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Background: In the current context of research onHIV reservoirs, offering new insights into the persistence of HIV
DNA in infected cells, which prevents viral eradication,may aid in identifying cure strategies. This study aimed to
describe the establishment of stable integrated forms among total HIV DNA during primary infection (PHI) and
their dynamics during the natural history of infection.
Methods: Total and integrated HIV DNA were quantified in blood from 74 PHI patients and 97 recent
seroconverters (b12 months following infection, “progression cohort”). The evolution of both markers over six
years was modelled (mixed-effect linear models). Their predictive values for disease progression were studied
(Cox models).
Findings: For most patients during PHI, stable integrated forms were a minority among total HIV DNA (median:
12%) and became predominant thereafter (median at AIDS stage: 100%). Both total and integrated HIV DNA
increased over a six-year period. Patients from the progression cohort who reached clinical AIDS during
follow-up (n=34) exhibited higher total and integratedHIV DNA levels at seroconversion and a higher percent-
age of integrated forms than did slower progressors (n = 63) (median: 100% vs 44%). The integrated HIV DNA
load was strongly associated with the risk of developing AIDS (aRR = 2.63, p = 0.002).
Interpretation: The profile of “rapid” or “slower” progression in the natural history of HIV infection appears to be
determined early in the course of HIV infection. The strong predominance of unstable unintegrated forms in PHI
may explain the great benefit of this early treatment, which induces a sharp decrease in total HIV DNA.
Fund: French National Agency for Research on AIDS and Viral Hepatitis.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Combined antiretroviral therapy (cART) has constitutedmajor prog-
ress in the treatment of HIV infection and current recommendations are
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edex 15, France.
and-Fenoel).

. This is an open access article under
to treat all HIV-infected persons, regardless of the stage of infection. Al-
though cART can efficiently block HIV replication, it cannot completely
eliminate the virus from its reservoirs. In particular, infected resting
CD4+ T-cells containing latent integrated HIV proviruses are refractory
to current cART and represent a major hurdle preventing viral eradica-
tion [1,2]. Understanding the pathogenesis of HIV reservoirs is critical
for developing and evaluating new therapeutic strategies aimed at
viral eradication or functional cure.

Integrated HIV DNA is the most stable and functional form of the
viral genome. It plays a major role in the pathogenesis of HIV infection
and HIV reservoirs, even if it includes both replication-competent and
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2019.02.016&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2019.02.016
veronique.avettand@aphp.fr
Journal logo
https://doi.org/10.1016/j.ebiom.2019.02.016
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.ebiomedicine.com


Research in context

Evidence before this study

HIV reservoirs represent amajor barrier to eradicating HIV,making
them one of the current priorities in HIV research. Understanding
the pathogenic mechanisms underlying the persistence of HIV in
reservoirs is therefore a crucial step. The level of total HIV DNA,
a marker reflecting the size of the viral reservoir that is composed
of both the persistent integrated forms and the more labile uninte-
grated ones, peaks during primary infection. During this time,
short-lived cells contribute more than long-lived cells to the HIV
reservoir. In clinical practice, the timing of the initiation of treat-
ment is linked to the timing of the diagnosis. Previous studies re-
vealed that the earlier the initiation of treatment, the more
marked is the decrease in the total HIV DNA load, although a
clear explanation for this observation is lacking. During treatment,
the total HIVDNA ismostly composed of the integrated forms, but
little is known about the dynamics of the different forms of HIV
DNA during the natural history of HIV infection. Using Medline/
PubMed, we identified the available evidence by searching with
the keywords “total HIV DNA”, “integrated HIV DNA”, “natural his-
tory”, “primary infection”, and “AIDS”.

Added value of this study

Wequantified both the integrated and total HIV DNA in the periph-
eral blood mononuclear cells of 171 untreated individuals from
two large cohorts; one cohort was composed of patients with pri-
mary infections (ANRS-PRIMO cohort), while the other was com-
posed of patients who were followed longitudinally over six years
from the time of seroconversion to the development of a chronic
infection or clinical AIDS (historical ANRS-SEROCO cohort). We
found that integrated forms constitute a minority of the total HIV
DNA during the primary infection and that they subsequently sub-
stantially increase to become predominant. A high integrated HIV
DNA load during the first year after infection is strongly predictive
of a rapid evolution towards clinical AIDS. Taken togetherwith the
results from previous studies, our results suggest a reason for the
observation that the HIV primary infection period is the critical pe-
riod during which antiretroviral therapy should be initiated, since
that period iswhen theHIV DNA burden ismostly composed of la-
bile forms – thereby protecting immune cells from infection. Con-
versely, the proportion of stable integrated forms increases after
seroconversion, making treatments less efficient to diminish the
reservoir during the chronic stage.

