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ABSTRACT

The dynamics of HIV reservoir accumulation off antiretroviral therapy (ART) is underexplored. Levels of integrated HIV DNA
in peripheral blood mononuclear cells (PBMCs) were longitudinally monitored before and after antiviral therapy. HIV integra-
tion increased over time in both elite controllers (ECs; n � 8) and noncontrollers (NCs; n � 6) before ART, whereas integration
remained stable in patients on ART (n � 4). The median annual fold change was higher in NCs than in ECs and negatively corre-
lated with CD4/CD8 T-cell ratio. Cytotoxic T lymphocyte (CTL) function as assessed by infected CD4 T-cell elimination (ICE)
and granzyme B activity did not significantly change over time in ECs, suggesting that the gradual increase in integrated HIV
DNA observed in ECs was not a result of progressive loss of immune-mediated control. Also, acutely infected (n � 7) but not
chronically infected (n � 6) patients exhibited a significant drop in integrated HIV DNA 12 months after ART initiation. In con-
clusion, in the absence of ART, integrated HIV accumulates over time both in NCs and in ECs, at variable individual rates. Start-
ing ART early in infection leads to a greater drop in integrated HIV DNA than does initiating treatment after years of infection.
The increase in integrated HIV DNA over time suggests that early treatment may be of benefit in limiting HIV reservoirs.

IMPORTANCE

The establishment of a latent reservoir represents a barrier to cure among HIV-infected individuals. The dynamics of HIV reser-
voir accumulation over time in patients before antiviral therapy is underexplored, in large part because it is difficult to accu-
rately and reproducibly measure the size of HIV reservoir in this setting. In our study, we compared the dynamics of integrated
HIV DNA over time in ECs and NCs before and after ART was initiated. We found that integrated HIV DNA levels progressively
increase over time in the absence of ART, but with a higher, albeit variable, rate in NCs compared to ECs. In addition, integrated
HIV DNA declines more dramatically when ART is initiated in acute rather than chronic HIV infection, suggesting important
differences between acute and chronic infection. Our study highlights the role of HIV replication and CTL control in reservoir
accumulation in sanctuary sites and why ART appears to be more effective in acute infection.

The establishment of a latent reservoir represents a barrier to
cure among individuals infected with human immunodefi-

ciency virus (HIV). It has been difficult to design assays that can
accurately and reproducibly measure the size of HIV reservoir.
The quantitative viral outgrowth assay (QVOA) provides a mea-
sure of the frequency of replication-competent virus, but this as-
say is laborious, costly, and subject to high error and may under-
estimate the reservoir size (1). It is technically difficult to measure
replication-competent virus robustly by viral sequencing or viral
outgrowth in patients off antiretroviral therapy (ART) due to the
contribution of preintegration complexes. This technical limita-
tion has left a gap in HIV reservoir research regarding the accu-
mulation rate of HIV reservoirs over time. Among the nucleic acid
intermediates of HIV, the integrated form appears to correlate
better with replication competence (2–4) and thus may provide a
superior surrogate for reservoir size when the QVOA cannot be
employed.

Only a few studies have measured replication-competent virus
in patients not receiving ART (5–7), and while these ground-
breaking studies established that latent reservoirs were formed

early in infection, they did not monitor the dynamics of reser-
voir accumulation. Additional studies have suggested that res-
ervoirs accumulate very quickly after infection (8). Prior stud-
ies provide indirect evidence that reservoirs increase over time
without monitoring patients longitudinally (9–11). One of
these studies suggested that integration levels may reach a plateau
level after a few years in the absence of ART (11). However, the
kinetics of reservoir accumulation within an individual off ART
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have not been monitored over several years. Moreover, it is un-
clear whether reservoirs increase at differing rates in different in-
dividuals. We also sought to compare the impacts of early and late
initiation of ART on HIV reservoir size, as patients treated during
acute infection have been reported to have lower levels of HIV
DNA than patients treated during chronic infection (4, 11–15). It
is important to understand even subtle differences between early
and late treatment since early treatment has been reported to re-
strain reservoir size to a level that allows treatment interruptions
for a prolonged period without viral rebound (12).

