eliminated if suppressive antiretroviral
treatment is continued for extremely long periods of time. Here, we analyzed nine patients who started on antiretroviral therapy within
the earliest weeks of the disease and continued treatment for more than 10 years. Our data show that early treatment accelerated the
decay of infected CD4 T cells and led to very low residual levels of detectable HIV-1 after long-term therapy, levels that were otherwise
detectable in patients who are able to maintain a spontaneous, drug-free control of HIV-1 replication. Thus, long-term antiretroviral
treatment started during early infection cannot eliminate HIV-1, but the reduced reservoirs of HIV-1 infected cells in such patients
may increase their chances to respond to clinical interventions aiming at inducing a drug-free remission of HIV-1 infection.

A

cute HIV-1 infection is characterized by extremely high levels
of viral replication that subsequently decline to the viral set
point (1, 2). Based on a number of different considerations, this
disease stage has been regarded as a window of opportunity for
initiation of antiretroviral therapy to improve clinical outcomes of
HIV-1 infection (3, 4) and to reduce viral transmission from
highly viremic individuals (5). A series of prior studies have indeed shown that short-term antiretroviral treatment in acute or
early HIV-1 infection can preserve B-cell-mediated (6) and T-cellmediated (7) immune function, supports the development of
HIV-1-specific CD4 T cell responses (8), limits the diversity of
circulating viral strains (9), and in some cases facilitates spontaneous control of low-level HIV-1 viremia after treatment discontinuation (10, 11). Recently, data from three prospective, randomized-controlled clinical trials indicated that a 1- to 2-year
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antiretroviral treatment course started during acute or early
HIV-1 infection can lead to reduced HIV-1 set point viremia after
treatment discontinuation (12–14), providing compelling evidence for beneficial effects of antiretroviral therapy initiation dur-
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ing the earliest stages of HIV-1 infection. Nevertheless, such effects were modest and not sustained long term, indicating that
short-term therapy in primary infection may not significantly affect the eventual HIV-1 disease outcome.
The virological and immunological effects of long-term antiretroviral therapy started in early HIV-1 infection have been less
clearly investigated. Previous studies have shown that antiretroviral therapy initiated during the earliest stage of HIV-1 infection
and continued for several years may reduce the reservoir of latently infected CD4 T cells, which harbor a transcriptionally silent
form of HIV-1 and likely serve as the major source for virological
rebound after treatment discontinuation (15–18). Such low reservoirs of HIV-1-infected cells are also observed in “elite controllers,” a small group of HIV-1 patients who maintain undetectable
levels of HIV-1 replication in the absence of antiretroviral therapy
(19–21), and in “posttreatment controllers,” who develop a controller phenotype after completing several years of suppressive
antiretroviral therapy initiated during primary HIV-1 infection
(10, 22). Together, these data suggest that low viral reservoirs may,
at least in selected patients, contribute to the ability to achieve a
long-term drug-free remission of HIV-1 infection.
In the present study, we systematically investigated virological
and immunological characteristics of a unique cohort of HIV-1
patients who started antiretroviral therapy during primary HIV-1
infection and continuously remained on suppressive treatment
for the subsequent 10 years, giving us an opportunity to analyze
long-term effects of early antiretroviral treatment initiation. Our
studies indicate that long-term antiretroviral therapy started during early infection can accelerate the decay of the HIV-1 reservoir
while maintaining strong HIV-1-specific T cell responses. Such
characteristics may make these patients attractive candidates for
future interventional strategies to reduce HIV-1 persistence despite HAART.
MATERIALS AND METHODS
Patients. Study participants were recruited from the Massachusetts General Hospital (Boston, MA) and the University Hospital Germans Trias i
Pujol (Badalona, Spain). Peripheral blood mononuclear cell (PBMC)
samples were used according to protocols approved by the institutional
review boards of both centers. Study subjects gave written informed consent to participate in accordance with the Declaration of Helsinki. Early
antiretroviral therapy (ART) was defined as initiation of ART within the
first 6 months after HIV-1 infection. Starting ART during the chronic
phase of infection was defined as initiation of suppressive ART at least 2
years after HIV-1 diagnosis.
CD4 isolation and sorting of CD4 T cell subsets. We used a Dynabeads untouched human CD4 T cells kit (Invitrogen) for CD4 isolation.
The purity of extraction was greater than 95% (data not shown). For CD4
subset isolation, PBMC were stained with monoclonal antibodies directed
against CD4, CD3, CD45RA, CCR7, CD62L, CD122, and CD95. After 20
min, CCR7⫹ CD45RA⫹ naive CD4 T cells, CCR7⫹ CD45RA⫺ central
memory CD4 T cells, CCR7⫺ CD45RA⫺ effector memory CD4 T cells,
CCR7⫺ CD45RA⫹ terminally differentiated CD4 T cells, and CCR7⫹
CD45RA⫹ CD62L⫹ CD95⫹ CD122⫹ T memory stem CD4 T cells were
