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In persons living with HIV-1 (PLWH) who start antiretroviral ther-
apy (ART), plasma virus decays in a biphasic fashion to below the
detection limit. The first phase reflects the short half-life (<1 d) of
cells that produce most of the plasma virus. The second phase rep-
resents the slower turnover (t;, = 14 d) of another infected cell
population, whose identity is unclear. Using the intact proviral
DNA assay (IPDA) to distinguish intact and defective proviruses,
we analyzed viral decay in 17 PLWH initiating ART. Circulating
CD4* T cells with intact proviruses include few of the rapidly
decaying first-phase cells. Instead, this population initially decays
more slowly (t;,; = 12.9 d) in a process that largely represents
death or exit from the circulation rather than transition to latency.
This more protracted decay potentially allows for immune selec-
tion. After ~3 mo, the decay slope changes, and CD4"* T cells with
intact proviruses decay with a half-life of 19 mo, which is still
shorter than that of the latently infected cells that persist on long-
term ART. Two-long-terminal repeat (2LTR) circles decay with fast
and slow phases paralleling intact proviruses, a finding that pre-
cludes their use as a simple marker of ongoing viral replication.
Proviruses with defects at the 5 or 3’ end of the genome show
equivalent monophasic decay at rates that vary among individu-
als. Understanding these complex early decay processes is impor-
tant for correct use of reservoir assays and may provide insights
into properties of surviving cells that can constitute the stable
latent reservoir.

HIV | viral dynamics | latent reservoir | IPDA | 2LTR circles

For persons living with HIV-1 (PLWH), lifelong adherence to
antiretroviral therapy (ART) is critical for maintaining sup-
pression of viral replication and forestalling the development of
fatal immunodeficiency. Following initiation of ART, plasma
virus levels decay rapidly to below the limit of detection of clini-
cal assays (1-6). Because antiretroviral drugs block new infec-
tion of susceptible cells, but not virus production by cells that
have an integrated viral genome, this decay must reflect the
loss of productively infected cells, cells that were infected prior
to the initiation of ART. Productively infected cells could die
from viral cytopathic effects, cytolytic host effector mechanisms,
or virus-independent T cell turnover. In principle, the decay of
plasma virus could also be explained by transition to a nonpro-
ductive or latent state of infection. Importantly, the decay is
biphasic, indicating the presence of two populations of produc-
tively infected cells with different half-lives. Most of the plasma
virus is produced by cells that decay very rapidly, with a half-
life of less than 1 d. Perelson et al. (4) showed that after most
of these cells have decayed, the slope changes, reflecting the
slower elimination of a second population of productively
infected cells. This population decays with a variable half-life
(mean ~ 2 wk). Although this biphasic decay is a consistent fea-
ture of the response to ART, there is still uncertainty about the
nature, anatomic location, and fate of the cells responsible for
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virus production during the first and second phases of decay
(referred to here as first- and second-phase cells, respectively).
The differences between these two populations have never
been elucidated.

The first and second phases of decay bring viremia down to
below the limit of detection of clinical assays (typically 20 to 50
copies of HIV-1 RNA per mL of plasma) within months of
ART initiation, initially raising hope for eradication. However,
a latent form of the virus persists in resting memory CD4* T
cells (7-14). Initial studies used a quantitative viral outgrowth
assay (QVOA) to demonstrate that latently infected resting
CD4" T cells purified from PLWH on long-term suppressive
ART could be induced to produce replication-competent virus
by global T cell activation (8, 9). Longitudinal studies using the
QVOA demonstrated that the half-life of the latent reservoir in
resting CD4™ T cells is 44 mo in PLWH who are adherent to
ART. This half-life is long enough to guarantee lifetime persis-
tence of HIV-1 despite ART (12-14). Strategies targeting the
latent reservoir in resting CD4™ T cells are a major focus of
HIV cure research (15-17). In addition to resting CD4" T cells,
other cell types may contribute to HIV-1 persistence (18-20).

Significance

In persons living with HIV-1 who start antiretroviral therapy,
virus in the blood decreases rapidly to below the detection
limit. The decrease occurs in two phases: a rapid initial
decrease in the first weeks, followed by a second, slower
phase occurring over the next few months. These decay pro-
cesses are important because infected cells that remain may
become part of the stable latent reservoir that prevents
cure. The decay in virus levels in blood presumably reflects
the loss of infected cells, but the relationship between the
decay of free virus and of infected cells has been unclear.
Here, we have analyzed this question using an assay that
distinguishes between cells with intact and defective forms
of the viral genome.
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Prior to and immediately following initiation of ART, the fre-
quency of latently infected cells detected by QVOA is substan-
tially higher than frequencies observed in PLWH on long-term
ART (21). In principle, several different types of decay pro-
cesses occurring over the first 6 to 12 mo of treatment could
reduce the frequency of latently infected cells to the more sta-
ble frequencies observed in PLWH on long-term ART. Early
studies by Jerome Zack and Mario Stevenson demonstrated
that infected resting CD4* T cells could harbor linear, uninte-
grated HIV-1 DNA in a state of preintegration latency (22, 23).
Following cellular activation, linear unintegrated HIV-1 DNA
can be integrated and transcribed, allowing production of virus
(22, 23). The half-life of linear, unintegrated forms of the viral
genome is not clear, with some studies suggesting that these
forms are labile (22, 24-26). Some reverse-transcribed viral
genomes can undergo homology-dependent or end-to-end liga-
tion, generating one-long-terminal repeat or two-long-terminal
repeat (2LTR) circles, respectively (reviewed in ref. 27). The
stability of these forms is also controversial, but they are clearly
replication-defective (27-31). Following integration of linear
viral ¢cDNA, decay dynamics depend on dynamics of the
infected host cells, which can be eliminated by viral cytopathic
effects, immune cytolytic effector mechanisms, and normal
contraction-phase death of previously activated CD4" T cells
(32, 33).