We longitudinally measured integrated HIV DNA as a surro-
gate for reservoir size in elite controllers (ECs) and noncontrollers
(NCs), as well as in acutely and chronically infected individuals
before and after ART initiation. We also prospectively assessed the
cytotoxic profile of ECs. We found that integrated HIV DNA in-
creased over time in the absence of ART at variable rates depend-
ing on the individual, and the rates of accumulation were strik-
ingly different between ECs and NCs. We also found that
integrated HIV DNA was more significantly impacted by ART
during acute infection, consistent with functional differences be-
tween these cohorts.

MATERIALS AND METHODS
Study subjects. Frozen peripheral blood mononuclear cell (PBMC) sam-
ples from ECs, patients on ART, and acutely and chronically infected
patients were obtained from the Clinical Research Center, National Insti-
tutes of Health (NIH; Bethesda, MD), the Center for AIDS Research at the
University of Pennsylvania, and the Options cohort at the University of
California, San Francisco (UCSF). All participants signed informed-con-
sent forms approved by their Investigational Review Boards (IRB). The
University of Pennsylvania IRB approved the transfer of materials from
NIH and UCSF for this study.

This study consisted of two different parts. In the first one, we mea-
sured integrated HIV DNA over time in 8 ECs, 6 untreated NCs, and 4
ART-treated patients. In the second part, we measured integrated HIV
DNA in 6 individuals in whom ART was initiated in chronic infection
(more than 12 months after acquiring infection) and 7 in whom ART was
initiated within an estimated 6 months after HIV infection (using HIV
testing history and antibody testing) (16). We tested these individuals
before and 12 months after starting ART. ECs are part of a cohort studied
at NIH under protocol number 02-I-0086 and provide apheresis products
every 6 to 12 months for research use (17). These patients have main-
tained HIV loads persistently below 50 copies/ml for more than 10 years in
the absence of ART and a CD4 T-cell count of �400 cells/�l, and thus, we
do not have data related to acute infection in this cohort. At enrollment,
the median CD4 T-cell count was 811 (interquartile range [IQR], 544 to
980) cells/�l. At the last time point (after 5.4 � 3.7 years), the median CD4
T-cell count was not significantly different (618 [IQR, 485 to 709] cells/�l;
P � 0.1). Analogously, CD4/CD8 cell ratio did not change over time in
ECs (from 1.02 [IQR, 0.8 to 1.8] to 1.22 [IQR, 1.08 to 1.79]; P � 0.31).
ART-treated patients started treatment during chronic infection and had
undetectable viremia (i.e., �40 to 75 HIV RNA copies/ml) for at least 2
years before enrollment. NCs were individuals who enrolled in the Op-
tions cohort at UCSF within 6 months of HIV infection but elected not to
start ART and who were followed longitudinally during chronic infection,
including after starting ART. For individuals who initiated ART during
chronic HIV, the mean duration of infection before starting ART was
6.1 � 3.5 years, while for acute patients, the intervals between estimated
date of infection and treatment initiation were 1 month for 4 patients, 2
months for 1 patient, 4 months for 1 patient, and 5 months for 1 patient.
At treatment initiation, median CD4 T-cell counts were 271 (IQR, 146 to
461) cells/�l in chronic patients and 598 (IQR, 493 to 896) cells/�l in
acute individuals.

Measurement of integrated HIV DNA. Aliquots of frozen PBMCs for
each patient were thawed and isolated using the Qiagen Blood and Cell
Culture Maxi kit (Qiagen, Valencia, CA). Integrated HIV DNA levels were
measured using our previously published method (17). The entire sample
was utilized to measure integrated HIV DNA, since many studies have
longitudinally measured total HIV DNA (9, 11, 13, 18). As a result, it was
possible to increase the sensitivity and robustness of our measurements by
performing PCR with more wells at limiting dilution (19). HIV integra-
tion was detected in every sample so that no data censoring was required.

