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Fourteen people with human immunodeficiency virus type 1 
had longitudinal measurements of intact, defective, and total 
proviral DNA over the course of two decades of antiretroviral 
therapy. Three patterns of intact proviral DNA decay were 
revealed: (1) biphasic decline with markedly slower second- 
phase decline, (2) initial decline that transitions to a zero-slope 
plateau, and (3) initial decline followed by later increases in 
intact proviral DNA. Defective proviral DNA levels were 
essentially stable. Mechanisms of slowing or reversal of 
second-phase decay of intact proviral DNA may include the 
inability to clear cells with intact but transcriptionally silent 
proviruses and clonal expansion of cells with intact proviruses.

Keywords. HIV; antiretroviral therapy; intact proviruses; 
reservoirs.

Received 28 November 2022; editorial decision 09 February 2023; accepted 05 February 
2023; published online 10 February 2023

Correspondence: Rajesh Gandhi, MD, Department of Medicine, Massachusetts General 
Hospital, 55 Fruit St, Cox 548, Boston, MA 02114 (Rgandhi@mgh.harvard.edu); John 
Mellors, MD, Department of Medicine, Division of Infectious Diseases, University of 
Pittsburgh, 3601 5th Avenue, Suite 700, Pittsburgh, PA 15213 (jwm1@pitt.edu).

The Journal of Infectious Diseases® 2023;227:1376–80 
© The Author(s) 2023. Published by Oxford University Press on behalf of Infectious Diseases 
Society of America. All rights reserved. For permissions, please e-mail: journals.permissions 
@oup.com
https://doi.org/10.1093/infdis/jiad039

Human immunodeficiency virus type 1 (HIV-1) infection can-
not be cured in most people because of indefinite persistence of 
a latent reservoir during antiretroviral therapy (ART). An in-
tact proviral DNA (IPD) assay has been developed to estimate 
the HIV-1 reservoir [1]. This assay separately quantifies intact 
proviruses, which are potentially replication competent, and 
defective proviruses, which are not. Intact provirus levels cor-
relate with measures of inducible infectious virus outgrowth 

[1–3], the standard method of quantifying the HIV-1 reservoir. 
However, the IPD assay has several advantages over virus out-
growth assays: (1) it is a simpler, more feasible method of mea-
surement; and (2) it detects HIV-1 proviruses that may 
replicate in vivo but cannot be activated to replicate in ex 
vivo cultures.

Several studies have shown that intact HIV-1 proviruses se-
lectively decay during ART, compared with defective provi-
ruses [4, 5], and that there is a biphasic decay in intact 
proviruses, with a more rapid initial decline followed by slow-
er subsequent decay [6]. These previous studies, however, 
evaluated a limited number of time points during the first dec-
ade of ART and even fewer during the second decade of treat-
ment. As a result, there is incomplete understanding of the 
longitudinal decay patterns of intact proviruses over the 
course of very long-term ART. Such an understanding is cru-
cial for efforts to better characterize and eliminate persistent 
intact proviruses and achieve long-term ART-free remission 
(“HIV-1 cure”). In the current study, we performed longitudi-
nal measurements of intact, defective and total proviral DNA 
in people with HIV-1 over the course of 2 decades of well- 
documented virally suppressive ART, thereby revealing new 
patterns of IPD decay.

METHODS

We evaluated a longitudinal cohort of participants with chronic 
HIV-1 infection who started ART in AIDS Clinical Trials 
Group (ACTG) trials for treatment-naive persons and were 
subsequently followed up while continuing to receive ART 
(ACTG studies A5001 and A5321) [7]. Commercial assays 
showed plasma HIV-1 RNA levels <50 copies/mL starting at 
week 48 of ART and at all subsequent time points, with no re-
ported ART interruptions.

We performed the following measurements on CD4+ T 
cells isolated from peripheral blood mononuclear cells: IPD, 
5′ or 3′ defective proviral DNA, and total proviral DNA 
(sum of defective, hypermutated, and intact proviruses), as re-
ported elsewhere [1]. The number of cell equivalents assayed 
was determined for each sample, and proviral DNA measure-
ments were normalized per million CD4+ T cells. The limit of 
detection was dependent on the number of CD4+ T cells avail-
able for the assay. Samples from 16 participants were initially 
included, but IPD was not analyzable in 2 participants (13%) 
because of signal failure (amplification or detection failure); 
results from the remaining 14 participants are the focus of 
this report.

Biexponential statistical modeling [8, 9] of IPD frequencies 
was performed using nonlinear regression, separately by 
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participant. This model provides decay rate estimates for both a 
first and a second exponential phase. The transition time be-
tween phases was the estimated number of years of ART 
when the contributions to the IPD frequency were the same 
from both phases.