While the QVOA provides a definitive minimal estimate of
the frequency of latently infected cells, it underestimates reser-
voir size because not all proviruses in resting CD4* T cells are
induced upon one round of maximum T cell activation (34-36).
Many replication-competent proviruses require multiple rounds
of stimulation for induction. As an alternative to the QVOA,
many studies use PCR-based assays to measure proviral DNA.
However, the vast majority of HIV-1 proviruses are defective
due to apolipoprotein B messenger RNA editing enzyme, cata-
lytic polypeptide-like (APOBEC)-mediated hypermutation or
large internal deletions (34, 37-39). PCR-based assays do not
distinguish between defective and intact proviruses (40, 41).
Although infected cell dynamics have been explored using
PCR-based assays (42), the results likely reflect the dynamics of
defective proviruses (41). The recently developed intact provi-
ral DNA assay (IPDA) uses two carefully chosen amplicons to
probe informative regions of individual proviruses to provide
better discrimination between intact and defective proviruses
(41, 43). This assay has proven useful in evaluating the long-
term dynamics of cells with intact and defective proviruses,
demonstrating differences in decay rates that may reflect some
vulnerability of cells with intact proviruses to immune effector
mechanisms (41, 44, 45).

In this study, we use the IPDA to explore the decay of intact
and defective proviruses at early time points following initiation
of ART. We identify decay processes occurring over intermedi-
ate time scales, but with pronounced differences between intact
and defective proviruses. Of particular importance is the

second-phase decay because infected cells that survive second-
phase decay may down-regulate HIV-1 gene expression and
enter the stable latent reservoir. Our findings also provide
insight into mechanisms for the elimination of the cells with
intact viral genomes and into the proper use of assays for the
latent reservoir.

Results

Characteristics of Study Participants. We studied viral decay pro-
cesses in 17 PLWH prior to and at very early times following
initiation of ART (SI Appendix, Table S1). All participants were
male with a median age of 31.5 y. The median nadir CD4* T
cell count was 331 cells per pL. Twelve individuals were ART-
naiwve. The remaining 5 had interrupted ART for >6 mo and
were reinitiating ART. Plasma HIV-1 RNA, IPDA, and two-
long-terminal repeat (2LTR) circle measurements were taken
at the time of ART initiation (time 0) and then every 2 wk for
the next 3 mo. Subsequently, samples were obtained once a
month for a median total follow-up time of 12.4 mo. A total of
231 IPDA measurements across the cohort were performed.
On average, 13.6 samples per participant were studied. All par-
ticipants were on regimens including two nucleoside/nucleotide
reverse-transcriptase inhibitors and an integrase strand transfer
inhibitor (InSTI); one participant’s regimen also included a
protease inhibitor (SI Appendix, Table S1).

Biphasic Decay of Plasma HIV-1 RNA. In each participant, initia-
tion of ART resulted in similarly rapid decline in plasma HIV-1
RNA levels (Fig. 1 and SI Appendix, Tables S2 and S3). We
used a mixed-effect modeling approach to fit either a single-
phase or two-phase decay model to plasma HIV-1 RNA levels.
The decay of plasma virus was best fit by a two-phase decay
model. This biphasic decay was most easily visualized in partici-
pants who had high baseline levels of viremia, such that two
phases of decay could be discerned before plasma HIV-1 RNA
levels fell below the limit of detection (Fig. 1), but similar decay
was observed in all 17 participants (SI Appendix, Tables S2 and
S3). An initial first-phase decay of two to three logs was fol-
lowed by a slower second phase, consistent with previous obser-
vations (1-4). Except for one participant, who had persistent
low-level viremia (no. 458), plasma HIV-1 RNA levels dropped
to below the limit of detection in a median time of 1.8 mo
(range 0.43 to 6.44 mo). The half-life of the first phase of
plasma virus decay was 1.28 d (95% CIL: 1.04 to 1.57 d).
Because plasma virus levels decay so rapidly after initiation of
ART, frequent early sampling is required to measure the first-
phase half-life precisely. Therefore, it is likely that these half-
life values are maximal estimates. With more frequent early
sampling, half-lives of less than 1 d would likely have been
obtained, consistent with previous reports (1-4). The median
fraction of plasma HIV-1 RNA that decayed in the first phase
was 99.92%. The first-phase half-life was independent of the
starting level of plasma virus (R* = 0.012).
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Fig. 1. Decay of plasma HIV-1 RNA levels following initiation of ART in three representative study participants with high baseline plasma HIV-RNA meas-
urements (68500, 265092, and 643000 copies per mL for 441, 449, and 451, respectively). Decay parameters for all study participants are given in S/
Appendix, Tables S2 and S3. Data were fitted to a biexponential decay model (black lines), as described in Methods. Open symbol, plasma HIV-1 RNA