GrB cytotoxicity assay. Cytotoxicity of autologous CD4 T-cell targets
by CD8 T cells was assessed by granzyme B (GrB) target cell activity and
infected CD4� T-cell elimination (ICE), as described previously (20, 21).
Briefly, CD4 T cells were positively selected from cryopreserved PBMCs
by magnetic automated cell sorting (AutoMACS; Miltenyi Biotec, Ger-
many) and polyclonally stimulated for 3 days prior to infection. CD4 T
cells were then resuspended in warmed medium containing interleukin 2
(IL-2; Roche Diagnostics, Mannheim, Germany) at 40 IU/ml in 96-well
tissue culture plates. Concentrated HIVSF162 was bound to ViroMag
beads (OZ Biosciences, Marseille, France). Bead-labeled virus or medium
was added to “infected” or “uninfected” control wells, respectively. The
plates were centrifuged at 1,600 rpm for 2 min prior to 15 min of incuba-
tion on a magnet (OZ Biosciences). Cells were incubated at 37°C for 36 h
prior to use as targets in cytotoxicity assays. Effector PBMCs were incu-
bated with HIVSF162-infected targets for 6 days. Day 6 cells were then
labeled with immunomagnetic beads prior to negative selection of CD8 T
cells by magnetic automated cell sorting (CD8 T-cell isolation kit II;
Miltenyi Biotec). HIVSF162-infected and uninfected targets were labeled
with a LIVE/DEAD fixable violet stain kit (Invitrogen Molecular Probes)
per the manufacturer’s instructions and mixed with day 6 enriched CD8 T
cells at an effector/target cell (E:T) ratio of 25:1 at 37°C for 1 h. The
GranToxiLux killing assay was conducted per the manufacturer’s proto-
cols (OncoImmunin), except where otherwise noted. The GrB substrate
was used at a 4� dilution. After analysis of GrB activity in live targets
by flow cytometry, cells were treated with Cytofix/Cytoperm (BD Bio-
sciences, San Jose, CA) prior to staining for measurement of elimina-
tion of p24-expressing cells (KC57 RDI; Beckman Coulter, Inc., Ful-
lerton, CA). ICE was calculated as follows: ([percent p24 expression of
infected targets 	 percent p24 expression of infected targets mixed
with day 0 or day 6 effector cells]/percent p24 expression of infected
targets) � 100.

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism 5.0 (GraphPad Software, La Jolla, CA) and Stata 14 (StataCorp,
College Station, TX). Correlation between integrated HIV DNA, HIV
load, and CD4/CD8 T-cell ratio was calculated using either Pearson (for
log-transformed variables) or Spearman correlation coefficients. The
Mann-Whitney U test was used to compare continuous variables between
groups, and the Wilcoxon signed-rank test was used to compare paired
values, such as before- and after-treatment reservoir measures. A linear
mixed-effects model was used to estimate the rate of change in log trans-
formed integrated HIV DNA per year in ECs, NCs, and ART-treated pa-
tients. Data are presented as mean (�standard deviation [SD]) or median
(IQR), as appropriate.

RESULTS
Untreated noncontrollers and elite controllers show an increase
in integrated HIV DNA over time (Fig. 1 and 2). We sought to
determine how reservoir size changed over time in ECs compared
to NCs. Integrated HIV DNA was measured in 6 NCs (Fig. 1A and
D) and 8 ECs (Fig. 1B and D) over a variety of time points span-
ning from 1 year to 12 years. The mean observation times were
6.1 � 3.5 years for NCs and 5.4 � 3.7 years for ECs.

