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Abstract  33 

Background: In the current context of research on HIV reservoirs, offering new insights into 34 

the persistence of HIV DNA in infected cells, which prevents viral eradication, may aid in 35 

identifying cure strategies. This study aimed to describe the establishment of stable integrated 36 

forms among total HIV DNA during primary infection (PHI) and their dynamics during the 37 

natural history of infection.  38 

Methods. Total and integrated HIV DNA were quantified in blood from 74 PHI patients and 39 

97 recent seroconverters (<12 months following infection, “progression cohort”). The 40 

evolution of both markers over six years were modelled (mixed-effect linear models). Their 41 

predictive values for disease progression were studied (Cox models).  42 

Findings. For most patients during PHI, stable integrated forms were a minority among total 43 

HIV DNA (median: 12%) and became predominant thereafter (median at AIDS stage: 100%). 44 

Both total and integrated HIV DNA increased over a six-year period. Patients from the 45 

progression cohort who reached clinical AIDS during follow-up (n=34) exhibited higher total 46 

and integrated HIV DNA levels at seroconversion and a higher percentage of integrated forms 47 

than did slower progressors (n=63) (median: 100% vs 44%). The integrated HIV-DNA load 48 

was strongly associated with the risk of developing AIDS (aRR=2·63, p=0·002).  49 

Interpretation . The profile of “rapid” or “slower” progression in the natural history of HIV 50 

infection appears to be determined early in the course of HIV infection. The strong 51 

predominance of unstable unintegrated forms in PHI may explain the great benefit of this 52 

early treatment, which induces a sharp decrease in total HIV DNA.  53 

Funding. French National Agency for Research on AIDS and Viral Hepatitis.  54 

 55 
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Introduction  60 

 61 

 Combined antiretroviral therapy (cART) has constituted major progress in the treatment of 62 

HIV infection and current recommendations are to treat all HIV-infected persons, regardless 63 

of the stage of infection. Although cART can efficiently block HIV replication, it cannot 64 

completely eliminate the virus from its reservoirs. In particular, infected resting CD4+ T-cells 65 

containing latent integrated HIV proviruses are refractory to current cART and represent a 66 

major hurdle preventing viral eradication 1,2. Understanding the pathogenesis of HIV 67 

reservoirs is critical for developing and evaluating new therapeutic strategies aimed at viral 68 

eradication or functional cure.  69 

 70 

Integrated HIV DNA is the most stable and functional form of the viral genome. It plays a 71 

major role in the pathogenesis of HIV infection and HIV reservoirs, even if it includes both 72 

replication-competent and defective genomes 3-5. Cells containing integrated HIV DNA can 73 

produce new infectious virions upon stimulation and activation 6,7. Proviruses persist 74 

indefinitely, partly due to the homeostatic proliferation of memory T-cells. In contrast, 75 

unintegrated forms, which include linear and episomal HIV DNA with 1- or 2-LTRs, are 76 

considered more labile and are surrogate markers of viral replication 8,9.  77 

Total HIV DNA levels in peripheral blood mononuclear cells (PBMCs) have been described 78 

during both the natural history of HIV infection and cART 10. It remains partially unexplained 79 

why the decrease in this surrogate marker of the reservoir is greater and faster when treatment 80 

is initiated during primary HIV infection (PHI) than during the chronic stage 11-13. As for 81 

integrated HIV DNA, it has been mostly studied in patients on cART 13-15. Only a few studies 82 

have measured integrated HIV DNA in untreated patients, most of which include fewer than 83 

20 patients 14,16-18. Longitudinal data are even more scarce for both markers: only one study to 84 
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our knowledge has a follow-up of patients during untreated infection (17 patients during the 85 

first year, among which 10 still followed after 2·8 years) 18. Moreover, some techniques do 86 

not allow a comparison between the amounts of total and integrated HIV DNA because of 87 

differences in assay standardization 19 and the long-term dynamics of integrated forms among 88 

total HIV DNA have never been described. Besides, all previous results showed a great inter-89 

individual variability of total and integrated HIV DNA 14,16,17,20,21, enhancing the need for 90 

studies on large cohorts.  91 

 92 

To better understand the establishment and maintenance of the HIV reservoir in the blood, the 93 

objectives of this work were i) to describe the contribution of integrated forms to total HIV 94 