value below the limit of detection.
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After the first 2 wk of ART, the slope of the decay curve for
plasma virus changes dramatically (Fig. 1), consistent with a
much slower second phase, as described (4). The model-
derived population estimate of the half-life of the second phase
of plasma virus decay was 30.6 d (95% CI: 20.6 to 45.4 d; SI
Appendix, Table S2). The rate of decay for the second phase (A,
= 0.0227 d~*) was much slower (~24-fold) than the mean rate
of decay for the first phase (A, = 0.542 d~'). The second phase
of decay reflects the turnover of a second population of produc-
tively infected cells that produce <1% of plasma virus.
Although these cells decay more slowly than the cells that pro-
duce most of the plasma virus, their decay rate is still much
faster than the decay rate of latently infected cells in PLWH on
long-term ART (t1, = 3.7 y) (12-14). The first- and second-
phase half-lives were not significantly different for donors start-
ing their first ART regimen compared to those reinitiating ART
after a treatment interruption (P = 0.75 and 0.34 for the first
and second phases, respectively). These results confirm in
PLWH taking modern ART regimens including InSTIs that
plasma virus levels initially decay in a striking biexponential
fashion following the initiation of treatment. Studies with more
frequent sampling and ultrasensitive assays have identified
additional complexities in the decay dynamics related to where
the InSTIs act in the virus life cycle (26, 46-48). However, the
overall pattern of biphasic decay (Fig. 1) is similar to that origi-
nally described by Perelson et al. (4).

Decay of Infected CD4" T Cells following Initiation of ART. The
rapid first-phase decay of plasma virus should reflect the corre-
spondingly rapid elimination of the productively infected cells
that produce most of the plasma virus. However, it has been
difficult to validate this prediction using standard PCR assays
for proviral DNA because these assays mainly detect defective
proviruses (34, 40). Therefore, we used the IPDA to measure
the decay rate of cells carrying intact proviruses in the blood of
PLWH who were initiating ART (Fig. 24). The IPDA is a digi-
tal droplet PCR assay that distinguishes potentially intact provi-
ruses from those carrying common fatal defects, including large
deletions and APOBEC3-mediated hypermutation (41). It also
provides direct quantitation of most defective proviruses. It has
been successfully used to demonstrate differences in the long-
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term decay rates of cells with intact and defective proviruses
(41, 44, 45). Here, we used the IPDA to examine infected cell
decay immediately after initiation of ART.

Prior to ART, Circulating CD4* T Cells with Intact Proviruses Are
Present at High Frequency and Outnumber Cells with Defective
Proviruses. At the time of ART initiation, the geometric mean
frequency of cells with intact proviruses was 2,255 copies per
10° CD4™ Tcells (Fig. 2B). This value is 42-fold higher than the
median frequency observed in large-scale IPDA analysis of
PLWH on long-term ART [54 copies per 10° CD4" Tcells, n =
400 (43)]. These results suggest that substantial decay in the
number of cells with intact proviruses must occur during the
initial months of ART, and the studies described below define
the decay rates. In IPDA analysis of CD4" T cells from PLWH
on long-term ART, intact proviruses represented only a small
fraction of all proviruses detected (8%) and were greatly out-
numbered by defective proviruses (by an average of 12.5-fold)
(41, 43). However, we found that at the time of ART initiation,
intact proviruses represented the majority of proviruses
detected (mean 63%; Fig. 2C), although there was substantial
variation among participants. The high frequency of intact pro-
viruses and the preponderance of intact over defective provi-
ruses are both consistent with active viral replication occurring
in the absence of ART.

Circulating CD4* T Cells with Intact Proviruses Do Not Show First-
Phase Decay Kinetics. To assess the decay of CD4" T cells with
intact proviruses following the initiation of ART, we carried out
IPDA measurements every 2 to 4 wk during the first year of
treatment in all study participants. We found a striking biphasic
pattern of decay of intact proviruses during the first year of
ART (Fig. 3 and SI Appendix, Table S4 and Fig. S1). Using
mixed-effect modeling, we determined the half-lives for each
phase (SI Appendix, Tables S4 and S5). The population-level
estimate for the half-life for the initial decay of cells with intact
proviruses was 0.425 mo (12.9 d, 95% CI: 10.3 to 21.5 d; SI
Appendix, Table S4). This is at least 10 times slower than the
first-phase decay rate of plasma virus in the same participants
(t12 < 1.28 d). This difference is also evident in the degree of
decrease observed between ART initiation and the first
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Fig. 2. IPDA analysis of CD4* T cells from PLWH prior to ART initiation. (A) Representative baseline (pre-ART) IPDA dot plot showing fluorescent signal