Integrated HIV DNA increased over time in both groups when
normalized per PBMCs. The median annual fold change was sig-
nificantly higher in NCs than in ECs (P � 0.022). In NCs, HIV
DNA level increased from 109 to 1941 copies/million PBMCs after
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FIG 1 Longitudinal measures of integrated HIV DNA in noncontrollers (NCs; n � 6 [A, D, and E]), elite controllers (ECs; n � 8 [B, D, and E]), and antiretroviral
therapy (ART)-treated patients (n � 4 [C, D, and E]). Integrated HIV DNA levels increased over time in NCs (from 109 [IQR, 57 to 178] to 1,941 [IQR, 448 to
2,442] copies/million PBMCs after 6 years [P � 0.018] and ECs (from 16 [IQR, 3.2 to 139] to 34 [IQR, 13.2 to 131] copies/million peripheral blood mononuclear
cells [PBMCs] at the last time point [P 0.1]) but not in ART-treated patients (from 1,179 [IQR 632 to 1,287] to 1,038 [IQR, 555 to 1,074] copies/million PBMCs
[P � 0.25]) (D). The median annual fold change was significantly higher in NCs than in ECs (3 [IQR, 0.53 to 7.9] versus 0.63 [IQR, 0.35 to 0.96] per year [P �
0.022]) (A to C). When normalized to CD4, using a linear mixed-effects model, the increase in integrated HIV DNA levels per year was higher in NCs than
in ECs {difference in slope: 	0.18 (95% confidence interval [CI]: 	0.29, 	0.07); P � 0.002} and in ART-treated ones (difference in slope: 	0.28 [95%
CI: 	0.41, 	0.15]; P � 0.001) (E). Moreover, integrated HIV DNA levels decreased in ART patients and were statistically different than those in NCs
(difference in slope: 	0.28 [95% CI: 	0.41, 	0.15]; P � 0.001) and ECs (difference in slope: 	0.1 [95% CI: 	0.19, 	0.005]; P � 0.04) (E). “t0” refers
to the first available time point, while “late” refers to the last available one (i.e., 6.1 � 3.5 years for NCs, 5.4 � 3.7 years for ECs, and 4 � 1.9 years for
patients on ART). Integrated HIV DNA levels are reported as fold change compared to baseline in panels A, B, and C, as copies/million CD4 in panel E,
and as copies/million PBMCs in panel D. HIV integration levels at t0 and late time points were compared using the Wilcoxon signed-rank test, while
Mann-Whitney U test was used to compare fold change across groups.
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6 years (P � 0.018) (Fig. 1D) and from 0.23 to 4.11 copies/�l of
blood (P � 0.03). The increase in integrated HIV DNA was even
higher when normalizing for CD4 T-cell count (from 357 to
12,088 copies/million CD4 T cells; P � 0.03). As expected, CD4
T-cell count declined from 667 to 271 cells/�l and CD4/CD8 cell
ratio declined from 0.99 to 0.29 over 
6 years in NCs. Notably,
the rates of accumulation varied between patients, especially
among NCs. In fact, two NCs (NC1 and NC2) experienced a drop
in integration level early after infection (Fig. 1A), followed by a
steady increase in integrated HIV DNA, suggesting initial im-
mune control that was subsequently lost over time.

ECs had low integrated HIV DNA at baseline (median value,
16.6 copies/million PBMCs). However, integrated HIV was higher
at subsequent time points, with a median level of 34 copies/mil-
lion PBMCs at the last time point (P � 0.1) (Fig. 1D). All ECs
experienced an increase in integrated HIV DNA over time except
for one patient (EC4 [Fig. 1B]). CD4 T-cell counts were relatively
constant in the EC cohort such that very similar results were ob-
tained when normalizing for CD4 count (median integration level
increased from 99.6 to 181 copies/million CD4 [data not shown]).

As a control for these two cohorts, we also measured integrated
HIV DNA in 4 patients on ART with stable undetectable HIV
loads. Among these patients, integrated HIV DNA did not signif-
icantly change over a 4-year period. The median levels were 1,179
at the start of the study period and 1,038 copies/million PBMCs at
the end of the study period (P � 0.25) (Fig. 1C and D).

When normalized to CD4 count, using a linear mixed-effects
model, the increase in integrated HIV DNA per each year was

found to be higher in NCs than in ECs (P � 0.002) and in ART-
treated patients (P � 0.001) (Fig. 1E). Moreover, after normaliz-
ing for CD4 count, the integration levels decreased in ART-treated
patients and were statistically different than in NCs (P � 0.001)
and ECs (P � 0.04) (Fig. 1E).