Implications of all the available evidence

Concomitant analysis of total HIV DNA and integrated HIV DNA
loads contributes to the understanding of HIV persistence and
pathogenesis. It also explains why early treatment initiation is
the most effective strategy, leading to amarked and sustained de-
crease in the HIV DNA burden. Studying both markers may help
identify HIV-infected individuals who will be the best candidates
for new therapeutic strategies targeting HIV, including curative
strategies.
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defective genomes [3–5]. Cells containing integrated HIV DNA can pro-
duce new infectious virions upon stimulation and activation [6,7]. Provi-
ruses persist indefinitely, partly due to the homeostatic proliferation of
memory T-cells. In contrast, unintegrated forms, which include linear
and episomal HIV DNA with 1- or 2-LTRs, are considered more labile
and are surrogate markers of viral replication [8,9].
Total HIV DNA levels in peripheral bloodmononuclear cells (PBMCs)
have been described during both thenatural history of HIV infection and
cART [10]. It remains partially unexplained why the decrease in this
surrogate marker of the reservoir is greater and faster when treatment
is initiated during primary HIV infection (PHI) than during the chronic
stage [11–13]. As for integrated HIV DNA, it has been mostly studied
in patients on cART [13–15]. Only a few studies have measured
integrated HIV DNA in untreated patients, most of which include
fewer than 20 patients [14,16–18]. Longitudinal data are even more
scarce for both markers: only one study to our knowledge has a
follow-up of patients during untreated infection (17 patients during
the first year, amongwhich 10 still followed after 2.8 years) [18]. More-
over, some techniques do not allow a comparison between the amounts
of total and integrated HIV DNA because of differences in assay stan-
dardization [19] and the long-term dynamics of integrated forms
among total HIV DNA have never been described. Besides, all previous
results showed a great inter-individual variability of total and inte-
grated HIV DNA [14,16,17,20,21], enhancing the need for studies on
large cohorts.

To better understand the establishment andmaintenance of the HIV
reservoir in the blood, the objectives of this workwere i) to describe the
contribution of integrated forms to total HIV DNA in untreated patients
at different stages from PHI to chronic infection and ii) to evaluate the
predictive value of these biomarkers at the time of seroconversion
with respect to evolution towards clinical AIDS.

2. Materials and methods

2.1. Study population

Patients with a known or estimated date of infection from two ANRS
French cohorts were selected. The ANRS-PRIMO cohort was approved
by the Ile-de-France-3 Ethics Committee (CPP-1157). All patients from
both cohorts gave written informed consent.

The ongoing ANRS-PRIMO CO6 cohort enrols patients presenting
with PHI, as previously described [12,22]. All patients are treatment-
naïve at inclusion. Patients enrolled between June 2015 and April
2016 with available frozen PBMCs samples from the time of their inclu-
sion were selected for this study.

In the ANRS-SEROCO CO2 cohort, initiated in 1988, recently diag-
nosed HIV-infected individuals who were free of AIDS-related diseases
at inclusion were enrolled [23]. Follow-up was scheduled every six
months until 2009. Patients were selected within this cohort according
to the following criteria: enrolment within 12 months following infec-
tion, no efficient cART received before inclusion and during the study
until 1996, and having at least two frozen PBMCs samples available.

In both cohorts, the infection date was defined as the date of the in-
complete Western blot minus one month, or the date of a primary
symptomatic infectionminus 15 days, or themidpoint between a nega-
tive and a positive HIV antibody test.

2.2. Quantification of total HIV DNA and integrated HIV DNA and determi-
nation of unintegrated HIV DNA

Total HIV DNA and integratedHIV DNAwere quantified in all PBMCs
samples. Total DNAwas extracted with the QIAamp DNA BloodMini Kit
(Qiagen, France) according to the manufacturer's instructions.

