
Open Forum Infectious Diseases

PERSPECTIVES • OFID • 1

Ongoing HIV Replication During ART Reconsidered
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Lorenzo-Redondo et al. recently analyzed HIV RNA sequences in plasma virus and proviral DNA sequences in lymph nodes (LN) 
and peripheral blood mononuclear cells (PBMC) from samples collected over a 6-month period from 3 individuals following ini-
tiation of antiretroviral therapy (ART) and concluded that ongoing HIV replication occurred in LN despite ART and that this rep-
lication maintained the HIV reservoir. We analyzed the same sequences and found that the dataset was very limited (median of 5 
unique RNA or DNA sequences per sample) after accounting for polymerase chain reaction resampling and hypermutation and that 
the few remaining DNA sequences after 3 and 6 months on ART were not more diverse or divergent from those in pre-ART in any 
of the individuals studied. These findings, and others, lead us to conclude that the claims of ongoing replication on ART made by 
Lorenzo-Redondo et al. are not justified from the dataset analyzed in their publication.
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ART suppresses HIV viremia and prolongs survival but does 
not eliminate the HIV reservoir, which leads to rebound 
viremia after antiretroviral therapy (ART) is stopped. There has 
been continued debate as to whether the reservoir is maintained 
through the proliferation and persistence of cells infected before 
initiation of ART or from ongoing viral replication in poten-
tial sanctuary sites, such as lymph nodes (LN). Previously, we 
sought evidence of viral replication during ART by comparing 
single-genome sequences (SGSs) in plasma from before ART 
with those that persisted on long-term ART, but we did not find 
evidence for viral evolution in the large majority of donors [1]. 
More recently, we showed that HIV-infected cells can expand 
clonally [2] and persist during ART, resulting in populations 
of identical viral variants in plasma and proviruses in periph-
eral blood mononuclear cells (PBMC) [1, 3]. We also found 
that a large infected cell clone capable of producing infectious 
virus was widely distributed anatomically, including in LN, and 
exhibited no evolution over 3 years on ART [3]. These obser-
vations, along with evidence that a large fraction (>95%) of the 
proviruses in patients on ART are defective [4], have led to our 
current model of HIV persistence on ART, in which a substan-
tial fraction of the proviruses, derived from the rapidly repli-
cating and evolving virus populations throughout the course of 
untreated infection, are either defective or latent and integrated 
in long-lived, often proliferating, cells, forming a fossil record 

of viral evolution dating back to the time of initial infection. 
Consequently, sequence variation of proviral DNA populations 
with time on ART (i.e., “evolution”) can arise from at least 5 
different processes, only 1 of which is ongoing viral replication, 
with the other 4 being: (2) clearance of cells producing infec-
tious virus, thereby exposing the archival or “fossil” HIV DNA; 
(3) selection of infected cells containing proviruses with muta-
tions or deletions that facilitate escape from immune responses; 
(4) clonal amplification (or loss) of proviruses from cell prolif-
eration (or death); and (5) inadequate sampling of diverse virus 
populations resulting in biased sequence detection.

In their report, Lorenzo-Redondo et al. performed deep 
sequencing on 454 bulk polymerase chain reaction (PCR)–
amplified samples from blood and LN collected 3 and 6 months 
after initiating ART in 3 individuals and compared them with 
PBMCs and plasma sequences obtained from before ART [5]. 
They concluded that ongoing HIV replication occurs in the LN 
during ART and that this replication maintains the HIV reser-
voir. This conclusion contradicts what would be expected from 
the recent findings cited above. It has been demonstrated that 
HIV DNA decays for up to 1 year after initiating ART [6]; thus, 
looking at DNA populations after 3 to 6 months on ART may 
give the false appearance of viral replication when, in fact, pro-
viral populations are shifting due to the loss of infected cells, 
revealing those proviruses that are in long-lived cells or pro-
liferating T-cell clones. To accurately address the question of 
ongoing HIV replication on ART, samples must be collected 
over several years on ART and compared with proviral popula-
tions prior to ART initiation or, preferably, after a shorter time 
on ART.

