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Size, Composition, and Evolution of HIV DNA Populations
during Early Antiretroviral Therapy and Intensification with
Maraviroc

Antoine Chaillon,a Sara Gianella,a Steven M. Lada,a Josué Perez-Santiago,a Parris Jordan,a Caroline Ignacio,a Maile Karris,a

Douglas D. Richman,a,b Sanjay R. Mehta,a,b Susan J. Little,a Joel O. Wertheim,a Davey M. Smitha,b

aUniversity of California San Diego, La Jolla, California, USA
bVeterans Administration San Diego Healthcare System, San Diego, California, USA

ABSTRACT Residual viremia is common during antiretroviral therapy (ART) and
could be caused by ongoing low-level virus replication or by release of viral particles
from infected cells. ART intensification should impact ongoing viral propagation but
not virion release. Eighteen acutely infected men were enrolled in a randomized
controlled trial and monitored for a median of 107 weeks. Participants started ART
with (n � 9) or without (n � 9) intensification with maraviroc (MVC) within 90 days
of infection. Levels of HIV DNA and cell-free RNA were quantified by droplet digital
PCR. Deep sequencing of C2-V3 env, gag, and pol (454 Roche) was performed on
longitudinally collected plasma and peripheral blood mononuclear cell (PBMC) sam-
ples while on ART. Sequence data were analyzed for evidence of evolution by (i)
molecular diversity analysis, (ii) nonparametric test for panmixia, and (iii) tip date
randomization within a Bayesian framework. There was a longitudinal decay of HIV
DNA after initiation of ART with no difference between MVC intensification groups
(�0.08 � 0.01 versus �0.09 � 0.01 log10 copies/week in MVC� versus MVC�

groups; P � 0.62). All participants had low-level residual viremia (median, 2.8 RNA
copies/ml). Across participants, medians of 56 (interquartile range [IQR], 36 to 74), 29
(IQR, 25 to 35), and 40 (IQR, 31 to 54) haplotypes were generated for env, gag, and
pol regions, respectively. There was no clear evidence of viral evolution during ART and
no difference in viral diversity or population structure from individuals with or without
MVC intensification. Further efforts focusing on elucidating the mechanism(s) of viral
persistence in various compartments using recent sequencing technologies are still
needed, and potential low-level viral replication should always be considered in cure
strategies.

IMPORTANCE Residual viremia is common among HIV-infected people on ART. It re-
mains controversial if this viremia is a consequence of propagating infection. We hy-
pothesized that molecular evolution would be detectable during viral propagation
and that therapy intensified with the entry inhibitor maraviroc would demonstrate
less evolution. We performed a randomized double-blinded treatment trial with 18
acutely infected men (standard ART versus standard ART plus maraviroc). From lon-
gitudinally collected blood plasma and cells, levels of HIV DNA and cell-free HIV RNA
were quantified by droplet digital PCR, and HIV DNA (env, gag, and pol coding re-
gions) was deep sequenced (454 Roche). Investigating people who started ART dur-
ing the earliest stages of their HIV infection, when viral diversity is low, provides an
opportunity to detect evidence of viral evolution. Despite using a battery of analyti-
cal techniques, no clear and consistent evidence of viral propagation for over 90
weeks of observation could be discerned.
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Adherence to current antiretroviral therapy (ART) results in undetectable plasma
viral loads and prolonged life in infected individuals, but it cannot cure HIV

infection (1–4). The virus persists in a latent state, only to reemerge when ART is
interrupted (3, 5–7). The level of this provirus population appears remarkably stable,
even during ART (8–10). Persistent HIV replication at low levels during ART, which may
contribute to the stability of the HIV reservoir, has been described (9, 10), while other
reports suggest that the lack of genetic structure of HIV populations during ART argues
against ongoing residual replication (11–15). Further, studies with intensification of an
ART regimen with an integrase inhibitor have shown transient changes in episomal
DNA and cell-associated DNA, suggesting persistent viral replication despite ART in
HIV-infected individuals with ongoing immune activation that may contribute to
persistent immune dysfunction (16, 17). Overall, however, ART intensification studies
also consistently showed no impact on levels of HIV viremia (18, 19), and other studies
have found that the HIV reservoir remains stable without evidence of residual replica-
tion (11).

If the HIV reservoir were stable because it is being replenished by residual propa-
gating replication, then viral evolution should be observed in HIV DNA populations (see
reviews in references 20 and 21). To assess this hypothesis, several groups have studied
the temporal structure of HIV DNA sequences during ART. A majority of studies have
documented the lack of viral evolution during ART (11, 13, 15), although dissenting
results have been reported (22). There are several reasons why controversy remains,
like differences in sampling, sequencing, analysis, and study populations. An obvious
issue is trying to identify evolution among HIV-infected people who started their ART
during chronic infection. Investigating viral evolution during ART initiated later during
a person’s infection may lead to confounding results, as the pre-ART effective popu-
lation size will be larger and is likely to decrease after delayed ART introduction. This
confounding would impact estimates of viral diversity and evolution. In this study, we
tried to alleviate these potential issues by investigating people who started ART during
acute infection when the effective population size is limited, thus reducing the risk of
sampling issues impacting inference of evolution. We also conducted the study in the
setting of a randomized control trial of maraviroc (MVC) intensification of ART, since
treatment intensification with MVC has been associated with faster reduction of 2-long
terminal repeat (2-LTR) newly infected cells (23).