First, total HIV DNA was quantified by real-time PCR with the
Generic HIV DNA CELL kit (Biocentric, France), employing the 8E5 line
as the standard [3]. Based on a previously reported technique [24], we
developed a nested Alu-LTR PCR assay to quantify the integrated HIV
DNA from the same extracts as total HIV DNA, using the HelaR7Neo
cell-line as the standard with improved sensitivity and reproducibility
(Supplementary Text 1). The quantification threshold varied depending
on the number of available cells tested (threshold range [5–97] copies/
106 PBMCs (0.70–1.97 log10)). The equivalence of HIV DNA copies
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between HeLaR7Neo and 8E5 standards was verified, allowing the
determination of the percentage of integrated forms among total HIV
DNA. Unintegrated HIV DNA levels were calculated by the difference
in the number of copies between total and integrated HIV DNA.

2.3. Statistical analyses

Statistical analyses were performed using Stata software (v14.2,
StataCorp, USA) and Prism software (v7, GraphPad, USA). Continuous
variables were compared between groups by using Wilcoxon tests and
qualitative variables with Fisher's exact tests. Spearman's correlation
coefficient was employed to quantify the correlations between continu-
ous variables. Coxmodels were used to determine the predictive values
of HIV DNA levels for clinical AIDS onset. Mixed-effect linear models
(MELMs) were employed to estimate changes in total HIV DNA and
integrated HIV DNA over time, considering the value at enrolment as
time t = 0 for each patient. Logarithm10 transformation of HIV RNA
and HIV DNA levels was performed to fulfil the model assumptions. In-
tegrated HIV DNA levels were set to half of the threshold when unde-
tectable. To evaluate the robustness of our results, additional analyses
were performed, setting the values of undetectable integrated HIV
DNA levels to the threshold value, to zero, or to a range of randomized
values between 1 and the threshold. All these analyses produced results
similar to those obtained when the values of undetectable integrated
HIV DNA levels were set to half the threshold value. P valuesb0.05
were considered significant.

3. Results

3.1. Patient characteristics

Seventy-four patients who presented during PHI (ANRS-PRIMO co-
hort [22]) were included, with a median [range] estimated time since
infection of 1.2 [0.4–2.4] months (Fiebig II-III, n = 12; Fiebig IV, n =
7; Fiebig V, n = 35; Fiebig VI, n = 20). Ninety-seven recent
seroconverters from the historical ANRS-SEROCO cohort were included
Table 1
Baseline demographic and clinical characteristics of the patients.

Characteristics PHI cohort a Pr

n 74 97
Male, n (%) 69

(93.2%)
79
(8

Caucasians, n (%) 61
(82.4%)

95
(9

Median age at inclusion (IQR), years 36
(29–45)

30
(2

Sexual route of infection, n (%) 72
(97.3%)

88
(9

Median time between seroconversion and first sample (IQR), months 1.0
(0.8–1.3)

6.
(4

Median time of follow-up (IQR), years na na

Median baseline CD4+ cell count (IQR), cells/mm3 449
(317–613)

53
(3

Median baseline CD8+ cell count (IQR), cells/mm3 761
(505–1253)

84
(6

Median baseline CD4+/CD8+ cell ratio 0.60
(0.37–0.91)

0.
(0

Median plasma HIV RNA load (IQR), log copies/mL 6.20
(5.30–6.98)

4.
(3

Median total HIV DNA load (IQR), log copies/106 PBMCs 3.59
(3.29–4.03)

3.
(2

Median integrated HIV DNA load (IQR), log copies/106 PBMCs 2.15
(0.95–3.16)

2.
(2

na: non-applicable.
a PHI refers to patients in the primary HIV infection stage (b3months since the estimated infe

first year of infection (ANRS-SEROCO cohort). Rapid and slower progressors groups are defined
b Obtained from Fisher's exact or Wilcoxon rank-sum tests.
(median estimated time between infection and enrolment: 6.2
[1.3–11.9] months) (called later “progression cohort”) [23]. The charac-
teristics of the 171 study patients are presented in Table 1. As expected,
the PHI patients had higher HIV RNA loads (p b 0.001) (see also Supple-
mentary Fig. 1) and lower CD4+ T-cell counts than did those from the
progression cohort (p = 0.036).

Among the progression cohort, the following two groups could be
defined regarding subsequent evolution during follow-up: individuals
who developed AIDS (rapid progressors, n = 34) and those who had
not developed AIDS by 1996 (slower progressors, n=63) (Table 1). No-
tably the follow-up time was significantly longer for the slower
progressors group. Hence, AIDS occurrence in rapid progressors was
not due to a longer follow-up time.