live sorted in a specifically designated biosafety cabinet (Baker Hood),
using a FACS Aria cell sorter (BD Biosciences) at 70 lb/in2.
Assessment of cell-associated HIV-1 DNA. Isolated CD4 T cells were
digested as previously described (23) to extract cell lysates. We amplified
total HIV-1 DNA with primers and probes previously described (24).
Integrated HIV-1 DNA was detected using nested PCR with Alu-1/Alu-2
primers and the HIV-1 long terminal repeat (LTR) primer L-M667 for
first-round PCR and LTR primer AA55M, lambda T primers, and probe
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MH603 for second-round quantitative PCR, as described previously (25).
Serial dilutions of HIV-1 DNA from cell lysates of the HIV-1-infected cell
line 293T (provided by F. Bushman, University of Pennsylvania, Philadelphia, PA, USA) were used for reference purposes. 2-LTR HIV-1 DNA was
quantified as previously described (26).
Analysis of cell-associated HIV-1 RNA and plasma viremia. RNA
was extracted from CD4⫹ T cells using the mirVana miRNA isolation kit
(Ambion). RNA was reverse transcribed according to standard protocols.
HIV-1 cDNA was amplified using TaqMan-based quantitative PCR as
previously described (27). Data were normalized to a standard HIV-1
RNA sample run in serial dilutions, and final results were calculated as the
number of HIV-1 RNA copies per microgram of total RNA. Residual
HIV-1 plasma viremia was measured by single-copy assay (SCA) as previously described (27).
Viral outgrowth assay. Viral outgrowth assays were performed as previously described with some modifications (38). CD4⫹ T cells isolated
from 50 to 100 million PBMCs were seeded at 50,000 cells/well in roundbottom 96-well plates. Subsequently, cells were stimulated with phytohemagglutinin (PHA) (2 g/ml), recombinant human interleukin 2
(rhIL-2) (100 units/ml), and irradiated allogeneic PBMCs from HIV-negative healthy donors. CD8-depleted, PHA-stimulated PBMCs from HIVnegative donors were added to each well on day 3 and again on days 7 and
14 of culture. The cultures were subjected to removal of 33% of the cell
suspension every 7 days and replenished with fresh medium containing
rhIL-2 (100 U/ml). After 14 to 21 days, cell supernatant from each well was
harvested, and the number of wells containing infectious HIV-1 was assessed by incubation of the supernatant with TZM-bl cells, a permissive
HeLa cell clone that contains HIV-1 Tat-responsive reporter genes for
firefly luciferase under the control of the HIV-1 LTR, permitting sensitive
and accurate measurements of infection (29). Luciferase activity was
quantified by luminescence and is directly proportional to the number of
infectious virus particles present in the initial inoculum. Estimated frequencies of cells with replication-competent HIV-1 were calculated using
limiting dilution analysis as described in reference 30.
Intracellular cytokine staining. Peripheral blood mononuclear cells
(0.5 to 1 million) were stimulated with a pool of overlapping HIV-1 Gag
peptides (clade B consensus sequence; final concentration, 4 g/ml) and
incubated with anti-CD28 and anti-CD49d antibodies (1 g/ml each; BD
Biosciences) for 6 h at 37°C and 5% CO2. Brefeldin A (10 g/ml; Sigma)
and monensin (6 g/ml; BD Biosciences) were added after the initial hour
of incubation. Afterwards, cells were washed and stained with surface
antibodies directed against CD3, CD8, CD45RA, and CCR7 (all antibodies from BD Biosciences). Cells were then washed again, fixed and permeabilized using a fixation/permeabilization kit (Biolegend), and stained for
intracellular expression of gamma interferon (IFN-␥). Cells were acquired on an LSRII flow cytometer (BD Biosciences), using fluorescenceactivated-cell-sorter DiVa software. Electronic compensation was performed with antibody capture beads (BD Biosciences) stained separately
with individual antibodies used in the test samples. Flow data were analyzed with the FlowJo software package (Treestar, Ashland, OR).
Western blotting for HIV-1 detection. HIV-1 Western blots were
performed with a commercial kit according to the manufacturer’s protocol (Maxim Biomedical Inc., Rockville, MD, USA).
Statistical analysis. Data are summarized as individual data plots.
Spearman’s correlation coefficient was calculated to analyze correlations.
Differences between nominal data were tested for statistical significance
by a 2-tailed Student’s t test, Mann-Whitney U-test, analysis of variance
(ANOVA), or paired-Wilcoxon test as appropriate. A P value of ⬍0.05
was considered significant. For calculation of HIV-1 DNA decay in CD4 T
cells, Tobit regression for censored data (31) was applied using a standard
Markov chain-Monte Carlo method as described in reference 32, applying
noninformative normally distributed priors. The uncertainty in the measured data was computed as the fraction of two density-dependent lognormally distributed random variables (i.e., the measured copy numbers
of HIV DNA and CCR5, respectively), with density-dependent lognormal
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TABLE 1 Clinical and demographical characteristics of the study cohorts
Value for groupa
Characteristic
Age (yrs)b
No. of females (%)c
Time (days) between HIV-1 infectione and
ART initiation
Time (yrs) of undetectable viral load after ART
initiationb
Plasma viremia (log RNA copies/ml)
Baselineb
Yr 10 (ET and CT) or yr 8 (EC)a
P within group (baseline vs. yr 10)d
CD4⫹ T cells (absolute no. of cells/l)
Baselineb
Yr 10 (ET and CT) or yr 8b
P within group (baseline vs. year 10)d

