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Abstract

Background: In the current context of research on HIV resesjadffering new insights into
the persistence of HIV DNA in infected cells, whiphevents viral eradication, may aid in
identifying cure strategies. This study aimed tealibe the establishment of stable integrated
forms among total HIV DNA during primary infectiqPHI) and their dynamics during the
natural history of infection.

Methods. Total and integrated HIV DNA were quantified ilodd from 74 PHI patients and
97 recent seroconverters (<12 months following dtié®, “progression cohort”). The
evolution of both markers over six years were miede(mixed-effect linear models). Their
predictive values for disease progression werdetu@ox models).

Findings. For most patients during PHI, stable integrataths were a minority among total
HIV DNA (median: 12%) and became predominant thiteegmedian at AIDS stage: 100%).
Both total and integrated HIV DNA increased ovesig-year period. Patients from the
progression cohort who reached clinical AIDS duriioiipw-up (n=34) exhibited higher total
and integrated HIV DNA levels at seroconversion aridgher percentage of integrated forms
than did slower progressors (n=63) (median: 188%4%). The integrated HIV-DNA load
was strongly associated with the risk of develoghiDS (aRR=2-63p=0-002).

Interpretation . The profile of “rapid” or “slower” progression itme natural history of HIV
infection appears to be determined early in thersmuwf HIV infection. The strong
predominance of unstable unintegrated forms in Ridly explain the great benefit of this
early treatment, which induces a sharp decreasgahHIV DNA.

Funding. French National Agency for Research on AIDS amdl\Hepatitis.
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Introduction

Combined antiretroviral therapy (CART) has comséitl major progress in the treatment of
HIV infection and current recommendations are &atirall HIV-infected persons, regardless
of the stage of infection. Although cART can efficily block HIV replication, it cannot

completely eliminate the virus from its reservolrsparticular, infected resting CD4+ T-cells
containing latent integrated HIV proviruses argaetiory to current CART and represent a
major hurdle preventing viral eradicatior’. Understanding the pathogenesis of HIV
reservoirs is critical for developing and evalugtimew therapeutic strategies aimed at viral

eradication or functional cure.

Integrated HIV DNA is the most stable and functioftam of the viral genome. It plays a
major role in the pathogenesis of HIV infection &ty reservoirs, even if it includes both
replication-competent and defective genorfigsCells containing integrated HIV DNA can

produce new infectious virions upon stimulation aackivation °”.

Proviruses persist
indefinitely, partly due to the homeostatic pral#gon of memory T-cells. In contrast,
unintegrated forms, which include linear and epigsbMIV DNA with 1- or 2-LTRs, are
considered more labile and are surrogate markersaifreplication®®.

Total HIV DNA levels in peripheral blood mononudezells (PBMCs) have been described
during both the natural history of HIV infectiondanART *°. It remains partially unexplained
why the decrease in this surrogate marker of teerveir is greater and faster when treatment
is initiated during primary HIV infection (PHI) thaduring the chronic stagé™® As for
integrated HIV DNA, it has been mostly studied atients on cART** Only a few studies

have measured integrated HIV DNA in untreated p#&tiemost of which include fewer than

20 patients****8 | ongitudinal data are even more scarce for bairkers: only one study to
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our knowledge has a follow-up of patients duringrested infection (17 patients during the
first year, among which 10 still followed after 2y8ars)*®. Moreover, some techniques do
not allow a comparison between the amounts of tnal integrated HIV DNA because of
differences in assay standardizatidmnd the long-term dynamics of integrated forms rmgno
total HIV DNA have never been described. Besidkgravious results showed a great inter-
individual variability of total and integrated HIDNA 410172021 anhancing the need for

studies on large cohorts.

To better understand the establishment and maimtenaf the HIV reservoir in the blood, the
objectives of this work were i) to describe the tcidwution of integrated forms to total HIV

DNA in untreated patients at different stages fi®Hl to chronic infection and ii) to evaluate
the predictive value of these biomarkers at theetiof seroconversion with respect to

evolution towards clinical AIDS.

Materials and Methods

Study population

Patients with a known or estimated date of infecfiomm two ANRS French cohorts were
selected. The ANRS-PRIMO cohort was approved bylltrde-France-3 Ethics Committee
(CPP-1157). All patients from both cohorts gavettem informed consent.

The ongoing ANRS-PRIMO CO6 cohort enrols patienessenting with PHI, as previously
described*?% All patients are treatment-naive at inclusiontiées enrolled between June
2015 and April 2016 with available frozen PBMCs gtas from the time of their inclusion

were selected for this study.
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In the ANRS-SEROCO CO2 cohort, initiated in 1988cently diagnosed HIV-infected
individuals who were free of AIDS-related diseaaeénclusion were enrollef. Follow-up
was scheduled every six months until 2009. Patiemse selected within this cohort
according to the following criteria: enrolment with12 months following infection, no
efficient CART received before inclusion and durthg study until 1996, and having at least
two frozen PBMCs samples available.

In both cohorts, the infection date was definedhesdate of the incomplete Western blot
minus one month, or the date of a primary symptamafection minus 15 days, or the

midpoint between a negative and a positive HIViady test.

Quantification of total HIV DNA and integrated HIV DNA and determination of
unintegrated HIV DNA

Total HIV DNA and integrated HIV DNA were quantifien all PBMCs samples. Total DNA
was extracted with the QIAamp DNA Blood Mini Kit {@en, France) according to the
manufacturer’s instructions.