RESULTS

This study evaluated a homogeneous group of 18 men who started the same ART
regimen plus either MVC (MVC�; n � 9) or placebo (MVC�; n � 9) within a median of
35 days (interquartile range [IQR], 28 to 85) from their estimated date of infection (EDI).
A summary of baseline variables is provided in Table 1.

The median age at enrollment was 30 years (IQR, 24 to 40), and all were men who
reported sex with other men as their HIV risk factor. From our previous study, there was
no difference in CD4� T cell counts between participants who received MVC and those
who did not (656 cells/mm3 versus 557 cells/mm3; P � 0.43), although all participants
experienced increases in circulating memory CD4� T cells (mean increase of 326
cells/mm3 [IQR, 150,356] between weeks 0 and 48; P � 0.01) (24). Also, the HIV RNA
levels at baseline did not differ between MVC� and MVC� groups, with a median of 4.4
log10 copies/ml versus 4.9 log10 HIV RNA copies/ml. All participants initiated ART within
2 weeks of collection of baseline sample and were monitored for a median of 107
weeks (IQR, 97, 115 weeks) thereafter. The median time to HIV RNA level below 50
copies/ml in blood plasma (Abbott m2000 real-time HIV test) was 84 days (IQR, 33 to
113) after starting ART. There was no difference in time to reaching �50 copies/ml
between MVC study arms, and all but one participant (S4; 227 HIV RNA copies/ml at
week 126 after ART initiation) had no detectable viral load of �50 copies/ml thereafter.
The median level of HIV RNA in plasma by single-copy assay was 2.8 HIV RNA copies/ml
(IQR, 1.9 to 7.9 copies/ml) with no difference between MVC groups (median, 4 cop-
ies/ml in MVC� versus 2 copies/ml in MVC�; P � 0.28). All individuals had R5 tropic-only
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infections by phenotypic prediction before the initiation of ART and genotypic predic-
tion thereafter.

HIV DNA levels. The median level of HIV DNA at the time of the initiation of ART
did not differ between MVC study arms (P � 0.61) (Table 1). There was a significant
longitudinal decay of HIV DNA after starting ART across participants (mean decay of
�0.082 � 0.01 log10 copies/106 cells/week; P � 0.01) but no difference between MVC
intensification groups (�0.077 � 0.01 log10 copies/106 cells/week in MVC� versus
�0.086 � 0.01 log10 copies/106 cells/week in MVC�; P � 0.62) (Fig. 1).

Analysis of lymphocyte subsets. We observed a significant increase of the abso-
lute CD4� T cell counts (mean increase of 10.9 � 1.9 CD4 T cells/�l/month; P � 0.001)

TABLE 1 Population characteristicsa

Parameter
All participants
(n � 18)

Maraviroc intensification
(n � 9)

Standard ART
regimen (n � 9) P valuec

Age (yr) 30 (24, 40.3) 26 (23, 42.5) 32 (26, 40.5) 0.62
Median time from EDIb to ART start, in days (IQR) 35 (28, 85) 81 (28, 91) 33 (26, 85) 0.37
Time from ART to viral suppression, in days (IQR) 84 (33–113) 84 (21–139) 77 (44–112) 0.98
Median CD4 count at baseline, cells/mm3 (IQR) 622.5 (446.8, 760) 656 (481, 849) 557 (443.5, 644.5) 0.43
Median HIV RNA levels at baseline, log10 copies/ml (IQR) 4.7 (3.7, 5.5) 4.4 (3.3, 6.7) 4.9 (4, 5.4) 0.93
Median duration of follow up, in days (IQR) 749 (681, 807) 736 (673, 817) 761 (676, 834) 0.86
Median HIV DNA levels at baseline, in copies/1E6 cells (IQR) 536 (157–902) 240 (147–773) 633 (148–912) 0.60

Median no. of haplotypes (IQR) 129 (102–150) 129 (98–140) 136 (103–179) 0.43
env 56 (36–74) 51 (36–69) 72 (41–78) 0.29
gag 29 (25–35) 26 (22–39) 29 (26–34) 0.68
pol 40 (31–54) 46 (30–51) 37 (31–59) 0.84

aMedian with IQR values are shown for the entire cohort and by groups defined by maraviroc intensification (MVC� versus MVC�).
bEDI, estimated date of infection.
cP values were determined by a two-tailed Mann-Whitney or Fisher exact test.