from the packaging signal (y) amplicon at the 5’ end of the genome (y axis) and the env amplicon at the 3’ end of the genome (x axis) for individual pro-
viruses suspended in nanoliter-sized droplets (illustrated in diagrams to the Right of each expanded box). Proviruses with 5' deletions (5’ del) appear in
the lower right quadrant. Proviruses with 3’ deletions and/or APOBEC3-mediated hypermutation (3’ del/HM) appear in the upper left quadrant. Intact
proviruses are directly counted as double-positive droplets in the upper right quadrant. Raw droplet counts are corrected for shearing between the ampli-
cons. For assay details, see ref. 41. (B) Baseline frequency of intact proviruses in circulating CD4" T cells prior to initiation of ART. Solid lines, geometric
mean + SD; dotted line, median frequency of intact proviruses among 400 PLWH on long-term ART for comparison, based on ref. 43. Baseline samples
were not available for participants 441 and 447. (C) Mean fraction of intact, 5' del, and 3’ del/HM proviruses in CD4" T cells from PLWH. (C, Upper) Mean
fractions from 400 PLWH on long-term ART (for comparison, based on ref. 43). (C, Lower) Fractions for individual participants in this study prior to ART.
Baseline samples were not available for participants 441 and 447. For participant 461, defective proviruses could not be detected above the background
level of single positive droplets generated by DNA shearing.
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Fig. 3. Biphasic decay of circulating CD4* T cells with intact proviruses. IPDA measurements (circles) and the best-fit biexponential decay model (black
line) are shown for 11 participants for whom samples were obtained throughout the first year of ART. Boxed values in the upper right of each panel are
the half-lives for the initial phase (top, in days) and the next phase (bottom, in months) based on the model. Similar results were obtained for an addi-
tional four participants sampled for shorter periods of time (S/ Appendix, Fig. S1). Samples for early time points for participant 441 were not available.
Participant 460 had an unusual IPDA dot plot pattern suggestive of multiple expanded clones (S/ Appendix, Fig. S2) and was not included for that reason.

on-ART time point 2 to 3 wk later (Fig. 4). During the first 2 to
3 wk of ART, plasma virus levels fell by an average of over 3
logs, while intact proviruses declined by less than 0.3 logs.
These results demonstrate that the vast majority of circulating
CD4" T cells carrying intact proviruses are distinct from the
rapidly decaying first-phase cells that produce most of the
plasma virus. Our data strongly suggest that the first-phase cells
are located in the tissues and not in the circulation.
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Fig. 4. Comparison of initial decay rates for plasma virus and intact provi-
ruses. Lines show fractional decrease in plasma virus (solid lines) and intact
proviruses (dotted lines) between the baseline (pre-ART) timepoint and
the first on-ART time point 2 to 3 wk later. For some participants, the first
on-ART plasma virus measurement was below the limit of detection (BLD;
open circles), and it is likely that the initial decay slope is even steeper
than that shown. Samples were not available to measure early proviral
decay in participants 441 and 447. Participant 460 had an unusual IPDA
dot plot pattern suggestive of multiple expanded clones (S/ Appendix, Fig.
S2) and was not included in the analysis of proviral decay for that reason.
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Three Distinct Phases of Decay during the First Year of ART.
Through the combined measurement of plasma virus and intact
proviruses in circulating CD4* T cells, we can define at least
three distinct populations of infected cells with strikingly differ-
ent decay rates during the first year of ART (Fig. 5). Over 99%
of the plasma virus is produced by cells that turn over with a
half-life measured in hours to days. As discussed above, these
rapidly decaying cells are not evident among circulating CD4*
Tcells carrying intact proviruses, which decay more slowly, with
a half-life measured in weeks, similar to the decay rate of the
cells responsible for the second-phase decay of viremia. The
initial decay of circulating CD4™ T cells carrying intact provi-
ruses (t1, = 12.9 d) is kinetically similar to the second-phase
decay of plasma virus reported in the original viral dynamic
studies of Perelson et al. (4) (t;, = 14.1 d). For clarity, we
reserve the terms first and second phase for the decay of vire-
mia, and we describe the biphasic decay of intact proviruses as
having an “initial phase” and a subsequent “next phase.” The
initial decay of circulating CD4* T cells with intact provirus is
actually slightly faster than the second-phase decay of plasma
virus in the same study participants (¢1, 12.9 vs. 30.6 d; SI
Appendix, Tables S2 and S4). Although this difference is signifi-
cant (P < 0.0001), both decay processes are occurring on a time
scale of weeks, potentially allowing immune selection to alter
the composition of the surviving population. Importantly, our
results are not confounded by defective proviruses, which are
measured separately by the IPDA and which decay with differ-
ent kinetics (see below). Interestingly, our results also suggest
that the initial decay of circulating CD4" T cells with intact pro-
viruses is due, for the most part, to their elimination rather
than transition to a nonproductive or latent state of infection
since such a transition would not explain the observed decrease
in the number of intact proviruses.

As shown in Fig. 3, the slope of the decay curve for circulat-
ing CD4" T cells with intact proviruses changes markedly after
the first 3 to 4 mo of ART. After the initial decline, there is a
subsequent (next) phase, in which intact proviruses decay at a
slower rate. The half-life of the next phase was 19.0 mo, with
wide 95% Cls (8.2 to 43.7 mo) (SI Appendix, Tables S4 and S5).
This decay rate is still faster than the 44-mo value that
was reported for latently infected CD4™ T cells in PLWH on
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Fig. 5. Comparison of the first- and second-phase half-lives for plasma
virus, the initial- and next-phase half-lives for intact proviruses and env*
2LTR circles, and the single-phase half-lives of defective proviruses. Half-
lives are plotted on a logarithmic time axis. Bars show mean + SD of the
estimated individual parameter values based on all study participants. Par-
ticipant 460 had an unusual IPDA dot plot pattern suggestive of multiple
expanded clones (S/ Appendix, Fig. S2) and was not included in the analy-
sis of proviral decay. The second-phase decay of plasma virus is kinetically
similar to the initial decay of cells with intact proviruses and cells with
2LTR circles (dashed box). Arrow indicates the half-life of latently infected
CD4* T cells in PLWH on long-term ART, as measured by the QVOA
(12-14).

long-term ART (12-14, 45). Thus, additional phases of decay
may become apparent with long-term follow-up (42, 44, 45, 49).
The more rapid initial decay of intact proviruses (¢1, = 12.9 d)
means that accurate measurements of the stable latent reservoir
cannot be made during the first 3 to 4 mo of ART. Together,
these results delineate at least three distinct populations of
infected cells with half-lives measured in days, weeks, and
months-to-years.