Despite the inappropriate time points used to address the 
question of ongoing replication, we investigated the contra-
diction further by analyzing the published sequences from 
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Lorenzo-Redondo et  al. For brevity, we restricted our find-
ings to the gag sequences in their Figure 1 and Extended Data 
Figure 2 [5]. Table S1 shows the total number of sequences they 
obtained (median 28 sequences/sample). Unlike SGS, which 
was developed to eliminate errors inherent in bulk PCR ampli-
fication, the method used by Lorenzo-Redondo et al. restores 
these errors by its inability to discern independent amplification 
of identical sequences from repeated amplification of a single 
original template (i.e., resampling) or by its inability to iden-
tify errors arising during PCR amplification. To account for this 
problem, we collapsed the identical sequences in the published 
data set into single variants for analysis, which is the only appro-
priate way to analyze sequences from bulk PCR amplifications. 
The viral DNA copy number in the samples was not reported 
in the paper, except that it was “low” and may have been inef-
ficiently captured by PCR; thus, the default assumption is that 
there is likely to have been significant resampling of the few 
starting templates in the bulk PCR. It is up to the authors to 
prove they are not using resampled sequences, but they showed 
no data in support of their assumption that groups of identical 
sequences represent biologically meaningful “haplotypes.” In 
addition, HIV sequences are known to become diverse shortly 
after infection [7], suggesting that identical sequences are likely 
an artifact of the amplification procedure [8, 9]. Therefore, 
only unique sequences should be analyzed. This correction 
reduced the median number of sequences analyzed to only 6.5 
per sample. As shown in the table, we also removed sequences 
that contained stop codons (mostly G-to-A hypermutants) as 
they cannot be a part of a replicating virus population, leaving 
a median of only 5 (range, 0–37) unique sequences per sample 
and no sequences at all in 4 of the 21 samples analyzed, many 
fewer than would be considered adequate for studies of diverse 
virus populations and far fewer than are necessary to assess 
the possibility of HIV replication during ART. The extremely 
limited sampling of the virus populations in the 3 individuals 
studied is a major flaw of the study and likely contributed to 
erroneous conclusions.

Even with the limitations of the data set, we re-analyzed the 
sequences and found no evidence for viral evolution in the 3 
individuals reported. Because Figure 1 in the paper was plot-
ted in a way that makes it difficult to discern the underlying 
relationships among the sequences analyzed, we generated 
neighbor-joining trees to show distance relationships among 
the gag sequences (Figure 1A). PBMC and LN sequences 
obtained from 3 and 6 months on ART (total = 33) were far 
more limited than pre-ART sequences (total = 75). In fact, in 
2 of the 3 participants, no (PID 1679) or only a single variant 
(PID 1727) remained from LN at the 6-month time point after 
excluding those with stop codons (mostly hypermutants due to 
APOBEC3F or G and known to be incapable of viral replica-
tion). The few LN sequences that remained were not on longer 
branches than those from PBMC obtained at the same time 

points and were actually on branches shorter than those from 
the pre-ART samples, likely reflecting a loss of viral diversity 
coinciding with the decline in the number of infected cells on 
ART, rather than an increase in diversity that would be expected 
with ongoing cycles of viral replication as observed in untreated 
individuals [7].