FIG 1 Change in HIV DNA levels during antiretroviral therapy. HIV DNA levels are expressed in log10 copies per 1E6 cells. Red vertical dotted line
indicates the time of ART initiation. There was no statistical difference in the rate of decrease between groups by maraviroc intensification (MVC�

[red] versus MVC� [blue]).
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associated with a decrease in the absolute counts of CD8� T cells (mean decrease of
�11 � 4.2 CD8 T cells/�l/month; P � 0.009), with no difference between groups (P
values of 0.79 and 0.70, respectively) (Fig. 2A). Similarly, we observed a significant
increase in CD4/CD8 ratio during the course of infection (mean increase of 0.02 � 0.003
CD4/CD8 ratio/month; P � 0.001) with no difference between groups (P � 0.88)
(Fig. 2B).

Sequence recovery. Deep-sequence data were generated for HIV-1 env (C2-V3),
gag, and partial pol. Deep sequencing was successful for all but 1 region in 4 samples
(50/54 regions, 92.6%) with a median of 13,681 (IQR, 4,096, 21,621) raw reads per
peripheral blood mononuclear cell (PBMC) sample. From these reads, a median of 56
(IQR, 36 to 74), 29 (IQR, 25 to 35), and 40 (IQR, 31 to 54) haplotypes were generated
from env, gag, and pol, respectively, with no difference between MVC groups.

Inference of viral evolution. To assess the temporal structure of the longitudinally
collected samples (i.e., evidence for viral evolution), we applied a multistep approach.
If ongoing viral evolution occurred during ART, we would expect to document all of the
following: (i) increased average pairwise distance (APD) over time, (ii) significant P value
for test of panmixia, suggestive of divergence over time, (iii) divergent viral populations
in the phylogenies, and (iv) evidence of a molecular clock signal with Bayesian
approaches. Further, evidence of drug resistance or change from R5 tropism also might
be present.

We first determined the viral diversity at each time point and within each region by
estimating the APD between reads. The median APD at baseline during acute infection
within partial env, gag, and pol sequences were 6.79 � 10�3 (IQR, 4.52 � 10�3 to
1.07 � 10�2), 5.71 � 10�3 (IQR, 4.08 � 10�3 to 7.43 � 10�3) and 3.69 � 10�3 (IQR,
2.98 � 10�3 to 9.35 � 10�3), respectively, with no difference between MVC groups.
Over time, we found no significant increase of the viral diversity within env, gag, and
pol regions and no significant difference between MVC groups, although there was a
trend for a faster decay of viral diversity within partial env and pol regions among
individuals with MVC intensification (Fig. 3).

We next applied a nonparametric test for population structure to the longitudinally
collected samples for each of the 3 coding regions. When assessing viral population
structure across all time points, compartmentalization was identified between baseline
and any longitudinal time points for 22.2% (4/18), 0% (0/18), and 0% (0/18) of
participants in env, gag, and pol, respectively, with a significance level (�) of 0.01, and
for 33.3% (6/18), 11.1% (2/18), and 11.1% (2/18) of participants with an � of 0.05, but
compartmentalization was not observed across all 3 coding regions within the same
person (Fig. 4). To evaluate potential differences of population structure between
groups and across each coding region, we applied a generalized linear mixed model fit
by maximum likelihood with an � of 0.05 (more liberal) and 0.01 (more conservative)
(Fig. 4, in yellow and red, respectively). Overall, we found no significant difference in
compartmentalization within env, gag, and pol regions between individuals with and
without MVC intensification.

To evaluate if detected compartmentalization is the consequence of propagating
replication, we reconstructed maximum likelihood phylogenetic trees for all 3 coding
regions and each individual. The phylogenies for all 3 coding regions showed inter-
mingled sequences from each time point for all regions/individuals but 4 phylogenies
of partial env region (S7env and S8env from MVC� group and participants S10env and
S16env from the MVC� group). The lack of temporal structure of the serially sampled
population argues against viral evolution. Results for individuals S8 (MVC�) and S11
(MVC�) are presented in Fig. 5 (see Fig S1 in the supplemental material for data on all
individuals).

We then assessed the temporal structure of sequence data using a Bayesian phyloge-
netic approach combined with a tip-date randomized permutation technique. Bayesian
inferences for each individual converged efficiently with the coalescent parameters
under the hypothesis of a Bayesian skyline coalescent model. Results for individuals S8
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FIG 2 Analysis of lymphocyte subsets. (A) Dynamics of absolute CD4� and CD8� T cells. There was a significant increase of CD4�

T cell counts over time associated with a decrease in the absolute counts of CD8� T cells. No significant difference between MVC�

and MVC� groups were observed for CD4� and CD8� T cell counts or CD4/CD8 ratio. (B) Dynamics of CD4/CD8 ratio. There was
a significant increase in CD4/CD8 ratio during the course of infection.
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(MVC�) and S11 (MVC�) are presented in Fig. 6 (see Fig. S2 for data on all individuals).
Comparisons between the coefficient of variation (mean divided by the 95% highest
posterior density [HPD]) of the substitution rates of the actual and permutated esti-
mates for each virus revealed a lack of significant support for the presence of temporal
structure in the data in 45/50 (90%) of the sequenced regions. Indeed, the coefficient
of variation of the inferred substitution rate estimates fell within the distribution of the
coefficient of variation of the permuted estimates within env, gag, and pol regions for
all participants with or without MVC intensification, except for S7pol (P � 0.01) and S8env

(P � 0.01) in the MVC� group and S10env (P � 0.01), S11gag (P � 0.02), and S16gag (P �

0.01) in the MVC� group. No participant had evidence of clock-like signal in more than
1 coding region (Fig. 7).