Monophasic Decay of Cells with Defective Proviruses. We also
used the IPDA to measure decay of cells carrying defective pro-
viruses (Figs. 5 and 6 and SI Appendix, Tables S4 and S6). The
IPDA separately quantitates proviruses with deletions in the 5’
end of the genome and proviruses with deletions at the 3’ end
of the genome and/or APOBEC3-mediated hypermutation
(Fig. 24) (41). Analysis of the decay of cells with defective pro-
viruses revealed two striking features. First, in contrast to the
decay of viremia and of cells with intact proviruses, the decay

data for cells with defective proviruses were best fit by a single
exponential model (Fig. 6 and SI Appendix, Tables S4 and S6).
For most participants, defective proviruses did not show a clear
biphasic pattern of decay. Rather, defective proviruses declined
slowly in most participants and more rapidly in a subset of par-
ticipants (see below). A second striking feature is that, within a
given donor, proviruses with 5’ deletions and those with 3’ dele-
tions and/or hypermutation behaved similarly. This is surpris-
ing, given that these types of defective proviruses may differ in
the capacity for viral gene expression. For example, many provi-
ruses with 3’ deletions and/or hypermutation cannot produce
the viral transactivator Tat (41). Nevertheless, several recent
studies indicate that some defective proviruses can give rise to
viral RNA and protein production (50, 51), which could con-
tribute to the more rapid decay observed in a subset of donors.
Decay of defective proviruses was observed in 7 of the 15
donors for whom defective provirus measurements were avail-
able (Fig. 6 and SI Appendix, Tables S4 and S6). In the subset
with observable decay, the estimated half-life was 6.2 mo for
proviruses with 3’ deletions and/or hypermutation and 5.17 mo
for proviruses with 5" deletions. Considering all 15 donors for
whom defective provirus measurements were available, the esti-
mated half-life was 62 mo for proviruses with 3’ deletions and/
or hypermutation and 30 mo for proviruses with 5’ deletions.
The unique aspects of the decay of defective proviruses
described here highlight the importance of distinguishing intact
and defective proviruses in reservoir assays.

Kinetics of 2LTR Circles. We also measured the decay of 2LTR
circles following initiation of ART in the same donors. As pre-
viously described for simian immunodeficiency virus (SIV)
(52), some 2LTR circles have deletions and/or hypermutation.
We quantitated 2LTR circles by digital droplet PCR using the
IPDA env amplicon (41) and an amplicon spanning the 2LTR
junction (53), allowing us to separately quantitate env* and
env™ circles (SI Appendix, Fig. S3 A and B). Prior to ART,
frequency of cells with 2LTR circles was substantially lower
than the frequency of cells with intact proviruses (on average,
32-fold; SI Appendix, Fig. S3C). The ratio of intact proviruses
to 2LTR circles at the time of ART initiation tended to be
higher in donors with higher starting viral loads (SI Appendix,
Fig. S3C). Following initiation of ART, there was a striking
parallel in the decay of intact proviruses and 2LTR circles
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Fig. 6. Decay of defective proviruses in circulating CD4™ T cells. Proviruses with 3’ deletions and/or APOBEC3-mediated hypermutation (red circles, thick
black line) and proviruses with 5 deletions (blue squares, thin black line) were separately quantitated as single positive droplets using the IPDA (Fig. 2A).
Lines show the best-fit single-exponential decay model for each participant. Data are shown for participants for whom samples were obtained through-
out the first year of ART. Decay parameters for all participants are given in S/ Appendix, Table S6. Samples for early time points for participants 441 and
447 were not available. Defective proviruses could not be accurately measured for participant 461 over the background level of single positive events
generated by DNA shearing. Baseline measurements of 3’ defective proviruses for participants 449 and 453 could not be made for the same reason. Partic-
ipant 460 had an unusual IPDA dot plot pattern suggestive of multiple expanded clones (S/ Appendix, Fig. S2) and was not included in the analysis of pro-

viral decay.

White et al.
Complex decay dynamics of HIV virions, intact and defective proviruses, and
2LTR circles following initiation of antiretroviral therapy

PNAS | 50f9

https://doi.org/10.1073/pnas.2120326119

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2120326119/-/DCSupplemental

Downloaded from https://www.pnas.org by LANL Research Library on May 10, 2022 from |P address 192.12.184.7.