RESULTS

Fourteen participants who started ART during chronic HIV-1 
infection were included in this study. All participants had doc-
umented suppression of viremia (HIV-1 RNA <50 copies/mL) 
for >15 years of ART and no known episodes of treatment in-
terruption or viral rebound during those years. Blood samples 
had been collected from participants longitudinally from year 1 
to years 17–23 after ART initiation (median ART duration, 
20 years; 8–10 time points). CD4+ T cells were isolated from 
cryopreserved peripheral blood mononuclear cells and assayed 
for IPD, 5′ or 3′ defective proviral DNA, and total proviral 
DNA [1].

Five participants reported female sex assigned at birth, and 
the remainder endorsed male sex assigned at birth. The median 
pre-ART age (range) was 44 ( 23–56) years); the median 
pre-ART plasma HIV-1 RNA level, 4.2 (2.3–5.5) log10 copies/mL; 
and the median pre-ART CD4+ T-cell count, 377/µL 
(27–762/µL). Additional participant characteristics appear in 
Supplementary Table 1.

After year 1 of ART, the median (interquartile range) IPD 
was 204 (99–876) copies/million CD4+ T cells, and the median 
intact provirus percentage (intact divided by total proviruses) 
was 66% (41%–83%). By the last time point (median ART du-
ration, 20 years), the median (interquartile range) IPD had fall-
en to 16 (3–120) copies/million CD4+ T cells, and the median 
intact provirus percentage had fallen to 7% (4%–10%). We ob-
served decay of intact proviruses but not defective proviruses 
over the course of time on ART: intact proviruses declined by 
13-fold from the first to the last time point, whereas total pro-
viruses (including intact provirus) declined by only 3-fold and 
defective provirus levels were generally stable (median reduc-
tion, 0.7-fold) (Table 1).

The longitudinal measurements revealed several patterns of 
IPD change during the 2-decade period of observation. Five 
participants had biphasic decay of IPD levels, 3 had biphasic 
decay with a second-phase plateau (slope effectively zero), 
and 2 showed evidence of increased IPD levels during the 
second decade of ART (see Figure 1 for examples; see 
Supplementary Figures 1–3 for changes in IPD, percentage 
IPD, and CD4+ T-cell counts for all 14 participants). The inflec-
tion or transition of decay occurred a median of 5 years after 
ART initiation (range, 2–13 years). For 8 of the 10 participants 
who were modeled, the estimated transition time to slower or 
reversal of decay was before year 10 of ART (range, 2–9 years 
of ART). Four participants with substantial censored DNA 

levels or other longitudinal patterns were not included in the 
modeling.

The median IPD first-phase half-life was 1 year (n = 10), and 
the median IPD second-phase half-life, >25 years (n = 8). For 
the 2 participants with late IPD increases, the second-phase 
half-life could not be estimated. The changes in IPD from nadir 
value to final value for these 2 participants were 2.9-fold and 
6.3-fold increases. In the 4 other participants, there was a var-
iable pattern of IPD decay, in part owing to fewer cells assayed 
or low IPD levels. When the ratio of intact to total proviruses 
was evaluated, the 10 participants with an evaluable pattern 
showed rapid decline, followed by a plateau (Supplementary 
Figure 2).

DISCUSSION

In people with HIV-1 infection on very long-term ART with 
continual suppression of viremia, 3 patterns of IPD decay 
were revealed by multiple longitudinal measurements: (1) bi-
phasic decline with markedly slower second-phase decline, 
(2) initial decline that transitions to a zero-slope plateau, and 
(3) initial decline followed by late increases in IPD. The slowing 
or reversal of IPD decay suggests that the mechanisms of infect-
ed cell clearance and persistence are very different during the 
first phase of decay (median half-life, 1 year) compared with 
the second phase (median half-life, >25 years).

Prior studies have shown that, after initiation of ART, the dy-
namics of plasma HIV-1 RNA and IPD decay are markedly dif-
ferent. The first phase of plasma HIV-1 RNA decay has a half-life 
of approximately 1 day, and its second phase a half-life of ap-
proximately 14 days [10]. By contrast, a 2022 study found that, 
during the first few months after ART initiation, IPD has an ini-
tial phase of decay with a half-life of about 14 days, but after ap-
proximately 3 months of ART, the IPD decay rate slows to a 
half-life of 19 months [8], similar to the half-life we describe 
over the first few years of ART. That study, however, evaluated 
only IPD dynamics during the first year of ART rather than long- 
term decay over decades of ART, as in the current study.