DNA in untreated patients at different stages from PHI to chronic infection and ii) to evaluate 95 

the predictive value of these biomarkers at the time of seroconversion with respect to 96 

evolution towards clinical AIDS.  97 

 98 

Materials and Methods  99 

 100 

Study population 101 

Patients with a known or estimated date of infection from two ANRS French cohorts were 102 

selected. The ANRS-PRIMO cohort was approved by the Ile-de-France-3 Ethics Committee 103 

(CPP-1157). All patients from both cohorts gave written informed consent.  104 

The ongoing ANRS-PRIMO CO6 cohort enrols patients presenting with PHI, as previously 105 

described 12,22. All patients are treatment-naïve at inclusion. Patients enrolled between June 106 

2015 and April 2016 with available frozen PBMCs samples from the time of their inclusion 107 

were selected for this study.  108 
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In the ANRS-SEROCO CO2 cohort, initiated in 1988, recently diagnosed HIV-infected 109 

individuals who were free of AIDS-related diseases at inclusion were enrolled 23. Follow-up 110 

was scheduled every six months until 2009. Patients were selected within this cohort 111 

according to the following criteria: enrolment within 12 months following infection, no 112 

efficient cART received before inclusion and during the study until 1996, and having at least 113 

two frozen PBMCs samples available.  114 

In both cohorts, the infection date was defined as the date of the incomplete Western blot 115 

minus one month, or the date of a primary symptomatic infection minus 15 days, or the 116 

midpoint between a negative and a positive HIV antibody test.  117 

 118 

Quantification of total HIV DNA and integrated HIV DNA and determination of 119 

unintegrated HIV DNA 120 

Total HIV DNA and integrated HIV DNA were quantified in all PBMCs samples. Total DNA 121 

was extracted with the QIAamp DNA Blood Mini Kit (Qiagen, France) according to the 122 

manufacturer’s instructions.  123 

First, total HIV DNA was quantified by real-time PCR with the Generic HIV DNA CELL kit 124 

(Biocentric, France), employing the 8E5 line as the standard 3. Based on a previously reported 125 

technique 24, we developed a nested Alu-LTR PCR assay to quantify the integrated HIV DNA 126 

from the same extracts as total HIV DNA, using the HelaR7Neo cell-line as the standard with 127 

improved sensitivity and reproducibility (Supplementary Text 1). The quantification threshold 128 

varied depending on the number of available cells tested (threshold range [5-97] copies/106 129 

PBMCs (0·70-1·97 log10)). The equivalence of HIV DNA copies between HeLaR7Neo and 130 

8E5 standards was verified, allowing the determination of the percentage of integrated forms 131 

among total HIV DNA. Unintegrated HIV DNA levels were calculated by the difference in 132 

the number of copies between total and integrated HIV DNA.  133 



 

8

 134 

Statistical analyses 135 

Statistical analyses were performed using Stata software (v14.2, StataCorp, USA) and Prism 136 

software (v7, GraphPad, USA). Continuous variables were compared between groups by 137 

using Wilcoxon tests and qualitative variables with Fisher’s exact tests. Spearman’s 138 

correlation coefficient was employed to quantify the correlations between continuous 139 

variables. Cox models were used to determine the predictive values of HIV DNA levels for 140 

clinical AIDS onset. Mixed-effect linear models (MELMs) were employed to estimate 141 

changes in total HIV DNA and integrated HIV DNA over time, considering the value at 142 

enrolment as time t=0 for each patient. Logarithm10 transformation of HIV RNA and HIV 143 

DNA levels was performed to fulfil the model assumptions. Integrated HIV DNA levels were 144 

set to half of the threshold when undetectable. To evaluate the robustness of our results, 145 

additional analyses were performed, setting the values of undetectable integrated HIV DNA 146 

levels to the threshold value, to zero, or to a range of randomized values between 1 and the 147 

threshold. All these analyses produced results similar to those obtained when the values of 148 

undetectable integrated HIV DNA levels were set to half the threshold value. P values<0·05 149 

were considered significant.  150 

 151 

Results 152 

 153 

Patient characteristics 154 

Seventy-four patients who presented during PHI (ANRS-PRIMO cohort 22) were included, 155 

with a median [range] estimated time since infection of 1·2 [0·4-2·4] months (Fiebig II-III, 156 

n=12; Fiebig IV, n=7; Fiebig V, n=35; Fiebig VI, n=20). Ninety-seven recent seroconverters 157 