444 447
100,000

449 451 452

» 10,0003
b ] ‘...-
1,000

2~
'gg 1004

9] 3
8 © 103
‘GL_ 14
© E
83 E
cn 0.1
5 O 453 454 458 461 470
2 & 100,000
S E
» = 10,0003
o B 3
° .g_ 1,000} ifh\-
© 100¢

&) E
x ~— 3
= 103
— E
N 14

(U e e L L N N — T T T T T T T T T T T T 1
10 20 0 10 20 10 20 0 10 20 0 10 20

Intact@ 2LTR @

Time on ART (months)

Fig. 7. Decay of 2LTR circles in circulating CD4" T cells. The 2LTR circles (red circles) were measured by duplex digital droplet PCR as droplets with fluores-
cent signal for the both the circle junction and env amplicons (S/ Appendix, Fig. S3 A and B). Intact provirus measurements (blue squares) for the same
samples are shown for comparison. Data are show for participants for whom samples were obtained throughout the first year of ART. Circles could not

be measured for participant 448 due to circle junction polymorphisms.

(Fig. 7 and SI Appendix, Tables S4 and S7). In both cases, a
biexponential decay model provided the best fit for the data.
Population-level estimates for the half-lives of the initial and
next phases of decay of 2LTR circles were 0.789 mo (24 d) and
14.8 mo, respectively (S Appendix, Table S4). These values are
similar to the half-lives of the initial and next phases of decay
of intact proviruses (12.9 d and 19 mo, respectively; Fig. 5 and
SI Appendix, Table S4). The similar biexponential decay of
intact proviruses and 2LTR circles illustrated in Fig. 5 may
reflect similar processes affecting cells with these different
forms of HIV-1 DNA. Importantly, the 2LTR circles are diluted
by cell proliferation (29, 30), which may account for the fact
that their long-term decay is more rapid than that of defec-
tive proviruses.

Discussion

Analysis of viral decay processes has contributed valuable
insights into mechanisms of HIV-1 pathogenesis and persis-
tence. Classic studies defined the rapid biphasic decay of
viremia following initiation of ART and attributed it to the
elimination of two populations of cells with half-lives measured
in hours and in weeks (1-4). Defining the nature of these
populations has proven challenging because accurate measure-
ment of the decay of infected cells is more difficult than mea-
suring the decay of viremia. Some infected cells carry intact,
replication-competent proviruses, but many others contain
replication-defective forms of the viral genome, including 2LTR
circles and proviruses with large deletions and/or APOBEC3-
mediated hypermutation (34, 37-39, 41, 54). These defective
forms are captured in many PCR-based reservoir assays and
confound the analysis of decay. In contrast to the rapid decay
of viremia is the extremely slow decay of latently infected rest-
ing CD4* T cells carrying intact, replication-competent provi-
ruses. Studies of PLWH on long-term ART have established
that this decay occurs on a time scale of years (12-14). Between
the extremely rapid initial decay of viremia and the very slow
decay of the latent reservoir are decay processes that occur
over intermediate time scales. These processes have been diffi-
cult to define due to the assay issues described above. Never-
theless, the intermediate decay processes are important because
infected cells that survive these processes can potentially enter
the stable latent reservoir that is the major barrier to cure.

To better understand viral decay processes that influence the
composition of the reservoir, we used the novel IPDA (41) to
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measure the frequency of intact and defective proviruses in par-
ticipants initiating ART after a recent diagnosis or reinitiating
ART after a long interruption. We found that intact proviruses
in circulating CD4" T cells decay in a biphasic pattern, with a
more rapid decline (t;, = 12.9 d) in the first 3 mo of ART fol-
lowed by a slower decay (¢1, = 19.0 mo). In contrast, circulating
CD4* T cells carrying defective provirus showed a generally
slower, monophasic decay that within a given participant was
similar for proviruses with different types of defects. However,
there was considerable variation from donor to donor in the
rate of this decay. Surprisingly, 2LTR circles showed a decay
pattern that closely resembled that of intact proviruses.
Together, these observations define the intermediate decay pro-
cesses occurring in blood and tissues that may shape the latent
reservoir and provide important insights into the correct use of
reservoir assays. Findings from this work are summarized
below.

Prior to ART, circulating CD4* T cells with intact proviruses
outnumber cells with defective proviruses and are present at
frequencies that are over 40-fold higher than those observed in
the PLWH on long-term ART. These findings reflect active rep-
lication occurring in the absence of ART and illustrate why
accurate measurements of the stable latent reservoir cannot be
made in untreated individuals. Although latently infected cells
are certainly present prior to ART, infected cell populations
and early on-ART dynamics are dominated by productively
infected cells.

Following initiation of ART, we observed rapid, biphasic
decay in viremia, confirming that the decay dynamics described
in early studies (1-4) apply also to PLWH taking modern
InSTI-based ART regimens, despite the additional complexities
arising from where InSTIs act in the virus life cycle (26, 46-48).
We show that the initial decay of viremia is at least 10-fold
faster than the initial decay of circulating CD4* T cells with
intact proviruses. Thus, the circulating population of CD4* T
cells with intact proviruses includes few of the rapidly decaying
cells that produce most of the plasma virus. There is consider-
able variation in the amount of viral RNA in individual produc-
tively infected cells (55), and we cannot exclude the possibility
that a small fraction of circulating CD4" T cells carrying intact
proviruses make a significant contribution to the plasma virus.
However, our results show that very few of the circulating
CD4* Tcells with intact provirus decay with first-phase kinetics.
This finding is consistent with the conclusion that most of the
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plasma virus is produced by cells residing in the secondary lym-
phoid organs where CD4" T cells encounter antigen, leading to
cellular activation, up-regulation of adhesion molecules, and
increased susceptibility to productive infection. Subsequently,
these cells produce virus and die within days from viral cyto-
pathic effects or host immune surveillance without entering the
circulation. Although infected cells carrying identical proviruses
can be detected in blood and lymph node (56-58), recently acti-
vated, productively infected CD4" T cells may be retained in
the lymph node until adhesion molecules are down-regulated.
The rapid death of the tissue CD4™ T cells that produce most
of the plasma virus may contribute to CD4" T cell depletion,
but other mechanisms are likely also involved (59). Higher lev-
els of T cell activation and CCRS expression in the gut-
associated lymphoid tissue may account for the depletion of gut
CD4* Tecells seen during acute infection (60-63).