First, total HIV DNA was quantified by real-time RGvith the Generic HIV DNA CELL kit
(Biocentric, France), employing the 8ES5 line asdtendard. Based on a previously reported
technique?®, we developed a nestatu-LTR PCR assay to quantify the integrated HIV DNA
from the same extracts as total HIV DNA, using HHetaR7Neo cell-line as the standard with
improved sensitivity and reproducibility (Supplertaay Text 1). The quantification threshold
varied depending on the number of available celised (threshold range [5-97] copie§/10
PBMCs (0-70-1-97 lag). The equivalence of HIV DNA copies between Heldlro and
8ES5 standards was verified, allowing the deternmmadf the percentage of integrated forms
among total HIV DNA. Unintegrated HIV DNA levels weecalculated by the difference in

the number of copies between total and integrati®iNA.
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Statistical analyses

Statistical analyses were performed using Statavacé (v14.2, StataCorp, USA) and Prism
software (v7, GraphPad, USA). Continuous variablese compared between groups by
using Wilcoxon tests and qualitative variables wisher's exact tests. Spearman’s
correlation coefficient was employed to quantifye tltorrelations between continuous
variables. Cox models were used to determine thdigtive values of HIV DNA levels for
clinical AIDS onset. Mixed-effect linear models (MKs) were employed to estimate
changes in total HIV DNA and integrated HIV DNA ovéme, considering the value at
enrolment as time t=0 for each patient. Logarithtransformation of HIV RNA and HIV
DNA levels was performed to fulfil the model assuimips. Integrated HIV DNA levels were
set to half of the threshold when undetectable.eValuate the robustness of our results,
additional analyses were performed, setting theesbf undetectable integrated HIV DNA
levels to the threshold value, to zero, or to ageaof randomized values between 1 and the
threshold. All these analyses produced resultslainm those obtained when the values of
undetectable integrated HIV DNA levels were sehadf the threshold valud? values<0-05

were considered significant.

Results

Patient characteristics
Seventy-four patients who presented during PHI (SNFRIMO cohort®® were included,
with a median [range] estimated time since infectd 1-2 [0-4-2-4] months (Fiebig II-lll,

n=12; Fiebig IV, n=7; Fiebig V, n=35; Fiebig VI, 88). Ninety-seven recent seroconverters
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from the historical ANRS-SEROCO cohort were inclddenedian estimated time between
infection and enrolment: 6-2 [1-3-11-9] months)lédalater “progression cohort3d>. The
characteristics of the 171 study patients are ptedein Table 1. As expected, the PHI
patients had higher HIV RNA loadp<0-001) (see also Supplementary Figure 1) and lower

CDA4+ T-cell counts than did those from the progmssohort p=0-036).

Among the progression cohort, the following two ypse could be defined regarding
subsequent evolution during follow-up: individuatko developed AIDS (rapid progressors,
n=34) and those who had not developed AIDS by I8Rfver progressors, n=63) (Table 1).
Notably the follow-up time was significantly longknr the slower progressors group. Hence,

AIDS occurrence in rapid progressors was not dweltmger follow-up time.

Low percentage of integrated forms in PHI, followedoy an increase in the first year post
infection

We quantified the amounts of total HIV DNA and mtated HIV DNA in the samples taken
at inclusion from all 171 patients. The results @aveombined to describe the profiles of both
markers over the first year following infection gbre 1a). Loess curves showed a low level
of integrated HIV DNA during PHI, which reached hey levels later in the first year
following infection, while the level of total HIV BNA was high during PHI and decreased
thereafter. Both markers reached a steadier stime%® days post infection. The percentage
of integrated HIV DNA among total HIV DNA was lowif patients in the first 90 days after
infection (median: 12%), while it became much higlhetween 3 and 12 months after
infection (median: 65%). Accordingly, even thougistpercentage varied from 0-1 to 100%
regardless of the delay between infection and erent, the number of patients with a high

percentage of integrated HIV DNA increased withréasing time since infection (Figure 1b).
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The median total HIV DNA level in PHI patients was59 log, copies/16 PBMCs [range:
2-11-5-61 log), which was significantly higher than that in tl®& progression cohort
patients (3-22 [2-14-4-30] lagp=0-008) and 2-96 [1-30-4-00] iggp<0-001) for rapid and
slower progressors, respectively) (Table 1, Fiddae Conversely, the median integrated HIV
DNA levels in PHI patients (2-15 [0-48-4-10] {egcopies/1® PBMCs) and slower
progressors (2-53 [0-30-3-96] {gagdid not significantly differ from each othgr<0-314) but
were significantly lower than those in rapid pragars (3-32 [0-60-4-11] gy (p<0-001)
(Table 1, Figure 2b). Among patients from the pesgron cohort, both total HIV DNA and
integrated HIV DNA levels were significantly higher rapid progressors than in slower
progressors (Table 1). Notably, the median pergentd integrated among total HIV DNA
was 100% for rapid progressors, while it was 44%dlower progressors, indicating that
integrated HIV DNA already represented the majormfoof HIV DNA in the rapid

progressors group.