 

9

from the historical ANRS-SEROCO cohort were included (median estimated time between 158 

infection and enrolment: 6·2 [1·3-11·9] months) (called later “progression cohort”) 23. The 159 

characteristics of the 171 study patients are presented in Table 1. As expected, the PHI 160 

patients had higher HIV RNA loads (p<0·001) (see also Supplementary Figure 1) and lower 161 

CD4+ T-cell counts than did those from the progression cohort (p=0·036).  162 

 163 

Among the progression cohort, the following two groups could be defined regarding 164 

subsequent evolution during follow-up: individuals who developed AIDS (rapid progressors, 165 

n=34) and those who had not developed AIDS by 1996 (slower progressors, n=63) (Table 1). 166 

Notably the follow-up time was significantly longer for the slower progressors group. Hence, 167 

AIDS occurrence in rapid progressors was not due to a longer follow-up time.  168 

 169 

Low percentage of integrated forms in PHI, followed by an increase in the first year post 170 

infection 171 

We quantified the amounts of total HIV DNA and integrated HIV DNA in the samples taken 172 

at inclusion from all 171 patients. The results were combined to describe the profiles of both 173 

markers over the first year following infection (Figure 1a). Loess curves showed a low level 174 

of integrated HIV DNA during PHI, which reached higher levels later in the first year 175 

following infection, while the level of total HIV DNA was high during PHI and decreased 176 

thereafter. Both markers reached a steadier state after 90 days post infection. The percentage 177 

of integrated HIV DNA among total HIV DNA was low for patients in the first 90 days after 178 

infection (median: 12%), while it became much higher between 3 and 12 months after 179 

infection (median: 65%). Accordingly, even though this percentage varied from 0·1 to 100% 180 

regardless of the delay between infection and enrolment, the number of patients with a high 181 

percentage of integrated HIV DNA increased with increasing time since infection (Figure 1b).  182 
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 183 

The median total HIV DNA level in PHI patients was 3·59 log10 copies/106 PBMCs [range: 184 

2·11-5·61 log10], which was significantly higher than that in the 97 progression cohort 185 

patients (3·22 [2·14-4·30] log10 (p=0·008) and 2·96 [1·30-4·00] log10 (p<0·001) for rapid and 186 

slower progressors, respectively) (Table 1, Figure 2a). Conversely, the median integrated HIV 187 

DNA levels in PHI patients (2·15 [0·48-4·10] log10 copies/106 PBMCs) and slower 188 

progressors (2·53 [0·30-3·96] log10) did not significantly differ from each other (p=0·314) but 189 

were significantly lower than those in rapid progressors (3·32 [0·60-4·11] log10) (p<0·001) 190 

(Table 1, Figure 2b). Among patients from the progression cohort, both total HIV DNA and 191 

integrated HIV DNA levels were significantly higher in rapid progressors than in slower 192 

progressors (Table 1). Notably, the median percentage of integrated among total HIV DNA 193 

was 100% for rapid progressors, while it was 44% for slower progressors, indicating that 194 

integrated HIV DNA already represented the major form of HIV DNA in the rapid 195 

progressors group.  196 

 197 

Overall total HIV DNA levels were significantly correlated with the integrated HIV DNA 198 

(Supplementary Figure 2) and plasma HIV RNA levels (Supplementary Figure 3). 199 

Interestingly, for PHI patients, the HIV RNA load showed the strongest correlation with the 200 

unintegrated HIV DNA level, a marker of ongoing viral replication, while for patients from 201 

the progression cohort at the inclusion time (both rapid and slower progressors), the HIV 202 

RNA load was more strongly correlated with the integrated HIV DNA level than with the 203 

level of unintegrated forms (Supplementary Figure 4-5).  204 

 205 
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Increase in total HIV DNA and integrated HIV DNA loads during years of untreated 206 

infection 207 

Among the 97 HIV-infected individuals from the progression cohort, the median time 208 

between the first and the last sample was 4·5 years (range: [1·5-7·7]) or 5·8 years [2·9-8·1] 209 

for rapid progressors or slower progressors, respectively. HIV DNA kinetics were studied 210 

based on a total of 340 samples, with a median of four frozen cell samples per patient (range: 211 