Despite their use of complex evolutionary arguments to sup-
port their claim, Lorenzo-Redondo et al. actually calculated the 
“evolutionary rate” by the simplest possible method: using the 
p-distance of sequences at 3 and 6 months on ART from a pre-
ART baseline sequence, chosen arbitrarily, to be the most fre-
quent plasma virus RNA sequence at that time. It is evident that 
this choice of the baseline sequence strongly biases the analysis of 
viral DNA sequences at later time points in favor of showing the 
appearance of evolution, especially relative to the use of a more 
appropriate baseline, such as the consensus of pre-ART DNA 
sequences. To illustrate the error inherent in their approach, we 
repeated their analysis by: (1) aligning the sequences; (2) deter-
mining the best fit evolutionary model using jModelTest213; (3) 
generating maximum likelihood trees with the best fit model 
and with GTR+l+Gamma, as used by Lorenzo-Redondo et al.; 
(4) calculating the distance of each sequence to a common root; 
and (5) plotting the distances over time to determine if the 
branch lengths increased, resulting in a positive slope consist-
ent with viral replication. The analyses were rooted either using 
the consensus subtype B HIV sequence (Figure 1B, top), which 
does not bias the analysis by assuming an evolutionary model 
other than a common ancestor for all sequences at the time of 
infection, or using the most prevalent plasma variant present 
at time 0, as did Lorenzo-Redondo et al. (their Extended Data 
Figure  2A and Table  2). The data were plotted 2 ways, either 
comparing the 3- and 6-month DNA sequences to the most fre-
quent time 0 RNA sequences, as reported by Lorenzo-Redondo 
et al. (Figure 1B, orange lines), or basing the plots only on the 
DNA sequences at all time points (blue lines). Only in the DNA 
sequences from 1 participant (1774), who had been infected 
for 17 years and whose slow decline in plasma virus after ART 
initiation implied incomplete suppression of HIV replication 
in the blood during the period of observation, was there visi-
ble, but not significant, accumulation of genetic distance (ca. 
3*10–4 substitutions/sites/month, P = .5) relative to the time 0 
DNA sample (Figure 1B, blue lines in top and bottom graphs). 
By contrast, the 2 well-suppressed patients on ART (1727 and 
1679)  exhibited no detectable increase in root-to-tip distance 
of the proviral DNA with either rooting method (blue lines). 
Instead, they showed statistically significant evidence of a neg-
ative slope, becoming closer to the root with time. When we 
used the approach of Lorenzo-Redondo et al., however, we rec-
reated the illusion of evolution with substitution rates similar 
to the ones reported in their Extended Data Table 2. This find-
ing shows that the appearance of evolution clearly depends on 
the choice of routing method. Comparing the most prevalent 
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Figure 1. (A) Neighbor-joining trees of all gag sequences from Lorenzo-Redondo et al. (their Table S1) rooted on the consensus subgroup B HIV sequence. The numbers in 
parentheses indicate the frequencies of each variant (referred to by the authors [5] as “haplotype”) in the data set. Those without numbers were a single sequence in the 
dataset. Sequences with stop codons (mostly hypermutant) are labeled. The arrows indicate the most frequent plasma virus RNA sequences used by Lorenzo-Redondo [5], as 
described in the legend of their Extended Data Table 1, as the baseline for calculation of evolutionary rates. We note that 4 of the 5 the sequence sets comprising sequences 
from 6 months on antiretroviral therapy in peripheral blood mononuclear cell (red triangles) in PID 1774, and lymph node (red squares) are identical, which is unlikely to have 
occurred in vivo. (B) Plots of the distances of each sequence from the root of maximum likelihood trees versus time. Two different rootings were used as indicated. Distances 
of the DNA sequences from this root are plotted by linear regression using either the DNA sequences only (blue lines) or excluding the time 0 DNA sequences (orange lines), 
starting with the most frequent time 0 plasma virus RNA sequence (bottom panels), as was used by Lorenzo-Redondo et al. to calculate substitution rate. The slopes of the 
regression lines (in substitutions/site/month) are shown for each method, along with the P value relative to a line of 0 slope (in parentheses). Some of the 0-, 3-, and 6-month 
points are slightly shifted for clarity. ART, antiretroviral therapy; LN, lymph node, PBMC, peripheral blood mononuclear cell.
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viral RNA sequence at time 0 with the DNA sequences at later 
times, as reported by Lorenzo-Redondo et al., skews the results 
in favor of more distant branches at later sampling time points, 
makes the incorrect assumption that viral RNA and DNA 
sequences represent the same replicating virus population, and 
yields the erroneous perception of evolution due to virus repli-
cation (Figure 1B, orange lines in bottom graphs).