Overall total HIV DNA levels were significantly amlated with the integrated HIV DNA
(Supplementary Figure 2) and plasma HIV RNA levéBupplementary Figure 3).
Interestingly, for PHI patients, the HIV RNA loalasved the strongest correlation with the
unintegrated HIV DNA level, a marker of ongoingalireplication, while for patients from
the progression cohort at the inclusion time (b@pid and slower progressors), the HIV
RNA load was more strongly correlated with the gnéded HIV DNA level than with the

level of unintegrated forms (Supplementary Figufs) 4

10
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Increase in total HIV DNA and integrated HIV DNA loads during years of untreated
infection

Among the 97 HIV-infected individuals from the pregsion cohort, the median time
between the first and the last sample was 4-5 Yeange: [1-5-7-7]) or 5-8 years [2-9-8-1]
for rapid progressors or slower progressors, reés@de. HIV DNA kinetics were studied
based on a total of 340 samples, with a mediaowffrozen cell samples per patient (range:
[2-6]). Total HIV DNA levels significantly increadeover time §p<0-001), showing a +0-627
logro (+5371 copies/TOPBMCSs) increase in rapid progressors and a +0l6g4 (+2508
copies/16 PBMCs) increase in slower progressors over sixsyé@igure 3a); the increases
were similar in the two group®<£0-740). The integrated HIV DNA level also sigraifidly
increased over the same six-year period, exhibismgilar increasespgO-300) in rapid
progressors (+0-538 lgg(+5122 copies/10PBMCs), p=0-008) and slower progressors
(+0-796 logy (+1779 copies/10 PBMCs),p<0-001) (Figure 3b). Over time, slower
progressors maintained lower levels of both totAf BNA and integrated HIV DNA than
rapid progressors, while the percentage of integr&irms tended to increase only in slower
progressorsp=0-056). During the same six-year period, CD4+ IT-ceunts decreased in
both groupsg<0-001), with a steeper decline in rapid progrestuan in slower progressors

(-427 and -222 CD4+ T-cells/mnespectivelyp=0-002) (Supplementary Figure 6).

Twenty-four patients among the rapid progressorsd &a available sample from the 12
months before clinical AIDS occurrence or at thé8Istage. The median total HIV DNA
and integrated HIV DNA loads were 3-64 1pg QR [3-42-3-98]) and 3-69 lag3-31-3-97],

respectively. The median percentage of integradads was 100% (IQR [82-3-100]).

11
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High predictive value of the integrated HIV DNA load for evolution towards clinical
AIDS

Given the observed differences in the viral paramsetit inclusion between the rapid and
slower progressors groups, we evaluated their gtiedivalue for evolution towards AIDS.
The CD4+ T-cell counts at inclusion were similatvibeen the two group$£0-124) (Table
1) and were not included in the models. Univari@ax models showed that a one-log
increase in the amount of total HIV DNA, integratéty/ DNA, or HIV RNA at the baseline
was significantly associated with a 2-48- to 3-dl#-increase in the risk of developing AIDS
(Table 2). Since the amounts of total HIV DNA amdegrated HIV DNA were strongly
linked, two separate multivariate Cox models warpliad, with adjustment for sex, age and
HIV RNA level at enrolment. In the model includitagal HIV DNA, a higher HIV RNA load
was associated with an increased risk of progregsi@®IDS (adjusted risk ratio for a one-log
positive difference (aRR)=2-0p=0-044) (Table 2). In the second multivariate mpdaly
the integrated HIV DNA load was strongly associatdtth the risk of progression (aRR=2-63,

p=0-002) (Table 2).

Discussion

The presence of long-lived infected cells that aoé targeted by cART currently prevents
viral eradication and cure. Understanding HIV patesis by generating new insights into
the dynamics of the HIV DNA components during iri@e is critical for conceiving of

therapeutic strategies targeting these reservoirs.

12
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This was the first large study to quantify bothatatllV DNA and integrated HIV DNA,
which is the main persistent form of HI¥??® in samples collected during PHI, chronic
infection, and at various time points until the ABtage, which was made possible by two
large French cohorts. The ANRS-SEROCO cohort isairthe rare large historical cohorts

that included patients in the 1990s who, at thmaetiremained largely untreated during their

follow-up and who had available longitudinal frozeeil samples.

One of the objectives of this study was to explire link between the amount of stable
proviruses and the risk of HIV disease progressmwith the hypothesis that unstable
unintegrated forms may have a lesser impact onterrg evolution. From the time of recent
seroconversion, the amount of total HIV DNA washagin rapidly progressing patients than
in slower progressors, which agreed with its knopredictive value for HIV disease
progression'®?’. Here, we report for the first time the predictivalue of the amount of
integrated HIV DNA, which appeared to be even mswrengly predictive of the risk of
developing clinical AIDS. Integrated HIV DNA is fdvably mostly responsible for the
predictive value of total HIV DNA observed in preus studies, since this stable form of HIV
persistence drives the course of infectidnintegrated HIV DNA is indeed the major source
of the viral replication and the HIV RNA level refits the proportion of cells containing this
HIV stable form. Yet, the pathogenic impact of greged HIV DNA is not only through the
viral replication since its predictive value is @pendent of the HIV RNA level. Another
potential means to drive the pathogenesis coulth&groduction of transcripts and antigens
from defective integrated genomes, which do natltes HIV RNA viremia, but contribute
to the immune activation, as previously descriBedThe concomitant study of total HIV
DNA and integrated HIV DNA showed that the percgetaf integrated forms is highly

informative. Indeed, this percentage was already n rapid progressors at a time point

13
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within 12 months from seroconversion and remainégh hduring disease progression,
confirming that early events determine the profie a “rapid progressor” or “slower
progressor”. Total HIV DNA being strongly prediatiof progression towards AIDS in PH]
the few PHI patients with a high proportion of grtated forms might be at a particularly high
risk of becoming rapid progressors.

These data are in line with the very low levelsnbégrated HIV DNA observed in the unique
group of elite suppressors compared to patientgruefficient CART with similar total HIV
DNA levels *°. The low levels of integrated HIV DNA may be thensequence of more
efficient specific cytotoxic T-lymphocyte (CTL) nesnses. CTLs could have preferentially
destroyed cells harbouring integrated viral DNA, which the viral transcription and
translation into proteins is more efficient, eveilyl leading to the maintenance of lower
proportions of integrated fornts. Rapid pogressors may have less efficient CTL responses

and therefore maintain higher levels of integratéd DNA.