Table 1. Decreases in Intact, Defective and Total Proviral DNA From First 
to Last Time Point

Proviral DNA

Fold Reduction From First to Last Time 
Point 

(n = 14)a

Median (IQR) Range

Intactb 13.4 (4.6–46.0) 1.8–91

Defective 0.7 (0.3–1.7) 0.1–4.5

Total 2.7 (1.2–4.9) 0.3–6.7

Abbreviation: IQR, interquartile range.  
aThe first time point was year 1 of antiretroviral therapy (ART); the last time point, years 17– 
23.  
bFor 2 participants with censored results, the change in intact proviral DNA was calculated 
using the estimated assay lower limit.
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We found that IPD decays steadily during the first 2–10 years 
of ART, with a half-life of 1 year. After that relatively rapid de-
cay, however, there is marked slowing in the IPD decay rate, to 
a half-life of >25 years. Compared with previous work, the fre-
quent measurements allowed more precise modeling of decay 
and of the transition from relatively rapid decay to much slower 
or no further decay. The time of transition varied considerably 
and, in some participants, occurred after only 2–3 years of 
ART, which differs from a prior estimate of approximately 
7 years in an analysis implementing the same transition timing 
for all individuals [6]. Of note, in 2 participants, both women, 
the transition to slower decay was followed by late increases in 
IPD, which has not been reported elsewhere to our knowledge. 
Thus, IPD does not monotonically decline over decades of 
ART, and there are varied patterns of change in IPD.

The mechanisms of the marked slowing or reversal of IPD 
decay are uncertain. One possibility is that during the first 
few years of ART, transcriptionally active intact proviruses 
are selectively cleared, perhaps through immune-mediated 
mechanisms or viral cytopathic effects. Once those transcrip-
tionally active intact proviruses have been cleared, the decay 
rate may slow because remaining intact proviruses are less tran-
scriptionally active or are silent and thus invisible to the im-
mune system. This model is consistent with the rapid decay 
followed by a plateau in the ratio of intact to total proviruses 
observed in individual participants (Supplementary Figure 2) 
and other published results showing that transcriptionally ac-
tive proviruses are selected against during long-term ART [11].

Another possible explanation for slowing or reversal of IPD 
decay is clonal expansion of cells with intact proviruses that off-
sets or exceeds clearance of cells with intact proviruses. 
Previous studies have demonstrated clonal expansion of infect-
ed cells, including those containing intact proviruses. Indeed, 
most of the HIV-1 reservoir is found in clonally expanded cells, 
and clonal proliferation is a major mechanism of reservoir per-
sistence [12, 13]. Clonal expansion is largely driven by cognate 
antigen–induced cell proliferation and is rarely related to the 
specific site of proviral integration [14]. Cytomegalovirus and 
HIV-1 antigens drive expansion of some clones [15], but 
many other antigens may be involved. High scientific priorities 
include further identification of drivers of clonal expansion of 
cells with intact proviruses, including potential differences be-
tween women and men, and strategies to selectively block pro-
liferation of infected cells.

Our study had several limitations. The number of partici-
pants was relatively small, mainly because it is very difficult 
to find individuals with documented suppression of plasma vi-
remia for 20 years of ART and with no episodes of treatment 
interruption or viral rebound and frequent longitudinal sam-
pling during those years. In the future, it will be important to 
study more participants to define the frequency of different pat-
terns of IPD decay and provide insights into correlates of pat-
terns of decay. Another limitation of our study is that the 
mechanisms behind different patterns of decay observed were 
not defined; longitudinal integration site and proviral sequenc-
ing are necessary to determine why decay in IPD levels slows 

Figure 1. Examples of decay patterns in intact proviral DNA (IPD) for participants on long-term antiretroviral therapy (ART). A, Five participants had a similar pattern with 
slowing decay of intact proviruses during the second decade of ART. B, Three participants showed plateauing of decay (second phase slope effectively zero). C, Two par-
ticipants had patterns of late increases. Abbreviation: NA, not applicable.
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over time and why some individuals appear to have late in-
creases in IPD levels.

Our findings also have several important implications. First, 
over the course of 2 decades of ART, there is selective decay of 
intact proviruses and relatively little to no decay in defective or 
total proviral DNA. Cells harboring intact proviruses may be 
shorter lived because viral protein expression may trigger cell 
death or immune-mediated killing. We and others have seen 
similar proviral decay patterns during the first decade of ART 
[4–6], but the data in the current study extend into the second 
decade of treatment.

Second, the observation of a marked slowing or, at times, re-
versal of IPD decay during the second decade of ART indicates 
that the mechanism by which cells carrying intact proviruses 
are eliminated changes during the course of long-term ART, 
perhaps because (1) proviruses that persist are in silent, non-
genic regions of the human genome ; (2) there is less 
HIV-specific immune effector function ; and/or (3) there is in-
creasing proliferation of infected cell clones. If the decay rate 
during the second phase (median half-life, >25 years) could 
be accelerated to approximate the decay rate more closely dur-
ing the first phase (median half-life, 1 year), it may be possible 
to reduce the viral reservoir to the degree needed to achieve 
HIV-1 remission. To achieve this goal, a more detailed under-
standing of the host and viral mechanisms involved in the var-
ied decay of cells with intact proviruses is needed.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding 
author.
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