Finally, we screened for possible emergence of minority (frequency, �20%) and
majority (�20%) drug resistance mutations (DRMs) in the partial pol coding region of
sampled HIV DNA populations during ART and found no evidence of selection for DRMs
(Table 2). HIV variants harboring DRMs are shown in Fig. S1 in the supplemental
material. Similar analyses of HIV V3 coding region suggested no change from R5
tropism via genotypic methods.

To validate the proposed approach, we performed the analyses mentioned above
on a group of 9 ART-naïve, HIV-infected individuals with serially collected blood plasma
samples (3 serially collected blood plasma samples over a median of 86 weeks [IQR, 56
to 119 weeks] after the estimated date of infection) (Table 3 provides a summary of
baseline characteristics). C2-V3 sequences were generated and revealed (i) a significant
increase in viral diversity while ART naïve, (ii) significant compartmentalization between
baseline and any longitudinal time points in all participants, (iv) temporal structure of
the data with segregated populations in the C2-V3 phylogenies, and (v) evidence of
clock signal from the Bayesian inferences (100 iterations per sample) (Fig. 8 to 12), with
a median substitution rate of 1.31 � 10�3/substitutions/site/year (IQR, 1.19 � 10�3 to
1.41 � 10�3), as previously described within hosts in ART-naive individuals (25, 26).

FIG 3 Change in HIV DNA molecular diversity. Mean pairwise distance was estimated for all samples within env (A, left), gag (B, middle), and pol
(C, right) regions in individuals with or without maraviroc intensification (red dots and blue triangles, respectively). For each sample, we computed the
means of all pairwise Tamura-Nei 93 (TN93) distances between reads with at least 100 overlapping base pairs to quantify nucleotide diversity (64).

Chaillon et al. Journal of Virology

February 2018 Volume 92 Issue 3 e01589-17 jvi.asm.org 6

 on A
pril 1, 2019 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


FIG 4 Test for panmixia across time points and across 3 HIV coding regions. We computed the fixation index (FST) for all longitudinal
samples and each of the 3 coding regions to evaluate the genetic structure of the population (65). The P value threshold for panmixia
was set to 0.01 and 0.05, and 10,000 iterations were performed for each set. Significant compartmentalization is shown in yellow (P �
0.01) and red (P � 0.05), and panmixia is shown in green.
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FIG 5 Approximate maximum likelihood phylogenetic reconstruction of the 3 HIV coding regions. Shown are results for individuals S8 (MVC�)
(A) and S11 (MVC�) (B). HIV haplotypes were extracted from reads covering partial env, gag, and pol regions and were used to construct
approximate maximum likelihood phylogenies. Time points 1, 2, and 3 are depicted in red, blue, and green, respectively. Tip size is proportional
to variant frequency. Scale bars are in substitutions/site. For results for the 18 participants, see Fig. S1 in the supplemental material.
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DISCUSSION

Controversy remains as to whether ongoing propagation of HIV occurs in the setting
of modern ART (see the review in reference 20). Here, we sought to identify HIV
evolution in the context of a randomized controlled trial of ART intensification with
MVC in individuals who initiated ART shortly after infection. Investigating individuals
who started modern ART during early infection provided the best opportunity to
discern molecular evolution, given the limited diversity of the viral population shortly
after infection (27–30). In this study, we found that MVC intensification had no effect on
HIV RNA or HIV DNA decay during ART. There was also no effect of MVC intensification
on low-level HIV RNA measures. We found no clear evidence of significant clock-like
molecular evolution or development of drug resistance in HIV DNA populations derived
from circulating PBMC in the setting of standard or intensified ART initiated during early
infection. Taken together, we found no evidence of propagating viral infection during
modern ART with or without intensification with MVC.