Studies examining total HIV DNA have shown that #dstablishment of reservoirs is a very
early event in PHI*2 Although integrated HIV DNA is included in tot&lV DNA,
concomitant study of these two markers showedthet exhibit very different kinetics in the
first year of infection, where the first three miasitafter infection stand apart from the
following months and yearsintegrated HIV DNA levels were found to be low folosh
patients during PHI, while total HIV DNA levels veeparticularly high at that time, which
was consistent with previous data showing a pealaglthis stagé®** We observed a slight
short decrease in integrated HIV DNA levels after first weeks of infection (Fiebig I11-1V),
which is in agreement with the results previousiyarted for 19 untreated PHI patients from
whom samples were collected during earlier statjésaf Fiebig I-1l stages), which showed a

peak of integrated HIV DNA in week 2 and a decreastl week 6 after enrolmen®.
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Ananworanich’s work presented some results desgithe evolution of total HIV DNA and
integrated HIV DNA for ten patients during 144 weék However, only the median results
were presented for these two biomarkers and thaoptions of stable forms among total HIV
DNA and their evolution over time were not detaifedthe different individuals. Thanks to a
far greater number of patients and longer followtinpe, we showed here a more extensive
increase of the proportion of integrated forms thanhis previous work. With techniques
allowing the comparison between the levels of tbi& DNA and integrated HIV DNA, we
show the benefit of studying the percentage ofgratted forms, their heterogeneity between
patients and their impact on the outcome of unéee&tlV infection. Although several PHI
patients had undetectable integrated HIV DNA levéle technique used here has a low
guantification threshold and we are confident thessults reflect truly low levels of
integrated forms. The longer follow-up time alstowkd us to highlight the progressive

increase of total HIV DNA, which was not signifi¢an previous shorter studies.

Taking all these results into account, we proposeacael for the evolution of HIV DNA
forms in blood during the natural history of HI\feéstion (Figure 4a). During PHI, the labile
linear and episomal HIV DNA forms are particulaalyundant and mostly constitute evidence
of active replication in recently infected activéteells *’. This observation might be
explained by the simultaneous cytokine storm amgh linmune activation detected at this
stage. Later during the first year following infiect, while the infection is evolving towards a
steady state, integrated HIV DNA becomes the megonponent of the total HIV DNA in
most patients. Both HIV DNA markers continue torease over the subsequent years of
follow-up (Figure 4a). The expansion of HIV resarsacan be linked to several factors: the
infection of new cells due to continuous viral fegtion, the persistence of long-lived

infected cells, and the proliferation of infecteslls **>> The last two factors might explain
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the increasing contribution of integrated HIV DNAris, which are transmitted from a
mother cell to all daughter cells, while unintegdatorms are diluted during cell division.

At the AIDS stage, integrated forms representedvst majority of HIV DNA in almost all
patients, which demonstrates that during this pnofbimmunodeficiency, the presence of

stable reservoirs is definitely unaffected by cART.

The models in Figure 4, depicting the evolutiorihef different viral forms over time, propose
an explanation for why very early treatment is hygheneficial. Such early treatment has
been proven to be more effective in reducing tbtBd DNA levels and restoring immune
functions'**?3%37 The rapid and steep initial decline of total HWA (Figure 4b) could be
explained mainly by the elimination of the labileintegrated forms. Early cCART initiation
can also limit the establishment of persistentgraeed HIV DNA forms and prevent the
progressive increase of blood reservoirs obsermethe natural history of the infection.
Moreover, previous studies have shown that HIVétdd blood cells during PHI are mostly
short-lived T-cells®®, which is an additional factor contributing to @esoir instability during
this stage. Treating HIV-infected individuals asosoas the PHI stage allows partial
preservation of the most long-lived memory T-céitsn infection and the maintenance of a
predominant contribution of the short-lived orf&8° The slower but continued decrease in
total HIV DNA at later times following cART initiaan might be explained by the death of
these short-lived infected celt$*2 In contrast, in patients treated during the clwratage
(Figure 4c), total HIV DNA decreases only shortlftea cART initiation, due to the
elimination of infected activated celtS Integrated HIV DNA, which is highly predominant
in latently infected cells, persists at high levdigreafter. Long-lived highly proliferative
central-memory T-cells have been shown to be the oantributors to HIV blood reservoirs

during the chronic stage and in patients treatedesthe chronic stage, contributing to more
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stable reservoirs®>*’ Taken together, these results suggest that dwRidg the existing

reservoirs, which are mainly composed of shorteicells infected with unstable viral forms,
are easily eliminated through the early initiat@ncART. In contrast, in the chronic phase,
the blood reservoirs are mainly composed of stabbeiruses in long-lived quiescent cells
and are unaffected by cART. This could explain greater impact of treatment when
initiated during PHI compared to the chronic phaséjch is an additional reason for
recommending the treatment of all HIV-infected induals, including the initiation of

treatment as soon as possible in those diagnosewydeHI.

We acknowledge that in the present study we quedtibtal and integrated HIV DNA on
PBMC and not CD4+ T cells. Nevertheless, in a mesistudy on patients from the same
ANRS-SEROCO cohort, we showed a high correlationotdl HIV DNA levels expressed
either by copies/TOPBMC, or copies/10CD4+ T-cells or copies/mL of whole blodd The
predictive value level on disease progression wasas whatever the expression of the total
HIV DNA load. Besides, we only investigated bloogservoirs. Despite the continuous
circulation of lymphocytes between the blood arsdues, the dynamics of integrated HIV
DNA and total HIV DNA in infected CD4+ T-cell suliseand their relative contributions
could differ in lymphoid tissues because of difféarenflammation and cellular activation

levels, which should therefore also be explored.