The initial decay of circulating CD4" T cells carrying intact
proviruses more closely resembles the second-phase decay of
viremia. Both processes occur over the course of several weeks.
Our results do not establish that circulating CD4" T cells with
intact proviruses are producing virus during the second phase,
and we observed that their decay rate is slightly faster than the
second-phase decay of viremia in the same individuals. How-
ever, it is possible that circulating CD4" T cells with intact
proviruses are part of a much larger population of cells that
produce virus during the second phase. Their entry into the cir-
culation may reflect a decreasing activation state, exit from the
cell cycle, and down-regulation of adhesion molecules. In
the circulation, these cells may be susceptible to antibody-
dependent clearance mechanisms. These factors might account
for the fact that these cells decay at a slightly faster rate than
most of the cells producing virus during the second phase.
Importantly, the decreasing frequency of cells with intact provi-
rus indicates that this phase of decay is primarily due to cell
death or preferential exit from the circulation rather than tran-
sition to latency, as transition to a state of nonproductive infec-
tion would not account for the observed loss of intact proviral
DNA. Understanding if some CD4*% T cells with intact provi-
ruses survive this phase of decay would provide valuable
insights into reservoir formation.

Multiple mechanisms may account for the initial decay of cir-
culating CD4* T cells with intact proviruses. CD8" cytolytic T
lymphocytes (CTLs) exert potent selective pressure on replicat-
ing virus (64-67), as evidenced by the early accumulation of
CTL escape mutations (68-70). Viruses in the latent reservoir
often contain escape mutations in immunodominant, but not
subdominant, CTL epitopes (71, 72), and it is possible that the
selective elimination of cells with wild-type epitopes occurs
over the course of several weeks during second-phase decay.
However, CD8" T cell depletion did not alter decay kinetics in
SIV-infected macaques started on ART (73, 74). Productively
infected cells could also be eliminated by viral cytopathic
effects. During the initial decay of circulating CD4™ T cells with
intact proviruses, there could thus be selection for cells that are
resistant to cell-death pathways (75, 76). The initial decay of
circulating CD4™ T cells carrying intact proviruses could simply
reflect virus-independent, contraction-phase elimination of
recently activated CD4" T cells (33). Understanding the mecha-
nism of decay could provide insights into the composition of
the latent reservoir, assuming that infected CD4* T cells surviv-
ing these decay processes can down-regulate HIV-1 gene
expression and enter the reservoir.

Following the initial decay of circulating CD4* T cells with
intact proviruses during the first 3 mo of ART, we observed a
change in the decay slope. The half-life for the next phase of
decay is 19 mo. This is still faster than the decay of latently
infected cells in PLWH on long-term ART (¢, = 44 mo)
(12-14). It is not clear that this phase of decay of cells with
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intact proviruses represents decay of a distinct population or
rather decay of a complex population that cannot be defined by
a single decay rate due to ongoing changes in the composition
and properties of the population. For example, over the long
term, the proliferation of infected cells continuously alters the
composition of the population of latently infected cells and
likely prevents any clinically meaningful decay (35, 77-83).

For defective proviruses, we observed monophasic decays
that were generally slower than the initial decay of intact provi-
ruses. Surprisingly, for each participant, the decay was similar
for proviruses with 5’ deletions and proviruses with 3’ deletions
and/or hypermutation. The IPDA aggregates a wide variety of
defective proviruses into just two categories, and our results
indicate that the aggregate behavior of these two categories is
similar. The generally slower decay of defective proviruses rela-
tive to intact proviruses (Fig. 5) may reflect defects in viral
gene expression and the absence of gene products targeted by
CTL. In long-term studies, it is clear that cells with defective
proviruses decay more slowly than cells with intact proviruses
(41, 44, 45). This finding has been interpreted as reflecting dif-
ferential susceptibility to immune surveillance, leading to more
rapid loss of cells with intact proviruses. Similarly, selection
against proviruses integrated into regions that are permissive
for transcription has been documented in elite controllers (84).
On the other hand, several recent studies have documented
viral gene expression from some defective proviruses (38, 50,
51). Thus, the mechanisms underlying the different early
dynamics of cells with intact and defective proviruses remain
unclear.