Early treated (ET)
n⫽9

Elite controllers (EC)
n ⫽ 37

Chronic treated (CT)
n ⫽ 26

P (ET vs. CT)

45.7 ⫾ 10.2
4 (44.4)
65.5 ⫾ 58.4

48.8 ⫾ 9.0
9 (24.3)
NA

51.7 ⫾ 7.3
5 (19.2)
1,587 ⫾ 1,317

0.04
0.27
⬍0.001

10.2 ⫾ 1.0

NA

10.7 ⫾ 2.2

0.26

5.2 [4.4–5.5]
1.6 [1.6–1.6]

NA
1.6 [1.6–1.6]

5.1 [4.7–5.5]
1.6 [1.6–1.6]

0.95
NA

⬍0.001

412 [263–575]
860 [497–1018]
⬍0.001

⬍0.001

NA
815 [774–1048]

308 [123–402]
836 [466–983]

0.10
0.74

⬍0.001

Values are in the form mean ⫾ SD or median [IQR] unless otherwise specified.
b
Mann-Whitney U test.
c
Pearson’s chi square test.
d
Wilcoxon signed rank test.
e
Estimated according to previously-described algorithm (4).
a

variance computed according to the equations described in reference 33.
The censoring limit chosen was 7 HIV-1 DNA copies in the sample, consistent with the censoring limits described in reference 27.