While it is possible that the increase in integrated HIV DNA
represents accumulation of defective proviruses without an in-
crease in reservoir size, the results of a modified viral outgrowth
assay developed for ECs correlated with integration levels, sug-
gesting that both replication-competent and defective proviruses
likely accumulate over time (2). Moreover, in NCs we found a
negative correlation between CD4/CD8 T-cell ratio and inte-
grated HIV DNA levels in PBMCs (r � 	0.81; P � 0.0001 [Fig.
2A]). Similar findings were obtained when assessing the correla-
tion between CD4/CD8 T-cell ratio and integrated HIV DNA over
time (Fig. 2B), consistent with the idea that integration levels in
this cohort provide a surrogate for reservoir size. Taken together,
our results show that integrated HIV DNA continues to increase
in the absence of ART, and this may reflect growth of the HIV
reservoir.

Integrated HIV DNA significantly drops after ART initiation
in acutely but not chronically infected patients (Fig. 3). We next
tested the impact of the timing of ART initiation on integrated
HIV DNA in chronically and acutely infected subjects. Integrated
HIV DNA levels were not markedly different before starting ART
(989 copies/million PBMCs in acutely infected subjects versus
1,941 in chronically infected subjects [P � 0.53]) (Fig. 3A).
Acutely infected patients showed a significant drop in integrated

FIG 2 (A) Correlation between CD4/CD8 cell ratio and integrated HIV DNA in PBMCs (r � 	0.81; P � 0.0001) of untreated noncontrollers. (B) Longitudinal
measures of CD4/CD8 T-cell ratio and integrated HIV DNA levels over time in PBMCs of untreated noncontrollers. In PBMCs, integrated HIV DNA increased
from 109 (IQR, 57 to 178) to 1,941 (IQR, 448 to 2,442) copies/million cells after 6.1 years (P � 0.018). On the other hand, CD4/CD8 cell ratio declined from 0.99
(IQR, 0.68 to 1.2) to 0.29 (IQR, 0.14 to 0.6). Data are medians (interquartile range) for CD4/CD8 cell ratio and mean logs � standard deviations for integrated
HIV DNA.
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HIV DNA 12 months after starting ART, while integration levels
barely decreased among chronically infected individuals over the
first 12 months of treatment. Specifically, the median level de-
clined 
10-fold, from 989 to 99 copies/million PBMCs, in the
acute cohort (P � 0.016) (Fig. 3B), while only decreasing from
1,941 to 893 copies/million PBMCs in the chronic patients (P �
0.56) (Fig. 3B). Analogous results were obtained when correcting
for CD4 T-cell count. In fact, integrated HIV DNA declined from
14,342 to 4,257 copies/million CD4 in chronically infected pa-
tients (P � 0.13) and from 4,213 to 380 copies/million CD4 in
acutely infected ones (P � 0.015) (Fig. 3C and D). Similarly, inte-
gration levels decreased from 1.24 to 0.3 copies/�l blood in acute
patients (P � 0.015) and from 3.8 to 1.36 copies/�l blood in
chronic ones (P � 0.67). While our cohort is small, our results are
consistent with findings of Koelsch and colleagues (22) and sug-
gest that cells carrying integrated HIV DNA are cleared more ef-
fectively when ART is initiated during acute infection.

Pre-ART integrated HIV DNA relates to viral burden in
acutely and chronically infected individuals. We chose to mea-
sure the frequency of integrated HIV DNA in PBMCs as a surro-
gate of reservoir size because we could do this technically with the
small samples provided. Moreover, it is technically challenging to
measure replication-competent virus by QVOA in the absence of
ART because of the presence of preintegration complexes. To ad-
dress the functional meaning of integration level, we asked if pre-
ART integration levels correlated with viral load or CD4/CD8 T-
cell ratio. Integrated HIV DNA correlated with viral load (r �
0.86; P � 0.0002 [Fig. 4A]) and was negatively associated with
CD4/CD8 T-cell ratio (r � 	0.52; P � 0.05 [Fig. 4B]), again
consistent with data showing that integration levels provide a sur-
rogate of reservoir size (2–4).