In conclusion, we used two large cohorts of unaeaddlV-infected individuals to describe the
evolution of total and integrated HIV DNA loads aheir association with disease evolution.
We showed that integrated forms constitute a mipai the HIV DNA present during PHI

and progressively become predominant over time. é¥aw patients with high levels of
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379

380

381

382

383

384

385

386

387

388

integrated HIV DNA shortly after infection are ahmher risk of rapid progression towards
AIDS, indicating that the rapidity of progressios determined soon after infection. These
results highlight that PHI is a key period, andytlentribute to the understanding of why
CART initiation during this time is most effectiue decreasing the HIV DNA burden, thereby
protecting immune cells from infection. Concomitaamalysis of total HIV DNA and
integrated HIV DNA loads contributes to the undemsing of HIV persistence and
pathogenesis. Studying both markers may help tatiigeH|V-infected individuals who will
be the best candidates for new therapeutic stegtegirgeting HIV, including cure and/or

remission strategies.

18



389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

Acknowledgements

This work is dedicated to the memory of Jean-Fioriettetal, Denis Bucquet, and
Christiane Deveau. We thank all the patients amdcéins who participated in this study,
Laurent Tran and Anne Persoz for data managemenianaboratory technicians (EA 7327,
Université Paris Descartes) for their technicalstasce. We thank Michaela Miller-Trutwin

and Asier Saez-Cirion for helpful discussions.

Declaration of interests
VAF reports grants from ANRS, during the conductlué study; other from Janssen, other

from ViiV, outside of the submitted work. LM repsrgrants from ANRS, during the conduct

of the study. Other authors have nothing to digclos

Funding sources

The ANRS-PRIMO and SEROCO cohorts are sponsorethbyANRS (French National
Agency for Research on AIDS and Viral Hepatitid)isTwork was funded by the ANRS. The
funders of the study had no role in study desigatadcollection, data analysis, data

interpretation, writing the report, or decisionstdomit for publication.

Authors’ contributions

VAF, CR, LM, and FB designed the study. PT, TL, EBR, LM, and VAF interpreted the
results. PT and TL produced the virological datB. &hd AE gathered the data from the
cohorts. CG, MB, and JPV included patients andect#ld the clinical data. PT, TL, FB, CR,
LM, and VAF analysed the data. PT, TL, FB, OD, JB@G, CR, LM, and VAF participated

in drafting and/or revising the manuscript. VAF wasponsible for virological analyses. LM

19



413 was responsible for statistical analyses and moddl§ MG, and OD provided technical
414 support. VAF supervised the study. All authors icaity reviewed and approved the
415 manuscript. PT and TL, as well as LM and VAF, ciimited equally to this work.

416

417 Note

418  Abstract: 262 words

419 Body of the text: 3934 words

420

20



421

422

423
424

425
426
427

428
429
430

431
432

433
434

435
436

437
438
439

440
441

442
443
444

445
446

447
448
449

450
451
452

453
454
455

References

1. Churchill MJ, Deeks SG, Margolis DM, Silicianéd-RSwanstrom R. HIV reservoirs:
what, where and how to target thexat Rev Microbiol 2016;14(1): 55-60.

2. Murray JM, Zaunders JJ, McBride KL, et al. HI\NE subspecies persist in both
activated and resting memory CD4+ T cells duringyetnoviral therapyJ Virol 2014;88(6):
3516-26.

3. Avettand-Fenoel V, Chaix ML, Blanche S, et alR_.real-time PCR for HIV-1 DNA
guantitation in blood cells for early diagnosisnfants born to seropositive mothers treated in
HAART area (ANRS CO 01)] Med Virol 2009;81(2): 217-23.

4, Bruner KM, Murray AJ, Pollack RA, et al. Defeaiproviruses rapidly accumulate
during acute HIV-1 infectiorNat Med 2016;22(9): 1043-9.

5. Ho YC, Shan L, Hosmane NN, et al. Replicatiompetent noninduced proviruses in
the latent reservoir increase barrier to HIV-1 c@dl 2013;1553): 540-51.

6. Plantin J, Massanella M, Chomont N. Inducibl& FRINA transcription assays to
measure HIV persistence: pros and cons of a conipeoRetrovirology 2018;15(1): 9.

7. Descours B, Avettand-Fenoel V, Blanc C, etrmimlune responses driven by
protective human leukocyte antigen alleles frongltgrm nonprogressors are associated with
low HIV reservoir in central memory CD4 T cel(@lin Infect Dis 2012;54(10): 1495-503.

8. Sharkey M, Triques K, Kuritzkes DR, Stevensonliwivo evidence for instability of
episomal human immunodeficiency virus type 1 cDNAirol 2005;798): 5203-10.

9. Mexas AM, Graf EH, Pace MJ, et al. Concurrenasoees of total and integrated HIV
DNA monitor reservoirs and ongoing replication radication trialsAIDS 2012;26(18):
2295-306.

10.  Avettand-Fenoel V, Hocqueloux L, Ghosn J, eTatal HIV-1 DNA, a Marker of
Viral Reservoir Dynamics with Clinical ImplicationSlin Microbiol Rev 2016;29(4): 859-80.

11. Hocqueloux L, Avettand-Fenoel V, Jacquot &letong-term antiretroviral therapy
initiated during primary HIV-1 infection is key txhieving both low HIV reservoirs and
normal T cell counts] Antimicrob Chemother 2013;68(5): 1169-78.