3.2. Low percentage of integrated forms in PHI, followed by an increase in
the first year post infection

We quantified the amounts of total HIV DNA and integrated HIV
DNA in the samples taken at inclusion from all 171 patients. The results
were combined to describe the profiles of both markers over the first
year following infection (Fig. 1a). Loess curves showed a low level of
integrated HIV DNA during PHI, which reached higher levels later in
the first year following infection, while the level of total HIV DNA was
high during PHI and decreased thereafter. Both markers reached a
steadier state after 90 days post infection. The percentage of integrated
HIV DNA among total HIV DNA was low for patients in the first 90 days
after infection (median: 12%), while it became much higher between 3
and 12months after infection (median: 65%). Accordingly, even though
this percentage varied from 0.1 to 100% regardless of the delay between
infection and enrolment, the number of patients with a high percentage
of integrated HIV DNA increased with increasing time since infection
(Fig. 1b).

The median total HIV DNA level in PHI patients was 3.59 log10 cop-
ies/106 PBMCs [range: 2.11–5.61 log10], which was significantly higher
than that in the 97 progression cohort patients (3.22 [2.14–4.30] log10
(p=0.008) and 2.96 [1.30–4.00] log10 (p b 0.001) for rapid and slower
ogression cohorta p Valueb Among the progression cohort

Rapid progressors Slower progressors p Valueb

34 63

1.4%)
0.040 29

(36.7%)
50
(63.3%)

0.589

7.9%)
b0.001 34

(100.0%)
61
(96.8%)

0.540

6–36)
b0.001 31

(26–37)
30
(26–36)

0.530

0.7%)
0.117 32

(94.1%)
56
(88.9%)

0.487

2
.2–8.5)

b0.001 7.1
(4.4–9.5)

6.0
(4.2–8.3)

0.415

na 4.5
(3.5–6.0)

5.8
(4.6–6.3)

0.008

1
90–666)

0.036 481
(343–608)

544
(429–706)

0.124

6
39–1157)

0.177 927
(632–1157)

832
(650–1144)

0.972

57
.44–0.87)

0.999 0.52
(0.41–0.77)

0.65
(0.45–0.88)

0.308

16
.59–4.52)

b0.001 4.37
(3.96–4.67)

3.98
(3.47–4.39)

0.002

10
.73–3.46)

b0.001 3.22
(3.01–3.59)

2.96
(2.63–3.38)

0.008

90
.17–3.40)

0.003 3.32
(2.97–3.66)

2.53
(1.52–3.07)

b0.001

ction date, ANRS-PRIMO cohort), while patients from the progression cohortwere in their
according to their subsequent progression to clinical AIDS.
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Fig. 1. Total HIV DNA and integrated HIV DNA loads in the first year following infection. (a) Distributionwith Loess regression of total HIV DNA (filled circles and solid line) and integrated
HIV DNA (open circles and dotted line) according to the estimated time since infection (171 patients, one time point per patient at their inclusion in the ANRS-PRIMO cohort (PHI) or the
ANRS-SEROCO cohort (progression cohort, divided into rapid and slower progressors)). (b) Repartition of integrated among total HIV DNA percentages according to the time since
infection. These percentages were divided into four categories defined by the quartile values obtained for the 171 patients (light blue to purple, with Q1 = 2%, Q2 = 28%, Q3 = 85%).
Patients were classified into five groups defined by the time since infection (in days). The bar chart represents the percentage of patients belonging to each category of integrated/total
HIV DNA percentage.
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Fig. 2. Baseline HIV DNA levels during primary infection and recent seroconversion, according to further progression to clinical AIDS. Scatter dot plots display (a) total HIV DNA and
(b) integrated HIV DNA loads for patients in the primary infection phase (PHI, ANRS-PRIMO cohort, b3 months since the estimated time of infection) and for the rapid progressors and
slower progressors groups among the progression cohort (ANRS-SEROCO cohort, b1 year since infection). The bars represent median and interquartile range values.
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progressors, respectively) (Table 1, Fig. 2a). Conversely, the median
integrated HIV DNA levels in PHI patients (2.15 [0.48–4.10] log10
copies/106 PBMCs) and slower progressors (2.53 [0.30–3.96] log10)
did not significantly differ from each other (p=0.314) but were signif-
icantly lower than those in rapid progressors (3.32 [0.60–4.11] log10)
(p b 0.001) (Table 1, Fig. 2b). Among patients from the progression
cohort, both total HIV DNA and integrated HIV DNA levels were signifi-
cantly higher in rapid progressors than in slower progressors (Table 1).
Notably, themedian percentage of integrated among total HIV DNAwas
100% for rapid progressors, while it was 44% for slower progressors,
indicating that integrated HIV DNA already represented the major
form of HIV DNA in the rapid progressors group.