Finally, we examined the decay of 2LTR circles in circulating
CD4* T cells following the initiation of ART. These defective
DNA forms have generated great interest as a potential marker
of ongoing viral replication (27, 28, 31, 85, 86). However, there
has been controversy regarding their stability (29-31). Our
results help to resolve this controversy. We observed a biphasic
decay pattern for 2LTR circles that closely parallels that of
intact proviruses. The initial phase has a ¢, of 24 d. It is not
clear whether this represents degradation of the circles, virus-
independent T cell turnover, or virus-dependent elimination of
cells carrying circles. Although 2LTR circles are replication-
defective, gene expression from 2LTR circles has been detected
and could allow recognition by CTL (87, 88). The next phase of
decay of 2LTR circles has a t;, of ~15 mo. Unlike intact and
defective proviruses, circles are not copied when cells prolifer-
ate and may thus decay more quickly. Nevertheless, our results
demonstrate that 2LTR circles can persist for long periods of
time in the setting of ART, and therefore simply detecting
2LTR circles cannot be used as evidence for ongoing cycles of
replication.

Our study has several limitations. Because we measured
decay of free virus and infected cells in the blood, we can only
make inferences about decay processes occurring in tissues. We
have measured net changes in proviral frequency, which could
reflect more rapid decay partially offset by proliferation of
infected cells. The IPDA does not provide sequence informa-
tion that would be needed to demonstrate proliferation. As the
IPDA was developed using clade B sequences, we have not
examined decay for other clades, and our cohort consists only
of male participants. Further studies are needed to establish
the generality of these findings.

Our analysis of viral decay following initiation of ART has
revealed decay processes occurring on time scales of days,
weeks, and months-to-years. It is important to note that the
decay processes described here are taking place continuously in
PLWH who are not on treatment. These ongoing decay pro-
cesses are simply revealed when new infection events are
blocked by ART. With regard to reservoir measurements, dif-
ferences in the initial decay kinetics of intact and defective
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proviruses emphasize the importance of using reservoir assays
that are selective for intact or replication-competent proviruses.
The relatively rapid initial decay of circulating CD4" T cells
with intact proviruses (#1, = 12.9 d) also means that the reser-
voir cannot be accurately measured in the first months of
ART. Understanding the mechanisms responsible for the decay
could provide important insights into HIV-1 pathogenesis and
persistence.

Methods

Study Participants. We evaluated viral decay in a longitudinal cohort of partic-
ipants enrolled through the Baltimore Rapid HIV Treatment Initiation and
Treatment Reinitiation programs. All participants were newly diagnosed with
HIV-1 and initiating ART or reinitiating ART after a long interruption (>6 mo).
Peripheral blood mononuclear cell (PBMC) samples were collected before the
initiation of ART, every 2 wk for the first 3 mo, and once a month thereafter
for up to a year. Plasma HIV-1 RNA levels were measured by using the clinical
Cobas assay for every time point. Characteristics of study participants are given
in SI Appendix, Table S1.

CD4" T Cell and Plasma Isolation. PBMCs and plasma were isolated by density
gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare Life Sciences)
per the manufacturer’s instructions. Untouched total CD4™ T cells were then
enriched from PBMCs by using negative immunomagnetic selection with the
EasySep Human CD4* T-Cell Enrichment Kit (StemCell Technologies).

IPDA and 2LTR Circle Analysis. We performed IPDA as described (41) to sepa-
rately measure genetically intact and defective (3’ deleted/hypermutated and
5’ deleted) proviral DNA. The 2LTR circles were measured by using a validated
droplet digital PCR assay as described (53). Custom primers and/or probes for
the 2LTR circle and the IPDA were designed when amplification failed due to
mismatches as described (43, 89).

Mixed-Effect Modeling. We used a mixed-effect modeling approach to fit
either a single-phase or two-phase decay model to the plasma HIV-1 RNA,
intact proviruses as measured by IPDA, defective proviruses, and 2LTR circles.
The full model is given by

Y =yo(Ae " + (1 - A)e "),

where y is the variable of interest (plasma HIV-1 RNA, intact proviruses, 2LTR
circles, or defective proviruses), y, is its baseline value, A is the fraction of y
that decays in the first phase at rate 1;, and (1 — A) is the fraction that decays
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in the second phase at rate 4,. We can test if a biphasic or a single-phase decay
is better by setting A = 1 in the expression above, which then causes y to decay
as a single exponential, and no estimation of A or 1,. We compare the fits
using the Akaike information criteria (AIC) and the log-likelihood ratio test
since we typically compare nested models. The AIC was used for model selec-
tion, with the lowest AIC indicating the preferred model (S/ Appendix, Table
S2). The AIC takes into consideration the number of parameters used to fit the
data and penalizes models with more parameters.

To fit the model to the data, we used population fitting, using Monolix
2020R1 (Lixoft SAS, 2020) (90), in which the data (for each variable of interest)
from all participants were fitted simultaneously on a logg scale. In this model-
ing approach, 4; and A, are assumed to follow a log-normal distribution in the
population, and the parameter value for an individual i can be expressed as
0; = e, where 0 is the median value of the population distribution and #; is
the individual random affect, assumed to be normally distributed as N(0, w?),
accounting for variability between individuals. The coefficient A is restricted
to lying between zero and one and hence is assumed to be logit-normally dis-
tributed. The first data point below the limit of detection of the experimental
assay was handled as censored data (91).

Statistics. Descriptive statistics, tests for normality, Spearman’s correlation,
two-tailed Student’s t test, and one-way ANOVA were used to determine sta-
tistical significance with GraphPad Prism 8.0 (GraphPad Software). A P value
of less than 0.05 was considered significant, unless otherwise stated.

Study Approval. The Johns Hopkins Institutional Review Board approved this
study. All participants provided written informed consent.

Data Availability. All study data are included in the article and/or SI Appendix.
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