ECs have intact CTL function over time (Fig. 5). To test
whether the increase in HIV DNA levels we observed in ECs was
due to a decline in cytotoxic T lymphocyte (CTL) function, we
measured granzyme B activity and ICE in paired samples of 5 ECs,
which were collected at the first and last available time points
(mean observation time, 6 � 1.6 years).

We found that both ICE (from 72.3 to 75.4%; P � 0.44 [Fig.
5A]) and granzyme B activity (from 43 to 56.5%; P � 0.13 [Fig.
5B]) did not change significantly over time. While ECs have on
occasion been reported to become viremic, requiring therapy (23–
25), our patients maintained CTL control. Thus, loss of CTL does
not explain the increase in integrated HIV DNA in our cohort.

DISCUSSION

We found that integrated HIV DNA levels progressively increase
over time in the absence of ART, but with a higher rate in NCs than
in ECs, consistent with the idea that the immune response can
slow reservoir accumulation. Whether this is due to immune con-
trol of reservoirs, immune control of viral replication, or both was
not addressed by our study. In addition, integrated HIV DNA
declines more dramatically in acutely infected individuals than
chronic ones following initiation of ART. Taken together, our
results suggest important differences in the provirus or immune
response between the acute and chronic stages of HIV infection.

Previous studies have shown that HIV reservoirs are estab-
lished very early after HIV infection. Immediate treatment (as
early as 10 days after the onset of symptoms of primary HIV in-
fection [PHI]) does not prevent the establishment of latently in-
fected CD4 T cells harboring integrated HIV DNA (8) but limits

the size of the reservoir as measured by HIV DNA (4, 11–15) and
may minimize immune activation. Importantly, early treatment
likely reduces the amount of replication-competent proviruses,
though making these measurements robustly is challenging. In the
Visconti cohort, some adults with primary HIV infection who
received ART within the first 2 months after infection were able to
control viremia for several years after treatment interruption, sug-
gesting that replication-competent proviruses were significantly
reduced and/or the replication-competent proviruses that re-
mained with early treatment were less likely to be expressed, per-
haps due to less immune activation (12). Similarly, the “Missis-
sippi child,” who started ART at 30 h of age, remained virally
suppressed for 27 months in the absence of ART (26). Jain et al.
(27) showed that early ART (within 6 months of infection) was
associated with lower levels of cell-associated HIV DNA and RNA
as well as lower levels of CD4 and CD8 T-cell activation. Again, the
authors suggested timing of ART to be a critical determinant of
reservoir size, consistent with prior studies (11, 14, 15, 28–30).

One possible explanation for differential rates of integrated
HIV DNA accumulation is the individual level of CTL function.
We noted that two NCs (NC1 and NC2) had slow reservoir
growth early on, suggesting strong CTL activity that was lost over
time. It is clear that ECs with effective CTL have much smaller
reservoirs than patients with less effective CTL (17, 31, 32), and in
this study, we found that they have a lower rate of expansion than
NCs (Fig. 1). The increase in integration levels in ECs over time,
while initially surprising, is consistent with evidence of ongoing
replication (33, 34) and detectable viral loads in ECs (20, 35). We
first thought that the increase in integration might reflect loss of
CTL function, but CTL functions remained intact (Fig. 5). Given
the steady but slow increase in integration levels in ECs, it seems
likely that this may be due to continuous viral replication in sanc-
tuary sites. Several studies suggest that B-cell follicles would pro-
vide such a sanctuary since they are relatively deficient in func-
tional CD8 T cells (36, 37). This hypothesis has recently been
confirmed in rhesus monkey ECs (38): in fact, Fukazawa and col-
leagues have shown not only that in ECs potent simian immuno-
deficiency virus (SIV)-specific CD8 T cells are able to restrict HIV
production to follicular helper CD4 T cells but also that CD8
depletion is associated with a dramatic redistribution of SIV pro-
duction to extrafollicular sites. These findings further reinforce
the concept that although they are functionally intact, CD8 T cells
from ECs may not be able to fully control HIV replication, leading
to a slow but continuous increase in reservoir size.