[2-6]). Total HIV DNA levels significantly increased over time (p<0·001), showing a +0·627 212 

log10 (+5371 copies/106 PBMCs) increase in rapid progressors and a +0·574 log10 (+2508 213 

copies/106 PBMCs) increase in slower progressors over six years (Figure 3a); the increases 214 

were similar in the two groups (p=0·740). The integrated HIV DNA level also significantly 215 

increased over the same six-year period, exhibiting similar increases (p=0·300) in rapid 216 

progressors (+0·538 log10 (+5122 copies/106 PBMCs), p=0·008) and slower progressors 217 

(+0·796 log10 (+1779 copies/106 PBMCs), p<0·001) (Figure 3b). Over time, slower 218 

progressors maintained lower levels of both total HIV DNA and integrated HIV DNA than 219 

rapid progressors, while the percentage of integrated forms tended to increase only in slower 220 

progressors (p=0·056). During the same six-year period, CD4+ T-cell counts decreased in 221 

both groups (p<0·001), with a steeper decline in rapid progressors than in slower progressors 222 

(-427 and -222 CD4+ T-cells/mm3respectively, p=0·002) (Supplementary Figure 6).  223 

 224 

Twenty-four patients among the rapid progressors had an available sample from the 12 225 

months before clinical AIDS occurrence or at the AIDS stage. The median total HIV DNA 226 

and integrated HIV DNA loads were 3·64 log10 (IQR [3·42-3·98]) and 3·69 log10 [3·31-3·97], 227 

respectively. The median percentage of integrated forms was 100% (IQR [82·3-100]).  228 

 229 
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High predictive value of the integrated HIV DNA load for evolution towards clinical 230 

AIDS  231 

Given the observed differences in the viral parameters at inclusion between the rapid and 232 

slower progressors groups, we evaluated their predictive value for evolution towards AIDS. 233 

The CD4+ T-cell counts at inclusion were similar between the two groups (p=0·124) (Table 234 

1) and were not included in the models. Univariate Cox models showed that a one-log 235 

increase in the amount of total HIV DNA, integrated HIV DNA, or HIV RNA at the baseline 236 

was significantly associated with a 2·48- to 3·12-fold increase in the risk of developing AIDS 237 

(Table 2). Since the amounts of total HIV DNA and integrated HIV DNA were strongly 238 

linked, two separate multivariate Cox models were applied, with adjustment for sex, age and 239 

HIV RNA level at enrolment. In the model including total HIV DNA, a higher HIV RNA load 240 

was associated with an increased risk of progression to AIDS (adjusted risk ratio for a one-log 241 

positive difference (aRR)=2·02, p=0·044) (Table 2). In the second multivariate model, only 242 

the integrated HIV DNA load was strongly associated with the risk of progression (aRR=2·63, 243 

p=0·002) (Table 2).  244 

 245 

Discussion  246 

 247 

The presence of long-lived infected cells that are not targeted by cART currently prevents 248 

viral eradication and cure. Understanding HIV pathogenesis by generating new insights into 249 

the dynamics of the HIV DNA components during infection is critical for conceiving of 250 

therapeutic strategies targeting these reservoirs.  251 

 252 
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This was the first large study to quantify both total HIV DNA and integrated HIV DNA, 253 

which is the main persistent form of HIV 25,26, in samples collected during PHI, chronic 254 

infection, and at various time points until the AIDS stage, which was made possible by two 255 

large French cohorts. The ANRS-SEROCO cohort is one of the rare large historical cohorts 256 

that included patients in the 1990s who, at that time, remained largely untreated during their 257 

follow-up and who had available longitudinal frozen cell samples.  258 

 259 

One of the objectives of this study was to explore the link between the amount of stable 260 

proviruses and the risk of HIV disease progression, with the hypothesis that unstable 261 

unintegrated forms may have a lesser impact on long-term evolution. From the time of recent 262 

seroconversion, the amount of total HIV DNA was higher in rapidly progressing patients than 263 

in slower progressors, which agreed with its known predictive value for HIV disease 264 

progression 10,27. Here, we report for the first time the predictive value of the amount of 265 

integrated HIV DNA, which appeared to be even more strongly predictive of the risk of 266 

developing clinical AIDS. Integrated HIV DNA is probably mostly responsible for the 267 

predictive value of total HIV DNA observed in previous studies, since this stable form of HIV 268 

persistence drives the course of infection 2,5. Integrated HIV DNA is indeed the major source 269 

of the viral replication and the HIV RNA level reflects the proportion of cells containing this 270 