We also performed our own investigation of HIV sequence 
variation during suppressive ART by analyzing viral DNA 
sequences in PBMCs from 4 individuals whose viremia was 
suppressed on ART for >7 years and who showed clonal expan-
sion of infected cells (Figure 2) [2]. The conclusion by Lorenzo-
Redondo et  al. of HIV evolution over a 6-month observation 
period in LN of patients on ART, which in their model is then 
transferred to PBMCs through cell migration, predicts that large 

proviral sequence changes would be evident during the approx-
imately 10-fold longer periods of observation in the 4 individ-
uals we studied. We plotted the distances of the sequences after 
long-term ART from those present before ART (Figure 2) and 
did not find significant divergence over time. The dashed lines 
on the plots in Figure 2B show the mean slope of the line, and 
the shaded areas represent the range of slopes expected after 
long-term suppression from the evolutionary rate reported by 
Lorenzo-Redondo et al. [5]. The solid lines show the evolution-
ary rates that we observed, which were not different from 0. We 
found only very slight evidence of sequence divergence, and that 
in only 1 individual (PID 3), which could easily have resulted 
from sampling error. These results show that, rather than an 
increase of viral diversity on ART from the pretherapy pop-
ulation, a loss of genetic diversity, including narrowing of the 

A

B

0.15

D
is

ta
nc

e 
fr

om
 r

oo
t

0.1

0.05

0

0.15

0.1

0.05

0

0.15

0.1

0.05

0

0.15

0.1

0.05

0
0 5 10

0.0002 subs/site/month
0.0008 subs/site/month

0.0002 subs/site/month

0.0004 subs/site/month

PID 3 PID 4 PID 5PID 2

PID 3 PID 4 PID 5PID 2

P = .6 P = .7

P = .7

P = .6

15 0 5 10 15

Time, y

Maximum Likelihood root to tip analyses

6 nt 6 nt 6 nt 6 nt

0 5 10 15 0 5 10 15

Figure 2. (A) Neighbor-joining trees of sequences from PIDs 2–5 of Figure 1 of Maldarelli et al. (GenBank accession numbers KX018120 to KX018257) [2]. Single-genome 
sequences was performed as described on peripheral blood mononuclear cell (PBMC) DNA samples [2]. Sequence alignments were performed by Muscle or manually. NJ 
trees were generated in MEGA 6.06. Open circles denote baseline PBMC DNA sequences; filled circles, PBMC sequences after ≥7 years on suppressive antiretroviral therapy 
(ART). (B) The best fit evolutionary model was determined using jModelTest2 and ML trees were generated with PAUP for root-to-tip distances, which were calculated with 
TreeStat (v. 1.6.2). Plots of the distances of each sequence from the root (consensus B) of ML trees versus time (solid lines) is shown, as compared with the rate of evolution 
during ART reported by Lorenzo-Redondo et al. (mean dashed line, range in shading (6.24 to 10.3 × 10–4 substitutions/site/month)). Note that the mean root-to-tip distance of 
the only participant showing any positive difference between the first and last points (0.0008 substitutions/site/year) is about 12-fold less than the rate reported by Lorenzo-
Redondo et al.
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proviral populations toward identical sequences, is observed. 
These findings are consistent with our prior work showing no 
change in plasma viral diversity after long-term ART [1], and 
they are also consistent with HIV persistence on ART result-
ing from long-term survival and clonal proliferation of cells 
infected prior to ART initiation [2].

In summary, from our re-analysis of the sequences published 
by Lorenzo-Redondo et al. [5], combined with evidence from 
prior studies [1–3] and current analyses of samples whose dom-
inant proviruses are known to arise from cellular proliferation 
rather than viral replication [2], we find that the conclusions in 
the publication by Lorenzo-Redondo et al. are not valid and that 
the concept of ongoing HIV replication during ART remains 
unproven.
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