Our results also suggest that ART can induce a greater reduc-
tion in the number of cells carrying integrated HIV DNA when
administered early during infection. While our sample size is
small, these results are consistent with those obtained in another
similar study (22, 39). Several mechanisms may be responsible for
the greater reduction in primary infection. One possible explana-
tion is the lack of escape CTL in the very early stage of infection
(40, 41). As recently reported by Deng and colleagues (41), CTL
escape variants dominate the HIV reservoir of individuals starting
ART during chronic but not acute infection; moreover, these CTL
escape variants can be reactivated and released after latency rever-
sal. From this perspective, treating HIV early means not only lim-
iting the reservoir size but also limiting proviral diversity, as the
overwhelming presence of archived CTL escape mutations clearly
represents a hurdle for viral eradication strategies based on ther-
apeutic vaccination.
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In addition, CTL may be more functional early in infection (40,
42). Several studies have investigated the functional profile of CD8
T cells during primary infection. Streeck et al. (43) reported that
HIV-specific CD8 T-cell responses during acute but not chronic
infection were associated with the subsequent viral set point and
CD4 T-cell dynamics. The same group (42) also showed that HIV-
specific CTLs have increased cytotoxicity early in HIV infection
compared to that in chronic infection, though they are more
prone to apoptosis as a result of sustained activation and meta-
bolic stress (42).

Another possible explanation for enhanced reservoir contain-
ment during acute infection is that early treatment may protect
central memory CD4 T cells (TCM) from infection, as fewer TCM

have been reported to be infected in both posttreatment control-
lers (12) and ECs (44), although one study found that TCM were
not protected by early treatment (10).

Finally, integrated HIV DNA decreases more dramatically after
ART therapy during acute infection because there may be a larger
fraction of cells containing replication-competent proviruses. It

follows that there may be a larger fraction of productively infected
cells containing proviruses with a short life span in the early stages
of infection (45, 46). Thus, those short-lived cells die and the level
of integrated HIV DNA decreases accordingly. This alternate ex-
planation underlies a limitation of our study: the lack of informa-
tion on the proportion of integrated HIV DNA that is replication
competent. One possibility is that defective proviruses continue to
accumulate over time (47), while replication-competent HIV
reaches a plateau early after infection (8). In this scenario, the
large reduction in HIV DNA would reflect the effectiveness of
ART against replication-competent proviruses. Meanwhile, in
chronic infection, defective proviruses predominate and only a
small fraction is reduced by ART. Nonetheless, the facts that
HIV proviruses accumulate more slowly in ECs and the lower
level of proviruses (17) corresponds to lower levels of replica-
tion-competent proviruses in ECs (2, 32) underscore that CTLs
likely play a role in clearance of replication-competent provi-
ruses and possibly defective proviruses as well (48, 49). Alter-
natively, lower viral replication may occur due to poor viral

FIG 3 Integrated HIV DNA in PBMCs (A and B) and CD4 T cells (C and D) from patients with acute and chronic infection at baseline and 12 months after
starting ART. (A) Pre-ART integrated HIV DNA levels in PBMCs did not differ between the acute and chronic groups (989 [IQR, 82 to 2,595] versus 1,941 [IQR,
448 to 2,442] copies/million PBMCs, respectively; P � 0.53). Integrated HIV DNA was significantly lower after 12 months of ART in acutely infected individuals
(99 [IQR, 32 to 541] versus 893 [IQR, 365 to 1,980] copies/million PBMCs; P � 0.035). Lines represent median log values, with the two groups compared using
the Mann-Whitney U test. (B) A significant drop in integrated HIV DNA was observed after 12 months of ART in the acute group (P � 0.016) but not in the
chronic one (P � 0.56). Integrated HIV DNA is presented as log copies/million PBMCs. Pre- and post-ART samples were compared using the Wilcoxon
signed-rank test. (C) Pre-ART integrated HIV DNA levels in CD4 T cells were not significantly different between the acute and chronic groups (4,213 [IQR, 299
to 13,012] versus 14,342 [IQR, 5,164 to 25,095] copies/million CD4 T cells, respectively; P � 0.27). Integrated HIV DNA was significantly lower after 12 months
of ART in acutely infected individuals (380 [IQR, 94 to 2,211] versus 4,257 [IQR, 1,292 to 12,410] copies/million CD4 T cells; P � 0.048). Lines represent median
log values, with the two groups compared using the Mann-Whitney U test. (D) The levels of integrated HIV DNA in CD4 T cells significantly declined after 12
months of ART in the acute group (P � 0.015), while a smaller reduction was observed in the chronic one (P � 0.13). Integrated HIV DNA is presented as log
copies/million CD4 T cells. Pre- and post-ART samples were compared using the Wilcoxon signed-rank test.
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fitness or due to immune restriction of viral replication (50).
Studies from Blankson and colleagues suggest that the fitness of
virus from ECs is similar to that of virus from chronic progressors
and a combination of host immune factors is able to control viral
replication (51, 52).