Decay in the size of HIV DNA populations after starting early ART with or
without MVC intensification. Our first hypothesis was that individuals receiving ART
intensified with MVC would have a faster decay of their HIV DNA populations than
those receiving standard ART regimen (6). The beneficial effect of starting ART during
the first weeks or months after infection to reduce the size of the latent reservoir has
been reported in numerous studies (31, 32). Studies have also investigated ART
intensification with integrase and protease inhibitors showing little impact of HIV DNA
levels (33, 34), although treatment intensification with MVC has also been associated
with recovery of CD4� T cells (23, 35, 36) and a limited reduction in the size of the HIV
reservoir (23, 37). The potential impact of entry inhibitor drugs, like MVC, on HIV DNA
populations during early infection remains limited. As might be expected, there was a
significant decay of HIV DNA in PBMC in our study participants who started ART within
the first month following their infection (median of 35 days; IQR, 28 to 85), but there
was no difference between participants receiving ART intensified with MVC or not.
These results are consistent with the treatment intensification study of a raltegravir-
based regimen with MVC in early HIV-1 infection from Puertas et al., which revealed a

FIG 6 Posterior mean and 95% HPD intervals of the substitution rates for HIV env, gag, and pol regions. Shown are results for individuals S8 (MVC�) (A) and
S11 (MVC�) (B). Shown are posterior mean and 95% HPD intervals of the substitution rates estimated from the actual data sets (far left value, red dots) and
the 100 permuted replicates for HIV env, gag, and pol regions (blue dots). For results for the 18 participants, see Fig. S2 in the supplemental material.
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decay in proviral DNA with and without MVC intensification among persons with HIV
starting ART during acute/early infection (23).

CD4 T cell count recovery after starting early ART with or without MVC intensifi-
cation. Previous studies showed the beneficial immunomodulatory effect of MVC with
a faster increase in CD4� T cell counts (23, 38). Here, we observed a significant increase
in CD4� T cell counts and CD4/CD8 ratio associated with a significant decrease in CD8�

T cell counts over the follow-up period, as previously reported (23, 35, 36). We found
no significant difference between groups, but the interpretation of these data is
hampered by the limited number of samples analyzed (24).

Limited residual viremia with no impact of treatment intensification. Our
second hypothesis was that residual viremia would be lower in participants receiving
MVC intensification. While we cannot exclude the occurrence of larger unmeasured
bursts of viral replication, single-copy measurements of HIV RNA levels were low at a
median of 2.8 HIV RNA copies/ml across participants and sampled time points (IQR, 1.9
to 7.9 copies/ml). This is consistent with previous longitudinal studies with a real-time

FIG 7 Coefficient of variation of the substitution rates for HIV env, gag, and pol regions of actual data set versus randomly permuted replicates. The coefficient
of variation was determined as mean evolutionary rate divided by variance, where variance is 95% upper HPD minus 95% lower HPD. The coefficients of
variation for the real data sets were not significantly different from those estimated from the data sets with randomly permutated tip dates in all but 5 regions
(45/50, 90%). The P value represents the number of times the coefficient of variation of the true data set was smaller than the coefficient of variation in the
permuted replicates (72, 73). The hypothesis of significant temporal structure was rejected when the P value was above 0.05.
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PCR-based assay (median of 3.1 copies/ml) (9). Residual viremia between MVC inten-
sification study arms did not differ (median, 4 copies/ml in MVC� versus 2 copies/ml in
MVC�; P � 0.28), which is also consistent with previously reported studies (39, 40).
Therefore, it is unlikely that cell-free propagating viral replication is the source of the
observed residual viremia. Alternatively, it is likely that production or release of HIV RNA
from long-lived infected cells without propagation is responsible for the observed
residual viremia (9, 41, 42).

No substantial evidence of HIV evolution during modern ART. Our third hy-
pothesis was that if viral propagation occurred during ART, then we would see evidence
of viral evolution and that it would be more obvious in the participants who did not
receive MVC intensification. Evidence of evolution was considered increased viral
diversity over time, significant compartmentalization, significant clock-like molecular
signal, and development of genetic changes associated with drug resistance. Overall,
viral genetic diversity was stable for the entire time of observation (median of 107
weeks; IQR, 97 to 115) across all participants without regard to treatment group.

TABLE 2 Identification screening of nucleoside reverse transcriptase inhibitor (NRTI) and
non-NRTI DRM

Group and participant ID Time pointa Coverage DRM Frequency (%)

Maraviroc intensification, MVC�

S2 TP1 8544 K103R 1.10
TP2 3626 None None
TP3 NAb NA NA

S3 TP1 6050 E138A 100.00
TP2 7627 E138A 99.88
TP3 5117 E138A 99.94

S5 TP1 7615 K103N 100.00
TP2 2585 K103N 99.96
TP3 6989 K103N 99.90

S6 TP1 4522 None None
TP2 3978 K101E 1.86
TP3 8258 D67N 2.35

S8 TP1 5661 None None
TP2 5598 K65R 17.39
TP3 7557 None None

S9 TP1 4564 K65R 2.24
TP2 6371 None None
TP3 7113 None None

Standard ART regimen
S17 TP1 3895 K103N 94.00

TP2 4377 K103N 100.00
TP3 4294 K103N 96.00

S18 TP1 9008 RT103 99.01
TP2 6662 RT103 100.00
TP3 NA NA NA

aTP, time point.
bNA, not available.