RESULTS

Lower reservoirs of HIV-1 infected CD4 T cells after long-term
antiretroviral therapy initiated in primary HIV-1 infection. To
investigate the effects of uninterrupted long-term antiretroviral
therapy on the reservoir of infected CD4 T cells, we focused on a
group of nine HIV-1 patients who began treatment during primary HIV-1 infection and a reference cohort of 26 persons who
initiated suppressive treatment during chronic HIV-1 infection (2
years after HIV-1 diagnosis). Both patient groups remained on
suppressive therapy for at least 10 years. Clinical and demographic
characteristics of the study patients are summarized in Table 1.
Notably, study cohorts were not statistically different in terms of
gender, baseline plasma viremia, total baseline CD4 T cell counts,
and time until undetectable plasma HIV-1 viral loads were
achieved (Table 1), but increases in both CD4 T cell counts and the
ratio of CD4/CD8 T cells after treatment initiation were more
pronounced in persons with early treatment initiation (Fig. 1A). A
cohort of elite controllers who maintained undetectable HIV-1
replication for at least 8 years in the absence of antiretroviral treatment was recruited as a reference population.
In an initial cross-sectional analysis, we compared levels of
total, 2-LTR, and integrated HIV-1 DNA in isolated CD4 T cells
from the different study cohorts after long-term suppression of
HIV-1 replication. In line with previous findings (19–21), we observed that all HIV-1 DNA forms were significantly lower in elite
controllers than in patients who had been on long-term suppressive antiretroviral therapy initiated during chronic HIV-1 infection (Fig. 1B). Interestingly, levels of HIV-1 DNA in patients who
had been on long-term antiretroviral therapy started in early
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HIV-1 infection closely resembled those of elite controllers while
being substantially lower than those in patients started on treatment during chronic infection. Moreover, within the cohort of
patients treated in early infection, we observed a statistical correlation between the time from HIV-1 acquisition (estimated according to a previously described algorithm [4]) to initiation of
therapy and total or integrated HIV-1 DNA levels after ⬎10 years
of continuous treatment (Fig. 1C). Interestingly, we also noted a
trend toward lower levels of cell-associated HIV-1 RNA in CD4 T
cells from elite controllers and patients started on treatment in
early HIV-1 infection than in those from patients started on treatment in chronic HIV-1 infection (Fig. 1D). Residual HIV-1
plasma viremia, determined using assays with single-copy resolution, was undetectable in most study subjects for whom sufficient
material was available and did not differ between the two study
cohorts on antiretroviral therapy (data not shown).
We subsequently analyzed levels of replication-competent
HIV-1 in our highly active ART (HAART)-treated study cohorts
after long-term antiretroviral treatment, using a functional ex vivo
viral outgrowth assay. These studies demonstrated that replication-competent virus was retrievable from 5 of 8 individuals with
early treatment initiation, in 3 of 8 elite controllers, and in 9 of 11
persons started on treatment in chronic infection. The estimated
frequency of CD4 T cells harboring replication-competent virus
was significantly higher in persons with treatment initiation during chronic HIV-1 infection than in elite controllers, and a trend
toward higher frequency (P ⫽ 0.052) was also observed in comparison to persons with early start of therapy (Fig. 2A). Of note,
there was a statistically significant correlation between the frequency of cells with replication-competent HIV-1, and the total
amount of HIV-1 DNA determined by real-time PCR (Spearman
r ⫽ 0.73, P ⫽ 0.0009) (Fig. 2B). However, within the individual
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FIG 1 Long-term antiretroviral therapy initiated in primary HIV-1 infection reduces the viral reservoir to levels seen in elite controllers. (A) Trajectories of CD4

T cell counts and CD4/CD8 ratio with 95% pointwise confidence intervals bands in patients with treatment initiation in early (n ⫽ 9) versus chronic (n ⫽ 16)
infection. (B) Copies per cell of total, 2-LTR, and integrated HIV-1 DNA in CD4 T cells isolated from individuals started on suppressive antiretroviral therapy
in early HIV-1 infection (ET) and chronic HIV-1 infection (CT) and from elite controllers (EC). Study patients had undetectable viremia for ⬎8 years (EC) or
⬎10 years (ET and CT). (C) Correlation between time from HIV-1 acquisition to antiretroviral treatment initiation and viral reservoir size after 10 years of
continuous antiretroviral therapy in HIV-1 patients with treatment initiation in primary HIV-1 infection. (D) Levels of CD4 T cell-associated HIV-1 RNA in the
indicated study groups.