Overall total HIV DNA levels were significantly correlated with the
integrated HIV DNA (Supplementary Fig. 2) and plasma HIV RNA levels
(Supplementary Fig. 3). Interestingly, for PHI patients, the HIV RNA load
showed the strongest correlation with the unintegrated HIV DNA level,
a marker of ongoing viral replication, while for patients from the pro-
gression cohort at the inclusion time (both rapid and slower
progressors), the HIV RNA load was more strongly correlated with the
integrated HIV DNA level than with the level of unintegrated forms
(Supplementary Fig. 4–5).

3.3. Increase in total HIV DNA and integrated HIVDNA loads during years of
untreated infection

Among the 97 HIV-infected individuals from the progression cohort,
the median time between the first and the last sample was 4.5 years
(range: [1.5–7.7]) or 5.8 years [2.9–8.1] for rapid progressors or slower
progressors, respectively. HIV DNA kinetics were studied based on a
total of 340 samples, with a median of four frozen cell samples per
patient (range: [2–6]). Total HIV DNA levels significantly increased
over time (p b 0.001), showing a + 0.627 log10 (+5371 copies/106

PBMCs) increase in rapid progressors and a + 0.574 log10 (+2508
copies/106 PBMCs) increase in slower progressors over six years
(Fig. 3a); the increases were similar in the two groups (p=0.740). The
integrated HIV DNA level also significantly increased over the same six-
year period, exhibiting similar increases (p=0.300) in rapid progressors
(+0.538 log10 (+5122 copies/106 PBMCs), p = 0.008) and slower
progressors (+0.796 log10 (+1779 copies/106 PBMCs), p b 0.001)
(Fig. 3b). Over time, slower progressors maintained lower levels of
both total HIV DNA and integrated HIV DNA than rapid progressors,
while the percentage of integrated forms tended to increase only in
slower progressors (p = 0.056). During the same six-year period, CD4
+ T-cell counts decreased in both groups (p b 0.001), with a steeper de-
cline in rapid progressors than in slower progressors (−427 and− 222
CD4+ T-cells/mm3respectively, p=0.002) (Supplementary Fig. 6).

Twenty-four patients among the rapid progressors had an available
sample from the 12 months before clinical AIDS occurrence or at the
AIDS stage. The median total HIV DNA and integrated HIV DNA loads
were 3.64 log10 (IQR [3.42–3.98]) and 3.69 log10 [3.31–3.97], respec-
tively. The median percentage of integrated forms was 100% (IQR
[82.3–100]).

3.4. High predictive value of the integrated HIV DNA load for evolution to-
wards clinical AIDS

Given the observed differences in the viral parameters at inclusion
between the rapid and slower progressors groups, we evaluated their
predictive value for evolution towards AIDS. The CD4+ T-cell counts
at inclusion were similar between the two groups (p = 0.124)
(Table 1) and were not included in the models. Univariate Cox models
showed that a one-log increase in the amount of total HIV DNA, inte-
grated HIV DNA, or HIV RNA at the baselinewas significantly associated
with a 2.48- to 3.12-fold increase in the risk of developing AIDS
(Table 2). Since the amounts of total HIV DNA and integrated HIV DNA
were strongly linked, two separate multivariate Cox models were ap-
plied, with adjustment for sex, age and HIV RNA level at enrolment. In
the model including total HIV DNA, a higher HIV RNA load was associ-
ated with an increased risk of progression to AIDS (adjusted risk ratio
for a one-log positive difference (aRR) = 2.02, p = 0.044) (Table 2).
In the second multivariate model, only the integrated HIV DNA load
was strongly associated with the risk of progression (aRR = 2.63, p =
0.002) (Table 2).

4. Discussion

The presence of long-lived infected cells that are not targeted by
cART currently prevents viral eradication and cure. Understanding HIV
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Table 2
Factors associated with the evolution towards clinical AIDS according to baseline levels of total HIV DNA and integrated HIV DNA in univariate and multivariate analyses.