HIV stable form. Yet, the pathogenic impact of integrated HIV DNA is not only through the 271 

viral replication since its predictive value is independent of the HIV RNA level. Another 272 

potential means to drive the pathogenesis could be the production of transcripts and antigens 273 

from defective integrated genomes, which do not result in HIV RNA viremia, but contribute 274 

to the immune activation, as previously described 28. The concomitant study of total HIV 275 

DNA and integrated HIV DNA showed that the percentage of integrated forms is highly 276 

informative. Indeed, this percentage was already high in rapid progressors at a time point 277 
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within 12 months from seroconversion and remained high during disease progression, 278 

confirming that early events determine the profile of a “rapid progressor” or “slower 279 

progressor”. Total HIV DNA being strongly predictive of progression towards AIDS in PHI 29, 280 

the few PHI patients with a high proportion of integrated forms might be at a particularly high 281 

risk of becoming rapid progressors.  282 

These data are in line with the very low levels of integrated HIV DNA observed in the unique 283 

group of elite suppressors compared to patients under efficient cART with similar total HIV 284 

DNA levels 30. The low levels of integrated HIV DNA may be the consequence of more 285 

efficient specific cytotoxic T-lymphocyte (CTL) responses. CTLs could have preferentially 286 

destroyed cells harbouring integrated viral DNA, in which the viral transcription and 287 

translation into proteins is more efficient, eventually leading to the maintenance of lower 288 

proportions of integrated forms 31. Rapid progressors may have less efficient CTL responses 289 

and therefore maintain higher levels of integrated HIV DNA.  290 

 291 

Studies examining total HIV DNA have shown that the establishment of reservoirs is a very 292 

early event in PHI 32. Although integrated HIV DNA is included in total HIV DNA, 293 

concomitant study of these two markers showed that they exhibit very different kinetics in the 294 

first year of infection, where the first three months after infection stand apart from the 295 

following months and years. Integrated HIV DNA levels were found to be low for most 296 

patients during PHI, while total HIV DNA levels were particularly high at that time, which 297 

was consistent with previous data showing a peak during this stage 29,32. We observed a slight 298 

short decrease in integrated HIV DNA levels after the first weeks of infection (Fiebig III-IV), 299 

which is in agreement with the results previously reported for 19 untreated PHI patients from 300 

whom samples were collected during earlier stages (17 at Fiebig I-II stages), which showed a 301 

peak of integrated HIV DNA in week 2 and a decrease until week 6 after enrolment 18. 302 
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Ananworanich’s work presented some results describing the evolution of total HIV DNA and 303 

integrated HIV DNA for ten patients during 144 weeks 18. However, only the median results 304 

were presented for these two biomarkers and the proportions of stable forms among total HIV 305 

DNA and their evolution over time were not detailed for the different individuals. Thanks to a 306 

far greater number of patients and longer follow-up time, we showed here a more extensive 307 

increase of the proportion of integrated forms than in this previous work. With techniques 308 

allowing the comparison between the levels of total HIV DNA and integrated HIV DNA, we 309 

show the benefit of studying the percentage of integrated forms, their heterogeneity between 310 

patients and their impact on the outcome of untreated HIV infection. Although several PHI 311 

patients had undetectable integrated HIV DNA levels, the technique used here has a low 312 

quantification threshold and we are confident these results reflect truly low levels of 313 

integrated forms. The longer follow-up time also allowed us to highlight the progressive 314 

increase of total HIV DNA, which was not significant in previous shorter studies.  315 