While other studies have indirectly suggested that HIV reser-
voirs accumulate over time (9–11), especially early after infection,
our study is the first to directly assess the dynamics of integrated
HIV DNA by monitoring longitudinally the same individuals
from the early to the chronic phase of infection. Murray et al. (11)
estimated that half of the integrated HIV DNA accumulates within
the first 2 years after infection, after which accumulation drasti-
cally slows down and finally plateaus, as a consequence of the
balance between input (i.e., viral production) and output (i.e., cell
activation/loss). Most of the patients in this study were treated
within the first 3 years of infection. In contrast, our study suggests
that HIV integration levels continue to increase for several years
after initial infection. The lack of data on the proportion of defec-
tive proviruses during primary and chronic infection limits our
ability to make strong conclusions about reservoir accumulation.
Nonetheless, there is evidence that suggests that integration levels
correlate with the level of replication-competent proviruses (2–4).
Proviral sequencing data will eventually resolve these issues; how-
ever, techniques able to separate integrated from unintegrated

HIV DNA robustly will be required to obtain definitive answers.
Notably, different populations may have a different pattern of
accumulation of integrated HIV DNA (9, 53). Future studies in
this direction may improve our understanding of the contribution
of distinct cell subsets as well as of cellular activation status to the
growth of HIV reservoirs.

In conclusion, in the absence of ART, integrated HIV DNA
accumulates over time both in NCs and, more slowly, in ECs de-
spite robust CTL activity. Low but continued reservoir accumula-
tion in ECs might be due to ongoing, low-level rounds of replica-
tion in immunologic sanctuaries where CTLs are excluded.
Meanwhile, the rate of accumulation is more brisk in NCs, who
have poor CTL function. Moreover, starting ART during acute
infection leads to a more dramatic drop in integrated HIV DNA
levels than starting ART during chronic infection. Taken together,
our findings further reinforce the importance of early diagnosis
and treatment to limit reservoir size possibly even in controllers
(54), though the risks and benefits have yet to be defined. This
work highlights the need to analyze proviral sequences over time
to understand the dynamics of replication-competent and defec-
tive proviral accumulation. A better understanding of the kinetics
of these two forms of HIV may have important implications for
cure.

FIG 4 Correlation between pre-ART integrated HIV DNA and HIV load (r � 0.86; P � 0.0002) (A) and CD4/CD8 T-cell ratio (r � 	0.52; P � 0.05) (B) in
chronically (n � 6) and acutely infected (n � 7) patients.

FIG 5 Infected CD4 T-cell elimination (ICE) (A) and granzyme B (GrB) activity (B) in paired samples of ECs. Cytotoxic functions were measured over time in
paired samples of 5 ECs, corresponding to the first (early) and last (late) available time points (mean observation time, 6 � 1.6 years). No significant changes were
detected over time in either median ICE (from 72.3% [IQR, 63 to 80.4%] to 75.4% [IQR, 68.8 to 85.6%]; P � 0.44) (A) or GrB (from 43% [IQR, 35.6 to 60.6%]
to 56.5% [IQR, 43 to 63.2%]; P � 0.13) (B) activity. The Wilcoxon signed-rank test was used for comparisons.
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