study cohorts, such an association was observed only for patients
who initiated treatment in chronic infection (Spearman r ⫽ 0.68,
P ⫽ 0.05) (data not shown), not for persons starting treatment in
early infection (r ⫽ 0.22, P ⫽ 0.58), for reasons that are currently
unclear. Interestingly, levels of activated CD4 and CD8 T cells
(measured as the proportion of HLA-DR⫹ T cells) were not significantly associated with the levels of CD4 T cell-associated
HIV-1 DNA or the amount of replication-competent viruses and
were not different between patients starting therapy in early versus
chronic HIV-1 infection, although both study cohorts showed
elevated levels of immune activation compared to healthy individuals (data not shown). Together, these data indicate that longterm antiretroviral therapy initiated during primary HIV-1 infection reduces the viral reservoir to levels that are otherwise seen in
person with spontaneous control of HIV-1.
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Early treatment initiation accelerates the decay of HIV-1 infected CD4 T cells. We subsequently investigated the longitudinal
evolution of per-cell levels of HIV-1 DNA in isolated CD4 T cells
from the two HAART-treated study cohorts. Notably, persons
with treatment initiation in early versus chronic infection did not
differ significantly in pretreatment levels of HIV-1 DNA, although
there was a slight trend toward lower levels in persons who started
treatment early. Using a mixed-effects model with log-order reduction in HIV-1 DNA following the initiation of antiviral therapy, we observed statistically significant longitudinal decreases in
total, integrated, and 2-LTR HIV-1 DNA in persons started on
treatment in early infection (Table 2; Fig. 3A). This decay was
particularly pronounced in patients starting therapy prior to
HIV-1 seroconversion (Fiebig stage III-IV) (Fig. 3B). In individuals who initiated treatment in chronic infection, decay rates of
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FIG 2 Reduced frequencies of CD4 T cells with replication-competent HIV-1 after long-term antiretroviral therapy initiated in primary HIV-1 infection. (A)
Infectious units per million CD4 T cells (IUPM) isolated from the study subjects after 10 years of antiretroviral therapy initiated during early (ET) or chronic (CT)
HIV-1 infection and from elite controllers (EC). (B) Spearman correlation between the frequencies and corresponding levels of HIV-1 DNA per CD4 T cell. All
data pairs with detectable IUPM and total HIV-1 DNA data were included. Open symbols reflect test results below detection threshold.

total and 2-LTR HIV-1 DNA were lower than those in persons
who began treatment in early HIV-1 infection, and the decay of
integrated HIV-1 DNA was not statistically significant in comparison to baseline levels (Table 2; Fig. 3). Overall, these data
indicate faster decay kinetics of multiple HIV-1 DNA forms in
patients who started treatment during the earliest stages of
HIV-1 infection, suggesting that more rapid initiation of treatment can accelerate the decline of the reservoir of HIV-1-infected CD4 T cells.
Initiation of treatment during primary HIV-1 infection results in an altered composition of the viral reservoir. The memory CD4 T cell pool consists of a heterogenous mixture of cell
subsets with distinct developmental programs, which most likely
evolve in a sequential hierarchical order from immature, longlasting CD4 T memory stem cells and central-memory cells to
more short-lived effector memory and terminally differentiated
CD4 T cells (34–38). To determine if treatment initiated at different phases of the infection modifies the composition of the viral
reservoir in different CD4⫹ T cells after long-term therapy, we
determined levels of HIV-1 DNA in sorted CD4 T cell subsets
from our study cohorts from whom sufficient PBMCs were available after ⬎10 years of continuous antiretroviral therapy. In pa-

TABLE 2 Decay rate of HIV-1 DNA in isolated CD4 T cells from the
study cohortsa
Value for group
Early treated
(n ⫽ 9)

Chronic treated
(n ⫽ 16)