Univariate analysis Multivariate analysis including
total HIV DNA

Multivariate analysis including
integrated HIV DNA

RR 95% CI p Value aRR 95% CI p Value aRR 95% CI p Value

Sex Male 1 1 1
Female 0.50

[0.19–1.32]
0.161 1.00

[0.34–2.99]
0.995 1.09

[0.38–3.14]
0.870

Age at inclusion a 1.02
[0.98–1.06]

0.249 1.01
[0.97–1.05]

0.737 0.70
[0.97–1.05]

0.699

log10 HIV RNA (copies/mL)b 2.48
[1.45–4.23]

0.001 2.02
[1.02–4.00]

0.044 1.42
[0.74–2.73]

0.290

log10 total HIV DNA (copies/106 PBMCs)b 2.55
[1.24–5.22]

0.011 1.47
[0.61–3.54]

0.392

log10 integrated HIV DNA (copies/106 PBMCs)b 3.12
[1.78–5.46]

0.000 2.63
[1.41–4.91]

0.002

a For a one-year positive difference.
b For a one-log positive difference
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pathogenesis by generating new insights into the dynamics of the HIV
DNA components during infection is critical for conceiving of therapeu-
tic strategies targeting these reservoirs.

This was the first large study to quantify both total HIV DNA and in-
tegrated HIV DNA, which is the main persistent form of HIV [25,26], in
samples collected during PHI, chronic infection, and at various time
points until the AIDS stage, which was made possible by two large
French cohorts. The ANRS-SEROCO cohort is one of the rare large histor-
ical cohorts that included patients in the 1990s who, at that time,
remained largely untreated during their follow-up and who had avail-
able longitudinal frozen cell samples.

One of the objectives of this study was to explore the link between
the amount of stable proviruses and the risk of HIV disease progression,
with the hypothesis that unstable unintegrated formsmay have a lesser
impact on long-term evolution. From the time of recent seroconversion,
the amount of total HIV DNAwas higher in rapidly progressing patients
than in slower progressors, which agreed with its known predictive
value for HIV disease progression [10,27]. Here, we report for the first
time the predictive value of the amount of integrated HIV DNA, which
appeared to be even more strongly predictive of the risk of developing
clinical AIDS. Integrated HIV DNA is probably mostly responsible for
the predictive value of total HIV DNA observed in previous studies,
since this stable form of HIV persistence drives the course of infection
[2,5]. IntegratedHIV DNA is indeed themajor source of the viral replica-
tion and the HIV RNA level reflects the proportion of cells containing
this HIV stable form. Yet, the pathogenic impact of integrated HIV
DNA is not only through the viral replication since its predictive value
is independent of the HIV RNA level. Another potential means to drive
the pathogenesis could be the production of transcripts and antigens
from defective integrated genomes, which do not result in HIV RNA vi-
remia, but contribute to the immune activation, as previously described
[28]. The concomitant study of total HIV DNA and integrated HIV DNA
showed that the percentage of integrated forms is highly informative.
Indeed, this percentage was already high in rapid progressors at a
time point within 12 months from seroconversion and remained high
during disease progression, confirming that early events determine
the profile of a “rapid progressor” or “slower progressor”. Total HIV
DNA being strongly predictive of progression towards AIDS in PHI
[29], the few PHI patients with a high proportion of integrated forms
might be at a particularly high risk of becoming rapid progressors.

These data are in linewith the very low levels of integratedHIV DNA
observed in the unique group of elite suppressors compared to patients
under efficient cART with similar total HIV DNA levels [30]. The low
Fig. 3. Increase in total HIV DNA and integrated HIV DNA over six years of untreated infection. (
years for rapid progressors (n = 34, 111 samples) and slower progressors (n = 63, 229 samp
progressors (107 samples) and slower progressors (207 samples). Samples obtained after s
results at each time point.
levels of integrated HIV DNA may be the consequence of more efficient
specific cytotoxic T-lymphocyte (CTL) responses. CTLs could have pref-
erentially destroyed cells harbouring integrated viral DNA, in which the
viral transcription and translation into proteins is more efficient, even-
tually leading to the maintenance of lower proportions of integrated
forms [31]. Rapid progressors may have less efficient CTL responses
and therefore maintain higher levels of integrated HIV DNA.