 316 

Taking all these results into account, we propose a model for the evolution of HIV DNA 317 

forms in blood during the natural history of HIV infection (Figure 4a). During PHI, the labile 318 

linear and episomal HIV DNA forms are particularly abundant and mostly constitute evidence 319 

of active replication in recently infected activated cells 17. This observation might be 320 

explained by the simultaneous cytokine storm and high immune activation detected at this 321 

stage. Later during the first year following infection, while the infection is evolving towards a 322 

steady state, integrated HIV DNA becomes the major component of the total HIV DNA in 323 

most patients. Both HIV DNA markers continue to increase over the subsequent years of 324 

follow-up (Figure 4a). The expansion of HIV reservoirs can be linked to several factors: the 325 

infection of new cells due to continuous viral replication, the persistence of long-lived 326 

infected cells, and the proliferation of infected cells 33-35. The last two factors might explain 327 
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the increasing contribution of integrated HIV DNA forms, which are transmitted from a 328 

mother cell to all daughter cells, while unintegrated forms are diluted during cell division.  329 

At the AIDS stage, integrated forms represented the vast majority of HIV DNA in almost all 330 

patients, which demonstrates that during this profound immunodeficiency, the presence of 331 

stable reservoirs is definitely unaffected by cART.  332 

 333 

The models in Figure 4, depicting the evolution of the different viral forms over time, propose 334 

an explanation for why very early treatment is highly beneficial. Such early treatment has 335 

been proven to be more effective in reducing total HIV DNA levels and restoring immune 336 

functions 11,12,36,37. The rapid and steep initial decline of total HIV DNA (Figure 4b) could be 337 

explained mainly by the elimination of the labile unintegrated forms. Early cART initiation 338 

can also limit the establishment of persistent integrated HIV DNA forms and prevent the 339 

progressive increase of blood reservoirs observed in the natural history of the infection. 340 

Moreover, previous studies have shown that HIV-infected blood cells during PHI are mostly 341 

short-lived T-cells 38, which is an additional factor contributing to reservoir instability during 342 

this stage. Treating HIV-infected individuals as soon as the PHI stage allows partial 343 

preservation of the most long-lived memory T-cells from infection and the maintenance of a 344 

predominant contribution of the short-lived ones 36-40. The slower but continued decrease in 345 

total HIV DNA at later times following cART initiation might be explained by the death of 346 

these short-lived infected cells 11,12. In contrast, in patients treated during the chronic stage 347 

(Figure 4c), total HIV DNA decreases only shortly after cART initiation, due to the 348 

elimination of infected activated cells 41. Integrated HIV DNA, which is highly predominant 349 

in latently infected cells, persists at high levels thereafter. Long-lived highly proliferative 350 

central-memory T-cells have been shown to be the main contributors to HIV blood reservoirs 351 

during the chronic stage and in patients treated since the chronic stage, contributing to more 352 
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stable reservoirs 35,40. Taken together, these results suggest that during PHI, the existing 353 

reservoirs, which are mainly composed of short-lived cells infected with unstable viral forms, 354 

are easily eliminated through the early initiation of cART. In contrast, in the chronic phase, 355 

the blood reservoirs are mainly composed of stable proviruses in long-lived quiescent cells 356 

and are unaffected by cART. This could explain the greater impact of treatment when 357 

initiated during PHI compared to the chronic phase, which is an additional reason for 358 

recommending the treatment of all HIV-infected individuals, including the initiation of 359 

treatment as soon as possible in those diagnosed during PHI.  360 

 361 

We acknowledge that in the present study we quantified total and integrated HIV DNA on 362 

PBMC and not CD4+ T cells. Nevertheless, in a previous study on patients from the same 363 

ANRS-SEROCO cohort, we showed a high correlation of total HIV DNA levels expressed 364 

either by copies/106 PBMC, or copies/106 CD4+ T-cells or copies/mL of whole blood 42. The 365 

predictive value level on disease progression was similar whatever the expression of the total 366 

HIV DNA load. Besides, we only investigated blood reservoirs. Despite the continuous 367 

circulation of lymphocytes between the blood and tissues, the dynamics of integrated HIV 368 

DNA and total HIV DNA in infected CD4+ T-cell subsets and their relative contributions 369 

could differ in lymphoid tissues because of different inflammation and cellular activation 370 

levels, which should therefore also be explored.  371 

 372 

 373 

In conclusion, we used two large cohorts of untreated HIV-infected individuals to describe the 374 

evolution of total and integrated HIV DNA loads and their association with disease evolution. 375 