P value
between
groups

Total HIV-1 DNA
decay
P value within group

0.13 ⫾ 0.01

0.01 ⫾ 0.007

⬍1e-5

⬍1e-5

0.02

2-LTR HIV-1 DNA
decay
P value within group

0.32 ⫾ 0.03

0.11 ⫾ 0.02

⬍1e-5

0.02

Integrated HIV-1 DNA
decay
P value within group

0.07 ⫾ 0.01

⫺0.01 ⫾ 0.01

⬍1e-5

0.10

Measurementb

a

0.0008

⬍1e-5

Tobit regression for censored data was applied using a standard Markov chain-Monte
Carlo method (31).
b
Decay values are log10 decay/year (mean ⫾ SD); P values are for 0 versus 10 years.
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tients started on treatment during the early phase of the infection,
per-cell levels of HIV-1 DNA were lower in most CD4 T cell subsets; however, these differences were significant only for effector
memory and terminally differentiated CD4 T cells and were less
obvious for central-memory and T memory stem cells, in which
HIV-1 levels typically remains very stable over time (Fig. 4A).
HIV-1 2-LTR DNA was below the threshold of detection in naive,
T memory stem cells and central-memory and terminally differentiated CD4 T cells, irrespective of the study cohort; however,
2-LTR DNA was observed in effector memory CD4 T cells in 5 of
10 subjects treated during chronic infection but not in any of the
subjects with early treatment initiation (P ⫽ 0.05, chi-square test)
(data not shown). To further investigate the composition of the
viral CD4 T cell reservoir in our study patients, we analyzed the
contribution of CD4 T subsets to the total HIV-1 reservoir in CD4
T cells after long-term treatment. Consistent with higher per-cell
levels of HIV-1 DNA in effector-memory and terminally differentiated CD4 T cell subsets in persons started on treatment in
chronic infection, we observed that these cell populations made a
larger contribution to the total CD4 T cell reservoir in persons
with late treatment initiation (Fig. 4B). In contrast, in patients
who initiated treatment during early HIV-1 infection, the more
immature, long-lived T cell subsets accounted for a significantly
larger proportion of the total viral reservoir in CD4 T cells than in
patients who started treatment in chronic HIV-1 infection, despite the fact that the contribution of these T cell subsets to the
total CD4 T cell pool did not differ between the two study cohorts.
These data show that long-term antiretroviral treatment started in
early infection leads to a viral CD4 T cell reservoir that is significantly smaller than that in patients who delayed treatment until
chronic infection but includes a larger fraction of HIV-1 DNA in
the more immature, long-lasting central-memory and T memory
stem cells.
HIV-1-specific T and B cell immunity after treatment initiation in primary infection. To compare the effects of long-term
antiretroviral therapy on HIV-1-specific antibody responses,
HIV-1 Western blots were performed on samples from our study
cohorts after long-term treatment. The number of detectable antibody responses to HIV-1 proteins ranged from 1 to 9 in elite
controllers, 7 to 9 in patients started on treatment in chronic infection, and 2 to 9 in individuals who initiated treatment in early
HIV-1 infection (data not shown). Only 55% of patients treated
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FIG 3 Antiretroviral treatment initiation in primary HIV-1 infection accelerates HIV-1 DNA decay. (A) Longitudinal evolution of copies per cell of total, 2-LTR,
and integrated HIV-1 DNA in CD4 T cells from patients with antiretroviral treatment initiation in early (ET) (n ⫽ 9) or chronic (CT) (n ⫽ 16) HIV-1 infection.
(B) Longitudinal decline of HIV-1 DNA after antiretroviral treatment initiation in primary HIV-1 infection, stratified according to treatment commencement
before HIV-1 seroconversion (Fiebig stage III-IV) (n ⫽ 3) or after HIV-1 seroconversion (Fiebig stage V) (n ⫽ 6). Data are pointwise maximum-likelihood
estimates of the means and 95% confidence interval estimates of the mean.

early after infection showed responses to all proteins tested; in
contrast, 79% of elite controllers and 71% of chronic treated individuals were positive for all Western blot bands. Importantly, in
4 study subjects started on treatment in early HIV-1 infection, we
observed a reduction in the number of Western blot bands after 10
years, compared to baseline assessments performed during early
HIV-1 infection; this is consistent with a partial seroreversion. To
further investigate immune activity against HIV-1 in our study
patients after 10 years for continuous treatment, we analyzed Gagspecific CD4 and CD8 T cell responses by antigen-specific IFN-␥
secretion. Persons who started antiretroviral treatment after seroconversion (Fiebig stage V) had high frequencies of Gag-specific
effector T cells that were not significantly different from those in
elite controllers but were slightly higher than those in patients who
started treatment in chronic HIV-1 infection. Patients who started
antiretroviral treatment prior to HIV-1 seroconversion (Fiebig
stage III-IV) had the lowest levels of Gag-specific effector T cell
responses, but these responses were still detectable in most patients (Fig. 5). Together, these findings indicate that HIV-1-specific T cell responses, and to a lesser extent HIV-1-specific B cell
responses, can persist long term, even when viral antigen levels are
pharmacologically suppressed from the earliest stages of viral infection.
DISCUSSION