12. Laanani M, Ghosn J, Essat A, et al. Impacheffiming of Initiation of Antiretroviral
Therapy During Primary HIV-1 Infection on the DeaafyCell-Associated HIV-DNACIin
Infect Dis 2015;60(11): 1715-21.

13. Koelsch KK, Boesecke C, McBride K, et al. Impaictreatment with raltegravir

during primary or chronic HIV infection on RNA dgceharacteristics and the HIV viral
reservoirAIDS2011;25(17): 2069-78.

21



456
457
458

459
460
461

462
463
464

465
466

467
468
469

470
471

472
473
474

475
476

477
478
479
480

481
482
483

484
485

486
487
488

489
490

491
492
493

14. Murray JM, McBride K, Boesecke C, et al. Intggd HIV DNA accumulates prior to
treatment while episomal HIV DNA records ongoingnigmission afterwardéiDS 2012;
26(5): 543-50.

15. Kiselinova M, De Spiegelaere W, Buzon MJ, Malatva E, Lichterfeld M,
Vandekerckhove L. Integrated and Total HIV-1 DNAeé#fict Ex Vivo Viral OutgrowthPL0oS
Pathog 2016;12(3): €1005472.

16. Pinzone MR, Graf E, Lynch L, et al. Monitorihrgegration over Time Supports a
Role for Cytotoxic T Lymphocytes and Ongoing Regiicn as Determinants of Reservoir
Size.J Virol 2016;90(23): 10436-45.

17. ZhuW, Jiao Y, Lei R, et al. Rapid turnoveReaf TR HIV-1 DNA during early stage
of highly active antiretroviral therapLoS One 2011;6(6): e21081.

18.  Ananworanich J, Chomont N, Eller LA, et al. HDINA Set Point is Rapidly
Established in Acute HIV Infection and Dramaticalgduced by Early ARTEBioMedicine
2016;11: 68-72.

19. Eriksson S, Graf E, Dahl V, et al. Compara#wnalysis of measures of viral reservoirs
in HIV-1 eradication studie®LoS Pathog 2013;9(2): €1003174.

20. Cortes FH, Passaes CP, Bello G, et al. HIVrotiats with different viral load cutoff
levels have distinct virologic and immunologic pled. J Acquir Immune Defic Syndr 2015;
68(4): 377-85.

21. Vandergeeten C, Fromentin R, Merlini E, etCabss-clade Ultrasensitive PCR-based
Assays to Measure HIV Persistence in Large Cohtodi&s.J Virol 2014.

22.  Ghosn J, Deveau C, Chaix ML, et al. Despitadpgighly diverse, immunovirological
status strongly correlates with clinical symptomsiialy primary HIV-1 infection: a cross-
sectional study based on 674 patients enrolledarANRS CO 06 PRIMO cohod.
Antimicrob Chemother 2010;65(4): 741-8.

23. Hubert JB, Burgard M, Dussaix E, et al. Nathwatory of serum HIV-1 RNA levels
in 330 patients with a known date of infection. BEEROCO Study Grougids 2000;14(2):
123-31.

24. Brussel A, Delelis O, Sonigo P. Alu-LTR reath nested PCR assay for quantifying
integrated HIV-1 DNAMethods Mol Biol 2005;304: 139-54.

25. O'Doherty U, Swiggard WJ, Jeyakumar D, McGajMalim MH. A sensitive,
guantitative assay for human immunodeficiency vigge 1 integrationJ Virol 2002;
76(21): 10942-50.

26. Pinzone MR, Di Rosa M, Cacopardo B, NunnarH®. RNA suppression and
immune restoration: can we do bett@ih Dev Immunol 2012;2012 515962.

27. Rouzioux C, Hubert JB, Burgard M, et al. Edryels of HIV-1 DNA in Peripheral
Blood Mononuclear Cells Are Predictive of DiseasedgPession Independently of HIV-1
RNA Levels and CD4+ T Cell Count$Infect Dis 2005;192(1): 46-55. Epub 2005 May 31.

22



494
495
496

497
498
499

500
501
502

503
504

505
506
507

508
509
510
511
512

513
514
515

516
517

518
519

520
521
522

523
524
525

526
527
528

529
530

531
532

28. Imamichi H, Dewar RL, Adelsberger JW, et alfdative HIV-1 proviruses produce
novel protein-coding RNA species in HIV-infectedipats on combination antiretroviral
therapy.Proc Natl Acad Sci U SA 2016;11331): 8783-8.

29. Goujard C, Bonarek M, Meyer L, et al. CD4 cglunt and HIV DNA level are
independent predictors of disease progression aifteiary HIV type 1 infection in untreated
patients Clin Infect Dis 2006;42(5): 709-15.

30. Graf EH, Mexas AM, Yu JJ, et al. Elite suppogsdarbor low levels of integrated
HIV DNA and high levels of 2-LTR circular HIV DNAampared to HIV+ patients on and
off HAART. PLoS Pathog 2011;7(2): €1001300.

31. Pasternak AO, Lukashov VV, Berkhout B. Cellemsated HIV RNA: a dynamic
biomarker of viral persistencBetrovirology 2013;10: 41.

32.  Ananworanich J, Sacdalan CP, Pinyakorn S, &fimlogical and immunological
characteristics of HIV-infected individuals at tharliest stage of infectiod.Virus Erad
2016;2: 43-8.

33.  Bacchus-Souffan C FM, Abdel-Mohsen M, Hoh RnAh Hecht F, Martin J, Deeks
S, Liegler T, Hunt M, Hellerstein M, McCune JM. Bainitiation of long-term ART may
favor interventions to eradicate HIV: analysis efi turnover and persistent HIV reservoirrs
in distinct CD4+ T cells in suppressed HIV diseaSth International AIDS Society
Conference. Paris, France; 2017.