Studies examining totalHIVDNAhave shown that the establishment
of reservoirs is a very early event in PHI [32]. Although integrated HIV
DNA is included in total HIV DNA, concomitant study of these two
markers showed that they exhibit very different kinetics in the first
year of infection, where the first three months after infection stand
apart from the following months and years. Integrated HIV DNA levels
were found to be low for most patients during PHI, while total HIV
DNA levels were particularly high at that time, which was consistent
with previous data showing a peak during this stage [29,32]. We ob-
served a slight short decrease in integrated HIV DNA levels after the
firstweeks of infection (Fiebig III-IV),which is in agreementwith the re-
sults previously reported for 19 untreated PHI patients from whom
samples were collected during earlier stages (17 at Fiebig I-II stages),
which showed a peak of integrated HIV DNA in week 2 and a decrease
until week 6 after enrolment [18]. Ananworanich's work presented
some results describing the evolution of total HIV DNA and integrated
HIV DNA for ten patients during 144weeks [18]. However, only theme-
dian results were presented for these two biomarkers and the propor-
tions of stable forms among total HIV DNA and their evolution over
time were not detailed for the different individuals. Thanks to a far
greater number of patients and longer follow-up time, we showed
here a more extensive increase of the proportion of integrated forms
than in this previous work. With techniques allowing the comparison
between the levels of total HIV DNA and integrated HIV DNA, we
show the benefit of studying the percentage of integrated forms, their
heterogeneity between patients and their impact on the outcome of un-
treated HIV infection. Although several PHI patients had undetectable
integrated HIV DNA levels, the technique used here has a low quantifi-
cation threshold and we are confident these results reflect truly low
levels of integrated forms. The longer follow-up time also allowed us
to highlight the progressive increase of total HIV DNA, which was not
significant in previous shorter studies.

Taking all these results into account, we propose a model for the
evolution of HIV DNA forms in blood during the natural history of HIV
infection (Fig. 4a). During PHI, the labile linear and episomal HIV DNA
forms are particularly abundant and mostly constitute evidence of
a) Mixed-effect linear models (MELMs) describing the evolution of total HIV DNA over six
les). (b) MELMs describing the evolution of integrated HIV DNA over six years for rapid
ix years of follow-up were not considered for inclusion in the MELMs to have enough



462 P. Trémeaux et al. / EBioMedicine 41 (2019) 455–464
active replication in recently infected activated cells [17]. This obser-
vation might be explained by the simultaneous cytokine storm and
high immune activation detected at this stage. Later during the first
year following infection, while the infection is evolving towards a
steady state, integrated HIV DNA becomes the major component of
the total HIV DNA in most patients. Both HIV DNA markers continue
to increase over the subsequent years of follow-up (Fig. 4a). The ex-
pansion of HIV reservoirs can be linked to several factors: the infection
of new cells due to continuous viral replication, the persistence of
long-lived infected cells, and the proliferation of infected cells
[33–35]. The last two factors might explain the increasing contribution
of integrated HIV DNA forms, which are transmitted from a mother
Fig. 4. Proposed models for the dynamics of the different HIV DNA forms in blood reservoirs. H
(a) Model for HIV DNA dynamics during the natural history of infection. During early PHI, total
much lower peak; the majority of HIV DNA is composed of unintegrated forms at that time [18
reaching a more stable state. During chronic infection, both HIV blood biomarkers progressiv
dynamics under treatment, depending on the timing of cART initiation. Efficient treatment init
Unintegrated HIV DNA forms, resulting from viral replication, are eliminated because of their
result of cART. In contrast, stable integrated HIV DNA can persist for a longer time. Thus,
pronounced and extended decrease of total HIV DNA than cART initiation during the chronic
Efficient treatment initiation stops the evolution of CD4+ T-cell subsets contributions to H
during PHI [38,40], while long-lived cells are the major contributor to HIV DNA when cART i
decrease in total HIV DNA after several years of treatment when cART is initiated early.
cell to all daughter cells, while unintegrated forms are diluted during
cell division.

At the AIDS stage, integrated forms represented the vast majority of
HIV DNA in almost all patients, which demonstrates that during this
profound immunodeficiency, the presence of stable reservoirs is defi-
nitely unaffected by cART.