Reducing the reservoir of CD4 T cells with latent HIV-1 infection
may help HIV-1 patients to reach at least a transient drug-free
remission of their disease. Whether long-term antiretroviral treatment initiated during very early stages of the infection can facilitate such a status and lead to a more effective reduction of such
residual reservoirs of latently infected CD4 T cells remains unknown. Here, we focused on a small number of patients who initiated antiretroviral therapy in early HIV-1 infection and re-
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mained on fully suppressive treatment for more than 10
consecutive years. Interestingly, our data indicated that a measurable decline of HIV-1 DNA in CD4 T cells occurred primarily in
the initial 3 to 4 years of treatment, independent of whether treatment was initiated in early or chronic infection. However, in persons started on treatment early, this decline occurred faster and
was more pronounced, leading to substantially larger differences
in the size of the viral reservoir between the two cohorts after 10
years of treatment than at baseline. Nevertheless, despite 10 years
of effective treatment, HIV-1 remained detectable in almost all
patients, indicating that antiretroviral treatment, even when initiated early and continuously maintained for ⬎10 years, is insufficient to reduce viral reservoirs to a point that approaches viral
eradication.
The initial decline of HIV-1 DNA in CD4 T cells during the first
three to 4 years, followed by near-constant levels of HIV-1 DNA
during the subsequent time of evaluation, is consistent with recent
studies (16, 39, 40, 46) and mathematical models (15) showing
that the viral reservoir is heterogeneously structured and includes
more short-lived elements as well as extremely long-lasting components that are largely unaffected by antiretroviral treatment and
seem to persist indefinitely. Early treatment initiation seemed to
accelerate viral decay and cause a more profound relative and
absolute reduction in the frequency of infected cells, for reasons
that are not entirely clear. It is possible that during primary HIV-1
infection, a larger fraction of HIV-1 DNA in CD4 T cells consists
of extrachromosomal forms with reduced stability and faster decay than chromosomally integrated HIV-1 DNA; however, levels
of integrated HIV-1 DNA at the time of treatment initiation were
not significantly different between individuals who started treatment early and those who started late. Alternatively, short-lived
effector memory CD4 T cells with accelerated intrinsic decay kinetics are typically most susceptible to HIV-1 and may be prefer-

jvi.asm.org 10061

Buzon et al.

Total HIV-1 DNA/CD4

A

100
p=0.03

10-1

ET
CT

p=0.004

10-2
10-3
10-4
10-5
TNA

B

TSCM

TCM

TEM

Early Treated

TTD

Chronic Treated

1.5%
19%

1%
19%

24%

22%

Contribution
to the total
CD4+ T cell pool

19%

25%

32.5%

37%

TSCM
TNA
TCM
TEM
TTD

p=0.04

2%
18%

Contribution
to the total HIV-1
CD4+ T cell reservoir

13%

7% 15%
34%

15%

22%

29%
45%

Total HIV-DNA
87 copies/106 cells

Total HIV-DNA
859 copies/106 cells

FIG 4 Differential composition of the HIV-1 CD4 T cell reservoir in patients started on antiretroviral treatment in early versus chronic HIV-1
infection. (A) Per-cell levels of total HIV-1 DNA in isolated naive (TNA),
memory stem cell (TSCM), central-memory (TCM), effector memory (TEM),
and terminally differentiated (TTD) CD4 T cells in persons with treatment
initiation in early versus chronic HIV-1 infection. (B) Contribution of
individual CD4 T cell subsets to the total CD4 T cell pool (top) and to the
total HIV-1 CD4 T cell reservoir (bottom) in patients with treatment initiation in early (n ⫽ 8) versus chronic (n ⫽ 9) HIV-1 infection. The sizes of
the pie charts in the lower panel correspond to the smaller size of the total
HIV-1 reservoir in CD4 T cells from individuals with early HIV-1 treatment initiation. All measurements were performed with samples after a
median of 10 years after treatment initiation.