TABLE 3 Characteristics of the ART-naive control group

Parameter
Value(s) for control
group (n � 9)

Age (yr) 32 (27, 43)
Median time from EDI to baseline, in days (IQR) 70 (70, 135)
Median CD4 count at baseline, in cells/mm3 (IQR) 475 (416.5, 512.5)
Median HIV RNA Levels at baseline, in log10 copies/ml (IQR) 4.9 (4.3, 5.1)
Median duration of follow up, in days (IQR) 500 (345, 732)

Median no. of haplotypes (IQR) 24 (18–41)
Time point 1 34 (17–54)
Time point 2 29 (19–49)
Time point 3 23 (16–32)
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Although some participants showed significant compartmentalization that could reflect
viral divergence over time, these results were not consistent across all three HIV coding
regions. Further, compartmental mixing of infected cells before or after the initiation of
ART could provide false signal of compartmentalization. For example, if subpopulations
of infected CD4 T cells circulating in the blood changed over time, then this would look
like longitudinal compartmentalization, even though all of the cells had no change in
viral composition since the start of ART. However, this scenario would be more likely
among participants who started ART during chronic infection. To further assess the
presence of viral evolution, we applied a Bayesian approach to our heterochronous
data set. While these techniques have been used to estimate the evolutionary rate of
HIV RNA populations (43, 44), little is known about the efficacy of these methods to

FIG 8 Change in HIV RNA molecular diversity among ART-naive individuals (control group). For each
sample, we computed the mean of all pairwise TN93 distances between reads with at least 100
overlapping base pairs to quantify nucleotide diversity (21).

FIG 9 Test for panmixia across time points within env (C2/V3) coding region for the 9 ART-naïve,
HIV-infected individuals (control group). We computed the fixation index (FST) for all longitudinal samples
within partial env (C2/V3) regions to evaluate the genetic structure of the population (22). The P value
threshold for panmixia was set to 0.01 and 0.05, and 10,000 iterations were performed for each set.
Significant compartmentalization is shown in yellow (P � 0.01) and red (P � 0.05), and panmixia is shown
in green. Significant compartmentalization was identified between baseline and any longitudinal time
points for all participants (n � 9), as opposed to the results observed in our MVC�/MVC� study cohort.
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infer evolutionary rates of HIV DNA population, especially during ART. Here, we
performed a permutation randomization test to investigate clock-like evolution during
the clinical trial period. We were able to reject the absence of clock-like evolution in
only 5 of 50 (10%) instances. Detection of the signal of clock-like evolution was
inconsistent across the sampled genomic regions, within individuals, and MVC inten-
sification group (Fig. 6 to 7). Further, there was no evidence of pressure from the ART
drugs to select for resistance.

To validate our approach, we confirmed in a positive-control data set (collected in
the setting of active viral replication) the ability to reveal the temporal structure of the

FIG 10 Approximate maximum likelihood phylogenetic reconstruction of C2/V3 coding region for the 9 ART-naïve, HIV-infected individuals (control group).
Time points 1, 2, and 3 are depicted in red, blue, and green, respectively. Tip size is proportional to variant frequency. Scale bars indicate substitutions/site.
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data using a similar framework (Fig. 8 to 12). The observed median mutation rate in this
group of 1.31 � 10�3/substitutions/site/year (IQR, 1.19 � 10�3 to 1.41 � 10�3) was
consistent with those of intrahost virus estimations in ART-naive individuals (25, 26).
Altogether and despite the limited sample size and the difference in population
characteristics between the study group and the controls, these results support our
initial findings and offer a robust framework for future studies in other settings and with
more recent sequencing technologies.

Limitations. The small sample size (n � 18 participants) of our study and the limited
sampling sources (peripheral blood) and sequenced HIV coding regions (partial env,
gag, and pol) prevent us from ruling out that HIV evolution occurs in compartments

FIG 11 Posterior mean and 95% HPDs of the substitution rates for HIV env region for the 9 ART-naïve, HIV-infected individuals (control group). Posterior mean
and 95% HPD intervals of the substitution rates estimated from the actual data sets (far left value, red dots) and the 100 permuted replicates for HIV env region
(blue dots) are shown.

Chaillon et al. Journal of Virology

February 2018 Volume 92 Issue 3 e01589-17 jvi.asm.org 14

 on A
pril 1, 2019 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


other than blood, with other treatment regimens, or in other populations (22, 45). Like
most of the studies that have demonstrated the ability of early ART to reduce the size
of the latent reservoir, we conducted our study on cells isolated from peripheral blood.
Further analyses of selected anatomical compartments, like the central nervous system,
lymph nodes, or genital tract, may allow a better understanding of the dynamics and
persistence of HIV populations within these compartments. We also cannot rule out the
possibility that we might have been able to document evidence of evolution in other
regions of HIV-1 had they been interrogated. The measurements of viral evolution and
HIV DNA population size did not assess for replication competence, so no strong
conclusions can be made for how the ART regimens studied here impacted the
replication-competent HIV reservoir. This study also cannot rule out that clonal expan-
sion of infected cells determines the observed stability of the HIV DNA population (39).
Another limitation of this report is the use of the 454 sequencing platform, which is
more prone to homopolymer-associated, per-base errors (46) and artifact recombina-
tion (47). To overcome this limitation, we applied rigorous quality control procedures