The models in Fig. 4, depicting the evolution of the different viral
forms over time, propose an explanation for why very early treatment
is highly beneficial. Such early treatment has been proven to bemore ef-
fective in reducing total HIVDNA levels and restoring immune functions
[11,12,36,37]. The rapid and steep initial decline of total HIV DNA
(Fig. 4b) could be explained mainly by the elimination of the labile
IV DNA loads are represented in log10 copies/106 PBMC. Note the breaks in the time axes.
HIV DNA levels rise rapidly to reach a peak. Integrated HIV DNA shows a concomitant but
]. Both total HIV DNA and integrated HIV DNA display a slight decrease thereafter, before
ely increase, and the proportion of integrated forms increases. (b, c) Models of HIV DNA
iation stops or significantly decreases viral replication and the infection of new cells [43].
lability or cell death, or they are diluted during cell division, without new production as a
cART initiation at PHI (b), when the integrated HIV DNA level is low, induces a more
stage, when the predominance of stable integrated forms is already higher (c) [11,12].

IV reservoirs; they remain mainly composed of short-lived cells when cART is initiated
s initiated during chronic infection [35,40]. This difference might explain the continued
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unintegrated forms. Early cART initiation can also limit the establish-
ment of persistent integrated HIV DNA forms and prevent the progres-
sive increase of blood reservoirs observed in the natural history of the
infection. Moreover, previous studies have shown that HIV-infected
blood cells during PHI aremostly short-lived T-cells [38],which is an ad-
ditional factor contributing to reservoir instability during this stage.
Treating HIV-infected individuals as soon as the PHI stage allows partial
preservation of the most long-lived memory T-cells from infection and
the maintenance of a predominant contribution of the short-lived
ones [36–40]. The slower but continued decrease in total HIV DNA at
later times following cART initiation might be explained by the death
of these short-lived infected cells [11,12]. In contrast, in patients treated
during the chronic stage (Fig. 4c), total HIV DNA decreases only shortly
after cART initiation, due to the elimination of infected activated cells
[41]. Integrated HIV DNA, which is highly predominant in latently
infected cells, persists at high levels thereafter. Long-lived highly prolif-
erative central-memory T-cells have been shown to be the main con-
tributors to HIV blood reservoirs during the chronic stage and in
patients treated since the chronic stage, contributing tomore stable res-
ervoirs [35,40]. Taken together, these results suggest that during PHI,
the existing reservoirs, which are mainly composed of short-lived cells
infected with unstable viral forms, are easily eliminated through the
early initiation of cART. In contrast, in the chronic phase, the blood res-
ervoirs are mainly composed of stable proviruses in long-lived quies-
cent cells and are unaffected by cART. This could explain the greater
impact of treatmentwhen initiated during PHI compared to the chronic
phase,which is an additional reason for recommending the treatment of
all HIV-infected individuals, including the initiation of treatment as soon
as possible in those diagnosed during PHI.

We acknowledge that in the present study we quantified total and
integrated HIV DNA on PBMC and not CD4+ T cells. Nevertheless, in a
previous study on patients from the same ANRS-SEROCO cohort, we
showed a high correlation of total HIV DNA levels expressed either by
copies/106 PBMC, or copies/106 CD4+ T-cells or copies/mL of whole
blood [42]. The predictive value level on disease progressionwas similar
whatever the expression of the total HIV DNA load. Besides, we only
investigated blood reservoirs. Despite the continuous circulation of lym-
phocytes between the blood and tissues, the dynamics of integratedHIV
DNA and total HIV DNA in infected CD4+ T-cell subsets and their rela-
tive contributions could differ in lymphoid tissues because of different
inflammation and cellular activation levels, which should therefore
also be explored.

In conclusion, we used two large cohorts of untreated HIV-infected
individuals to describe the evolution of total and integrated HIV DNA
loads and their association with disease evolution. We showed that in-
tegrated forms constitute a minority of the HIV DNA present during
PHI and progressively become predominant over time. However, pa-
tients with high levels of integrated HIV DNA shortly after infection
are at a higher risk of rapid progression towards AIDS, indicating that
the rapidity of progression is determined soon after infection. These re-
sults highlight that PHI is a key period, and they contribute to the under-
standing of why cART initiation during this time is most effective in
decreasing the HIV DNA burden, thereby protecting immune cells
from infection. Concomitant analysis of total HIV DNA and integrated
HIV DNA loads contributes to the understanding of HIV persistence
and pathogenesis. Studying both markers may help to identify HIV-
infected individualswhowill be the best candidates for new therapeutic
strategies targeting HIV, including cure and/or remission strategies.
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