entially infected when antiretroviral therapy is initiated rapidly
during early HIV-1 infection. Whether the HIV-1 reservoir in
primary infection was indeed biased toward less durable CD4 T
cell subsets in our patients is uncertain; unfortunately, samples
from our patients were insufficient to analyze the composition of
the viral CD4 T cell reservoir at the beginning of treatment initiation. Nevertheless, we observed that after more than 10 years of
therapy, HIV-1 DNA was readily detectable in all T cell subsets
and that central-memory and T memory stem cells made a larger
contribution to the viral CD4 T cell reservoir when treatment was
begun early. Together, these findings suggest that seeding of the
viral reservoir in CD4 T memory stem cells and central-memory
CD4 T cells can occur despite early treatment initiation and that
central-memory/T memory stem cells may represent the popula-
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tion of extremely long-lasting and treatment-refractory components of the viral reservoir that were previously hypothesized
based on theoretical and mathematical considerations (15). Notably, differences in per-cell levels of HIV-1 DNA between individuals with treatment initiation in early versus chronic infection
were most obvious in effector memory and terminally differentiated T cells, consistent with the observation that after treatment
initiation in early infection, HIV-1 DNA preferentially declines in
these short-lived CD4 T cell subsets while remaining relatively
stable in central-memory and T memory stem cells (38).
In addition to an altered T cell subset distribution of the viral
reservoir, accelerated HIV-1 decay kinetics after early treatment
initiation may also reflect a more complete suppression of viral
replication. In the vast majority of our patients who had been on
suppressive therapy for more than 10 years, we were unable to
detect residual HIV-1 replication using ultrasensitive assays.
However, levels of CD4 T cell-associated 2-LTR HIV-1 DNA,
which may reflect ongoing HIV-1 replication more reliably than
single-copy viremia (26, 41), tended to be higher in persons with
treatment initiation during later disease stages. This difference
was particularly obvious in effector memory CD4 T cells, in which
detectable levels of 2-LTR HIV-1 DNA were noticed in several
patients with treatment initiation in chronic infection, even after
⬎10 years of continuous suppressive therapy; this suggests that
low levels of viral replication may be ongoing in these cells even
after prolonged antiretroviral treatment. Residual ongoing replication in this CD4 T cell subset would be consistent with a larger
viral reservoir observed in effector memory CD4 T cells after
chronic treatment initiation than in patients who started on treatment early.
An important finding in this work is that after 10 years of
continuous antiretroviral therapy, substantial numbers of HIV-1specific effector CD8 T cells remained detectable, even in patients
who started treatment in early HIV-1 infection, when HIV-1-specific T cell responses are typically weak and narrowly focused on a
selected number of epitopes (42, 43). This indicates that longterm treatment started during the earliest stages of HIV-1 infection does not prevent the emergence or maintenance of a visible T
cell response against HIV-1 and attests to the ability of the immune system to maintain antigen-specific T cell responses for
prolonged periods of time in the absence of detectable active generation of viral antigen. Interestingly, antibody responses against
HIV-1 appeared to show weaker persistence than cellular immune
responses to HIV-1, and a partial seroreversion was observed in
some of our patients who started treatment early, as previously
described (44).
Eradication of HIV-1 and induction of a long-term drug-free
remission of HIV-1 infection may require a simultaneous combination of immunologic and virologic interventions (45). The low
residual levels of the viral reservoir, paired with persistence of
HIV-1-specific CD8 T cells, may make patients with early treatment initiation more likely to respond to such interventions in a
clinically significant way. Nevertheless, our data indicate that even
when antiretroviral treatment is initiated early, an extremely longlasting reservoir of HIV-1 infected CD4 T cells is effectively established, likely through infection of very long-lived CD4 T cell subsets. Our data suggest that the small number of HIV-1 patients
with long-term treatment started in primary infection may represent good candidates for future pilot clinical trials aiming at reducing HIV-1 persistence.
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antiretroviral treatment initiation in primary or chronic HIV-1 infection is shown.
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