FIG 12 Coefficient of variation of the substitution rates for HIV env region of actual data set versus
randomly permuted replicates for the 9 ART-naïve, HIV-infected individuals (control group). The coeffi-
cient of variation was determined as mean evolutionary rate divided by variance, where variance is 95%
upper HPD minus 95% lower HPD.
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for deep sequencing, as previously described by our group (48, 49). Our validated
bioinformatics pipeline includes strict quality filtering steps (50–52), and only quality-
controlled reads were included in the analysis (53). Future studies using more recent
sequencing technologies that are less prone to single-base errors, the use of Primer ID
(54), or single-genome amplification/Sanger sequencing (55, 56) in different settings
also could be enlightening.

This study of 18 men starting modern ART during acute infection suggested that
propagating viral replication is not the mechanism of maintenance of HIV DNA popu-
lations during ART. Efforts aimed at eliminating the proviral reservoir should focus on
other mechanisms of viral persistence.

MATERIALS AND METHODS
Ethics statement. This study was a double-blind, placebo-controlled, 1:1 randomized clinical trial

(FDA Investigational New Drug Application [IND] waiver number 103.162) comparing a standard-of-care
ART regimen (combination of tenofovir, emtricitabine, and ritonavir-boosted atazanavir) (MVC� group)
to standard-of-care ART intensified with MVC (MVC� group) in persons with acute HIV infection. The
study was reviewed and approved by the University of California San Diego Human Research Protections
Program. All adult participants (age �18 years) provided written informed consent.

Study cohort. Eighteen HIV-infected individuals from the San Diego Primary Infection Resource
Consortium were enrolled during acute or very early HIV infection. Their EDI was determined using
serologic and virologic parameters, as described previously (57). Individuals initiated ART within 2 weeks
of enrollment (median of 35 days after EDI; IQR, 28 to 85). Whole blood was collected and absolute CD4
and CD8 T cell counts and percentages and HIV RNA levels (Amplicor, Roche) were measured at three
different time points: (i) within a week before the initiation of ART (median, 7 days; IQR, 1 to 12 days),
(ii) approximately 48 weeks after initiation of ART (median, 334 days; IQR, 278 to 341 days), and (iii) at
least 72 weeks after ART (median, 764 days; IQR, 670 to 798 days). Study details can be found in
reference 24.

DNA extraction and proviral quantification. Genomic DNA was extracted from 5 million PBMC for
each time point using a QIAamp DNA blood minikit (Qiagen) per the manufacturer’s protocol. Levels of
HIV DNA (pol) were quantified by droplet digital PCR (ddPCR) from extracted DNA (58). Copy numbers
were calculated as the means from 3 replicate PCR measurements and normalized to one million cells,
as determined by RPP30 (total cell count) (58, 59).

Single-copy HIV RNA. To quantify plasma HIV RNA below the limit of FDA-approved assays, we used
single-copy ddPCR assay (60). A total of 1 ml of cell-free plasma was pelleted for virus by ultra-high-speed
centrifugation (23,500 � g, 4°C, 1 h), and RNA was extracted using a QIAamp viral RNA extraction kit
(Qiagen) per the manufacturer’s protocol. One-step RT-ddPCR advanced kit for probes (Bio-Rad) was used
to quantify levels of HIV RNA (gag) by ddPCR. Copy numbers were calculated as the means from 6
replicated measurements and extrapolated to copies per milliliter of plasma.

HIV DNA pyrosequencing analyses. HIV-1 coding regions of gag p24 (HXB2 coordinates 1366 to
1619), pol, reverse transcriptase (RT; HXB2 coordinates 2708 to 3242), and env C2-V3 (HXB2 coordinates
6928 to 7344) from PBMC were amplified by PCR with region-specific primers (53) on a single 454 GS FLX
titanium picoliter plate (454 Life Sciences/Roche, Branford, CT) as previously described (52). We obtained
a median of 13,681 (IQR, 4,096, 21,621) reads per PBMC sample. Reads (FASTA) and quality score files
produced by the 454 platform were further analyzed using a purpose-built bioinformatics pipeline
(50). The pipeline is available at https://github.com/veg/HIV-NGS and has been used by our group in
numerous studies (50, 51, 61). After baseline quality control for short (�50 bp) and low-quality reads and
error correction, all reads were screened for evidence of recombination using GARD software (62),
APOBEC signatures, hypermutations, and frame shifts. Identical sequence reads were clustered, allowing
identification of nonredundant sequences. A minimum of 10 identical sequence reads were clustered
into representative variants as previously described by our group (50, 51, 61). Therefore, the output
consisted of a list of representative clusters of reads and their relative frequencies. Of note, the pairwise
distance between any two reads in the same cluster is 0, since each read in the cluster matches the
consensus sequence in all positions where the read has resolved bases. The resulting clusters for each
coding region were aligned, and neighbor-joining (NJ) phylogenetic trees were reconstructed for all
individuals and all 3 coding regions in HyPhy (63).