We showed that integrated forms constitute a minority of the HIV DNA present during PHI 376 

and progressively become predominant over time. However, patients with high levels of 377 
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integrated HIV DNA shortly after infection are at a higher risk of rapid progression towards 378 

AIDS, indicating that the rapidity of progression is determined soon after infection. These 379 

results highlight that PHI is a key period, and they contribute to the understanding of why 380 

cART initiation during this time is most effective in decreasing the HIV DNA burden, thereby 381 

protecting immune cells from infection. Concomitant analysis of total HIV DNA and 382 

integrated HIV DNA loads contributes to the understanding of HIV persistence and 383 

pathogenesis. Studying both markers may help to identify HIV-infected individuals who will 384 

be the best candidates for new therapeutic strategies targeting HIV, including cure and/or 385 

remission strategies.  386 

 387 

  388 
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Tables and figures 544 

 545 

Table 1. Baseline demographic and clinical characteristics of the patients.  546 

Characteristics 

PHI cohort  a Progression cohort a p value b Among the progression cohort 

   Rapid 
progressors 

Slower 
progressors 

p value b 

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 
(IQR), years 

36 
(29-45) 

30 
(26-36) 

<0·001 
31 

(26-37) 
30 

(26-36) 
0·530 

Sexual route of infection, n 
(%) 

72 
(97·3%) 

88  
(90·7%) 

0·117 
32 

(94·1%) 
56 

(88·9%) 
0·487 

Median time between 
seroconversion and first 
sample (IQR), months 

1·0 
(0·8-1·3) 

6·2  
(4·2-8·5) <0·001 

7·1 
(4·4-9·5) 

6·0 
(4·2-8·3) 

0·415 

Median time of follow-up 
(IQR), years 

na na na 
4·5 

(3·5-6·0) 
5·8 

(4·6-6·3) 
0·008 

Median baseline CD4+ cell 
count (IQR), cells/mm3 

449 
(317-613) 

531 
(390-666) 0·036 

481 
(343-608) 

544 
(429-706) 

0·124 

Median baseline CD8+ cell 
count (IQR), cells/mm3 

761 
(505-1253) 

846 
(639-1157) 

0·177 
927 

(632-1157) 
832 

(650-1144) 
0·972 

Median baseline 
CD4+/CD8+ cell ratio 

0·60 
(0·37-0·91) 

0·57 
(0·44-0·87) 

0·999 
0·52 

(0·41-0·77) 
0·65  

(0·45-0·88) 
0·308 

Median plasma HIV RNA 
load (IQR), 

log copies/mL 

6·20 
(5·30-6·98) 

4·16 
(3·59-4·52) <0·001 

4·37 
(3·96-4·67) 

3·98 
(3·47-4·39) 0·002 

Median total HIV DNA load 
(IQR), 

log copies/106 PBMCs 

3·59 
(3·29-4·03) 

3·10 
(2·73-3·46) <0·001 

3·22 
(3·01-3·59) 

2·96 
(2·63-3·38) 0·008 

Median integrated HIV 
DNA load (IQR), 

log copies/106 PBMCs 

2·15 
(0·95-3·16) 

2·90 
(2·17-3·40) 0·003 

3·32 
(2·97-3·66) 

2·53 
(1·52-3·07) <0·001 

a PHI refers to patients in the primary HIV infection stage (<3 months since the estimated infection date, ANRS-PRIMO 547 

cohort), while patients from the progression cohort were in their first year of infection (ANRS-SEROCO cohort). Rapid and 548 

slower progressors groups are defined according to their subsequent progression to clinical AIDS.  549 

b obtained from Fisher’s exact or Wilcoxon rank-sum tests.  550 

na: non-applicable 551 

  552 
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Table 2. Factors associated with the evolution towards clinical AIDS according to 553 

baseline levels of total HIV DNA and integrated HIV DNA in univariate and 554 

multivariate analyses.  555 

 556 

 

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 

 557 

  558 
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Figure 1. Total HIV DNA and integrated HIV DNA loads in the first year following 559 

infection  560 

a. 561 

 562 

 563 

b.   564 
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 566 

(a) Distribution with Loess regression of total HIV DNA (filled circles and solid line) and integrated HIV DNA 567 