34. Pasternak AO, Jurriaans S, Bakker M, BerkhquiuBashov VV. Steady increase in
cellular HIV-1 load during the asymptomatic phasemtreated infection despite stable
plasma viremiaAlIDS 2010;24(11): 1641-9.

35. Chomont N, El-Far M, Ancuta P, et al. HIV raser size and persistence are driven
by T cell survival and homeostatic proliferatiddat Med 2009;158): 893-900.

36. Li JZ, Gandhi RT. The sooner, the better: nesidence that early antiretroviral
therapy lowers viral reservoirs in HIV-infectedants.J Infect Dis 2014;210(10): 1519-22.

37.  Ananworanich J, Vandergeeten C, Chomchey Hl, &arly ART Intervention
Restricts the Seeding of the HIV Reservoir in Laingd Central Memory CD4 T Cells.
CROI 2013;Abst. 47.

38. Cheret A, Bacchus-Souffan C, Avettand-Fenoeadt\4l. Combined ART started
during acute HIV infection protects central mem@®4+ T cells and can induce remissian.
Antimicrob Chemother 2015;70(7): 2108-20.

39. Bacchus C, Cheret A, Avettand-Fenoel V, eAaingle HIV-1 cluster and a skewed
immune homeostasis drive the early spread of HI'dragiresting CD4+ cell subsets within
one month post-infectioiP’LoS One 2013;8(5): e642109.

40.  Gantner P, Barnig C, Partisani M, et al. Disttion and reduction magnitude of HIV-
DNA burden in CD4+ T cell subsets depend on atiaition timing.AIDS 2018;32(7): 921-6.

41. Murray JM, Zaunders J, Emery S, et al. HIV dyiws linked to memory CD4+ T cell
homeostasiPLoS One 2017;12(10): e0186101.

23



533
534
535

536
537
538

539
540
541
542

543

42.  Avettand-Fenoel V, Boufassa F, Galimand J, Méy&ouzioux C, Group ASCS.
HIV-1 DNA for the measurement of the HIV reservisipredictive of disease progression in
seroconverters whatever the mode of result expmessiJ Clin Virol 2008;42(4): 399-404.

43.  Cardozo EF, Andrade A, Mellors JW, Kuritzkes,PRrelson AS, Ribeiro RM.
Treatment with integrase inhibitor suggests a neerpretation of HIV RNA decay curves
that reveals a subset of cells with slow integratitioS Pathog 2017;13(7): e1006478.

44, Kotton CN, Kumar D, Caliendo AM, et al. Intetioaal consensus guidelines on the
management of cytomegalovirus in solid organ trEmtption.Transplantation 2010;89(7):
779-95.

24



544 Tables and figures
545
546 Table 1. Baseline demographic and clinical charactistics of the patients
PHI cohort®  Progression cohorf p value® Among the progression cohort
Characteristics -
Rapid Slower pvalue®
progressors progressors
n 74 97 34 63
Male, n (%) 69 (93-2%) 79 (81-4%) 0-040 29 (36-7%) 50 (63-3%) 0-589
Caucasians, n (%) 61 (82-4%) 95 (97-9%) <0-001 34 (100-0%) 61 (96-8%) 0-540
Median age at inclusion 36 30 31 30
(IQR), years (29-45) (26-36) <0-001 (26-37) (26-36) 0-530
Sexual route of infection, n 72 88 32 56
(%) (97-3%) (90-7%) 0-117 (94-1%) (88-9%) 0-487
Median time between
) . 1.0 6-2 7-1 6-0
seroconversion and first <0-001 0-415
sample (IQR), months (0-8-1-3) (4-2-8-5) (4-4-9-5) (4-2-8-3)
Median time of follow-up 4.5 5-8
(IQR), years na na na (3-5-6-0) (4-6-6-3) 0-008
Median baseline CD4+ cell 449 531 0-036 481 544 0.-124
count (IQR), cells/mrh (317-613) (390-666) (343-608) (429-706)
Median baseline CD8+ cell 761 846 0-177 927 832 0-972
count (IQR), cells/mrh (505-1253) (639-1157) (632-1157) (650-1144)
Median baseline 0-60 0-57 0-999 0-52 0-65 0-308
CD4+/CD8+ cell ratio (0-37-0-91) (0-44-0-87) (0-41-0-77) (0-45-0-88)
Medla?oggs(%aR?lv RA 6-20 4-16 <0-001 437 398 0-002
o) (5-30-6-98) (3-59-4-52) (3-96-4-67) (3-47-4.39)
log copies/mL
Median tOt(?(lggl)V DNA load 3.59 3.10 <0001 3.92 2.96 0.008
log copies/LBPBMCs (3-29-4-03) (2-73-3-46) (3-01-3-59) (2-63-3-38)
oA ;ggedgz%% " 215 290 0-003 332 253 <0-001
log copies/10PBMCs (0-95-3-16) (2-17-3-40) (2-97-3-66) (1-52-3-07)
547 2 PHI refers to patients in the primary HIV infectistage (<3 months since the estimated infectida, dsNRS-PRIMO
548 cohort), while patients from the progression colwete in their first year of infection (ANRS-SEROCChoat). Rapid and
549 slower progressors groups are defined accorditigeio subsequent progression to clinical AIDS.
550 " obtained from Fisher's exact or Wilcoxon rank-st@sts.
551  na: non-applicable
552
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553

554

555

556

557

558

Table 2. Factors associated with the evolution towds 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% ClI p value aRR 95% ClI p value aRR 95% ClI p
value