Evidence of evolution in sampled HIV DNA populations. Sequence data were analyzed for
evidence of evolution by multiple approaches. (i) For each sample, the APD between reads with at least
100 overlapping base pairs was computed to quantify nucleotide diversity under the Tamura-Nei 93
model (64), and the evolution of viral diversity was evaluated over time. (ii) Evaluation of the population
genetic structure for each coding region across longitudinally collected samples by using genetic
diversity to compute the fixation index (FST) (65, 66). Briefly, the fixation index is defined as FST � �I/�D,
where �I is the estimate of mean pairwise genetic distance (Tamura-Nei 93 [TN93]) for each sample/
region (67) and �D is its counterpart. Both quantities were computed by comparing all reads from
different time points, with the requirement that they share at least 150 aligned nucleotide positions. The
null hypothesis of a random distribution of genetic variation was rejected when permutation testing
revealed significant population structure between HIV populations sampled at different time points. The
P value thresholds for panmixia were set to 0.01 and 0.05 (Fig. 4, in red and yellow, respectively) to
establish significance, and 10,000 iterations were performed for each set. (iii) As emergence of drug
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resistance mutations may reflect viral evolution in the setting of drug pressure, filtered deep-sequencing
reads from pol regions were screened for the presence of reverse transcriptase inhibitor resistance
mutations (50) according to the Stanford Drug Resistance Database (score, �35) (http://hivdb.stanford
.edu). The relative frequency of each identified DRM was obtained as part of our bioinformatics pipeline
(50, 51). Only DRMs with residue frequency greater than the background error rate estimated using our
published binomial mixture model (53, 68) and with a minimum frequency of 1% were retained.
(iv) Similarly, since MVC is a CCR5 receptor antagonist, we also evaluated the possible evolution of
coreceptor tropism. Before ART initiation, tropism was evaluated in blood plasma with the Trofile Assay
(Monogram Biosciences). At the last 2 time points, collected during suppressive ART, prediction of HIV
coreceptor usage was assessed using V3 nucleotide sequences from sampled HIV DNA and the
Geno2pheno algorithm with a false-positive rate cutoff of 5% (69). (v) Finally, to detect significant shifts
in population structure that might not be evident from analyses mentioned above, we analyzed each set
of partial env, gag, and pol HIV variants for each participant in a Markov chain Monte Carlo (MCMC)
framework as implemented in BEAST v1.8.4 (70, 71). We used a discretized gamma distribution (GTR �
4	) to account for among-site rate variation. The temporal scale of the process was estimated from the
sampling dates of the sequences using a relaxed uncorrelated lognormal molecular clock model, a
gamma prior on clock rate, and a coalescent Bayesian skyline model for tree priors (71). To obtain a
posterior estimate from the Bayesian model, MCMC simulations were run for 100 � 106 chain steps,
subsampling parameters every 20,000 steps. After removing 10% of burn-in, the remaining samples were
to estimate posterior densities for individual parameters.

We next estimated the mean substitution rate (substitutions/site/year) while permuting sampling
dates 100 times for each participant for each HIV region. A null distribution of the mean substitution rates
then was created by permuting the sampling date associated with each sample/sequence with 100
iterations per alignment (72, 73). Finally, we assessed the significance of the clock-like signal by
comparing the coefficient of variation of the evolutionary rates (defined as the mean/95% HPD) obtained
from the true data set to the coefficient of variation of the 100 permutated replicates. The P value
represents the number of times the coefficient of variation (mean/95% HPD) of the true data set was
higher than the coefficient of variation in the permuted replicates (72, 73). The hypothesis of significant
temporal structure was rejected when the P value was above 0.05.

Finally, we applied a similar framework on a set of partial C2-V3 env sequences (454 platform)
obtained from 9 ART-naïve, HIV-infected individuals with 3 serially collected blood plasma samples (Table
3) to demonstrate that evolution can be detected with our methods in the setting of active viral
replication.

Statistical analyses. All statistical analyses were performed using R statistical software (74). We
performed a Mann-Whitney or Fisher exact test to assess statistical differences or associations between
study groups. We evaluated the longitudinal associations using mixed-effects regression analysis (pack-
age nlme [75]) to adjust for repeated measurements. Variables were either log or square root trans-
formed to approximate a normal distribution as assessed by a Shapiro test with a significance of a P value
of �0.05 to satisfy model assumptions. To evaluate difference of population structure between groups
and across each coding region, we applied a generalized linear mixed model fit by maximum likelihood
to the data.
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