(open circles and dotted line) according to the estimated time since infection (171 patients, one time point per 568 

patient at their inclusion in the ANRS-PRIMO cohort (PHI) or the ANRS-SEROCO cohort (progression cohort, 569 

divided into rapid and slower progressors)).  570 

(b) Repartition of integrated among total HIV DNA percentages according to the time since infection. These 571 

percentages were divided into four categories defined by the quartile values obtained for the 171 patients (light 572 

blue to purple, with Q1=2%, Q2=28%, Q3=85%)). Patients were classified into five groups defined by the time 573 

since infection (in days). The bar chart represents the percentage of patients belonging to each category of 574 

integrated/total HIV DNA percentage.  575 

 576 

  577 
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Figure 2. Baseline HIV DNA levels during primary infection and recent seroconversion, 578 

according to further progression to clinical AIDS.  579 

 580 

a.         b.         581 

        582 

 583 

Scatter dot plots display (a) total HIV DNA and (b) integrated HIV DNA loads for patients in the primary 584 

infection phase (PHI, ANRS-PRIMO cohort, <3 months since the estimated time of infection) and for the rapid 585 

progressors and slower progressors groups among the progression cohort (ANRS-SEROCO cohort, <1 year 586 

since infection). The bars represent median and interquartile range values.  587 
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Figure 3. Increase in total HIV DNA and integrated HIV DNA over six years of 590 

untreated infection  591 

a.  592 

 593 

b.  594 

  595 

T
ot

al
 H

IV
 D

N
A

 (l
og

1
0
co

pi
e

s/
1

06
P

B
M

C
s)

Slower progressors Rapid progressors

In
te

g
ra

te
d

 H
IV

 D
N

A
 (

lo
g 10

co
pi

e
s/

10
6

P
B

M
C

s)

Slower progressors Rapid progressors



 

31

 596 

(a) Mixed-effect linear models (MELMs) describing the evolution of total HIV DNA over six years for rapid 597 

progressors (n=34, 111 samples) and slower progressors (n=63, 229 samples).  598 

(b) MELMs describing the evolution of integrated HIV DNA over six years for rapid progressors (107 samples) 599 

and slower progressors (207 samples).  600 

Samples obtained after six years of follow-up were not considered for inclusion in the MELMs to have enough 601 

results at each time point.  602 

 603 

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

reservoirs  606 

 607 
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b.             c.   611 
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HIV DNA loads are represented in log10 copies/106 PBMC. Note the breaks in the time axes.  615 

(a) Model for HIV DNA dynamics during the natural history of infection. During early PHI, total HIV DNA 616 

levels rise rapidly to reach a peak. Integrated HIV DNA shows a concomitant but much lower peak; the majority 617 

of HIV DNA is composed of unintegrated forms at that time 18. Both total HIV DNA and integrated HIV DNA 618 

display a slight decrease thereafter, before reaching a more stable state. During chronic infection, both HIV 619 

blood biomarkers progressively increase, and the proportion of integrated forms increases.  620 

(b, c) Models of HIV DNA dynamics under treatment, depending on the timing of cART initiation. Efficient 621 

treatment initiation stops or significantly decreases viral replication and the infection of new cells 43. 622 

Unintegrated HIV DNA forms, resulting from viral replication, are eliminated because of their lability or cell 623 

death, or they are diluted during cell division, without new production as a result of cART. In contrast, stable 624 

integrated HIV DNA can persist for a longer time. Thus, cART initiation at PHI (b), when the integrated HIV 625 

DNA level is low, induces a more pronounced and extended decrease of total HIV DNA than cART initiation 626 

during the chronic stage, when the predominance of stable integrated forms is already higher (c) 11,12. Efficient 627 

treatment initiation stops the evolution of CD4+ T-cell subsets contributions to HIV reservoirs; they remain 628 

mainly composed of short-lived cells when cART is initiated during PHI 38,40, while long-lived cells are the 629 

major contributor to HIV DNA when cART is initiated during chronic infection 35,40. This difference might 630 

explain the continued decrease in total HIV DNA after several years of treatment when cART is initiated early.  631 

  632 
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