Sex male 1 1 1

female 0-50 [0:19-1-32] 0-161 100 [0-34 —2-99] 0-995 1.09 [0-38 —3-14] 0-870
Age at inclusiorf 1.02 [0-98 - 1-06] 0-249 1.01 [0-97 — 1-05] 0-737 0-70 [0-97 - 1.05] 0-699
logio HIV RNA
(copies/mLy 2-48 [1-45-4-23] 0-001 2.02 [1-02 — 4-00] 0-044 1-42 [0-74 -2-73] 0-290
logyo total HIV DNA
(copies/16 PBMCs)" 2-55 [1-24 - 5-22] 0-011 1.47 [0-61 —3-54] 0-392
loge integrated HIV DNA 3.12 [1.78 — 5.46] 0-000 2.63 [1-41-4-91] 0-002

(copies/16PBMCs)®

® for a one-year positive differendefor a one-log positive difference
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559 Figure 1. Total HIV DNA and integrated HIV DNA loads in the first year following

560 infection

561 a.

Total and integrated HIV DNA (lqg copies/18 PBMCs)

| 1 I I | I | 1
0 50 100 150 200 250 300 350 400

Time since infection (days)

Total HIV DNAIn PHI ® Total HIV DNAIn slower progressors ® Total HIV DNAIn rapid progressors
© Integrated HIV DNAin PHI ©  Integrated HIV DNAiIn slower progressors© Integrated HIV DNAin rapid progresso
—— Loess regression of total HIV DNA == = Loess regression of integrated HIV DNA
562
563
564 b.
100%
Percentages of integrated
80% forms among total HIV
g DNA (categories based
Q2 on IQR values)
< 60%
“— 0 2%
o
é 40% = 12281% >
@
o = ]128-85]% %
S 20%
> " >85%
0%
12-30 31-90 91-180 181-270 >270 days since infection
n 35 51 30 32 23
565
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566

567
568
569
570
571
572
573
574
575

576

577

(a) Distribution with Loess regression of total HDNA (filled circles and solid line) and integratetlv DNA
(open circles and dotted line) according to thénested time since infection (171 patients, one tpoit per
patient at their inclusion in the ANRS-PRIMO coh@?Hl) or the ANRS-SEROCO cohort (progression cghor
divided into rapid and slower progressors)).

(b) Repartition of integrated among total HIV DNZA&rpentages according to the time since infectidresé
percentages were divided into four categories ddfiny the quartile values obtained for the 17 lepadi (light
blue to purple, with Q1=2%, Q2=28%, Q3=85%)). Ratiewvere classified into five groups defined by tinee
since infection (in days). The bar chart repres¢s percentage of patients belonging to each oategf

integrated/total HIV DNA percentage.
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587

588

589

Figure 2. Baseline HIV DNA levels during primary irfection and recent seroconversion,

according to further progression to clinical AIDS.

a b.
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Scatter dot plots display (a) total HIV DNA and (injegrated HIV DNA loads for patients in the prima
infection phase (PHI, ANRS-PRIMO cohort, <3 mongihsce the estimated time of infection) and for theid
progressors and slower progressors groups amongrtggession cohort (ANRS-SEROCO cohort, <1 year

since infection). The bars represent median arddogrtile range values.
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590 Figure 3. Increase in total HIV DNA and

integrated HIV DNA over

six years of

591 untreated infection
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596

597 (a) Mixed-effect linear models (MELMSs) describingetevolution of total HIV DNA over six years forpid
598 progressors (n=34, 111 samples) and slower prayefs=63, 229 samples).

599 (b) MELMs describing the evolution of integratedVHDNA over six years for rapid progressors (107 gkes)
600  and slower progressors (207 samples).

601 Samples obtained after six years of follow-up weoé considered for inclusion in the MELMs to haveegh

602  results at each time point.

603

604
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605 Figure 4. Proposed models for the dynamics of theifterent HIV DNA forms in blood

606 reservoirs

607
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Without treatment
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616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631

632

HIV DNA loads are represented in lggopies/16 PBMC. Note the breaks in the time axes.

(a) Model for HIV DNA dynamics during the naturaktory of infection. During early PHI, total HIV DAl
levels rise rapidly to reach a peak. Integrated BINVA shows a concomitant but much lower peak; ttagonity
of HIV DNA is composed of unintegrated forms attttime *®. Both total HIV DNA and integrated HIV DNA
display a slight decrease thereafter, before regchi more stable state. During chronic infectioothbHIV
blood biomarkers progressively increase, and thpgtion of integrated forms increases.

(b, ¢) Models of HIV DNA dynamics under treatmedépending on the timing of cART initiation. Efficie
treatment initiation stops or significantly decressviral replication and the infection of new ceffs
Unintegrated HIV DNA forms, resulting from viral plication, are eliminated because of their labibtycell
death, or they are diluted during cell divisiontheiut new production as a result of cCART. In costirgtable
integrated HIV DNA can persist for a longer timénug, cART initiation at PHI (b), when the integichtdl\V/
DNA level is low, induces a more pronounced ancrded decrease of total HIV DNA than cART initiatio
during the chronic stage, when the predominancgtaifle integrated forms is already higher*{c}. Efficient
treatment initiation stops the evolution of CD4+cdll subsets contributions to HIV reservoirs; theynain

mainly composed of short-lived cells when cART ntiated during PHE3*

while long-lived cells are the
major contributor to HIV DNA when cART is initiateduring chronic infectio?>*°. This difference might

explain the continued decrease in total HIV DNAernk&everal years of treatment when cART is initiatarly.
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