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HIV persists in a reservoir of latently infected CD4+ T cells in individuals treated with highly 

active antiretroviral therapy (HAART). Here we identify central memory (TCM) and transitional 

memory (TTM) CD4+ T cells as the major cellular reservoirs for HIV and find that viral 

persistence is ensured by two different mechanisms. HIV primarily persists in TCM cells in 

subjects showing reconstitution of the CD4+ compartment upon HAART. This reservoir is 

maintained through T cell survival and low-level antigen-driven proliferation and is slowly 

depleted with time. In contrast, proviral DNA is preferentially detected in TTM cells from aviremic 

individuals with low CD4+ counts and higher amounts of interleukin-7–mediated homeostatic 

proliferation, a mechanism that ensures the persistence of these cells. Our results suggest that viral 

eradication might be achieved through the combined use of strategic interventions targeting viral 

replication and, as in cancer, drugs that interfere with the self renewal and persistence of 

proliferating memory T cells.

Treatment of HIV infection has markedly reduced the death rate from AIDS and improved 

the quality of life of HIV-infected individuals1. However, complete eradication of HIV with 

antiretroviral drugs seems impossible, as the virus persists in cellular reservoirs2,3. The 

major HIV reservoir is a small pool of latently infected resting memory CD4+ T cells 

carrying an integrated form of the viral genome4,5 that lacks the ability to produce viral 

proteins6. CD4+ T cell depletion is associated with a larger viral reservoir size7, whereas 

early initiation of HAART is often associated with a reduced size of the HIV reservoir8 and 

the normalization of the CD4/CD8 ratio9. These observations suggest that CD4+ T cell 

depletion, which is directly associated with increased levels of CD4+ T cell 

proliferation10,11, may drive the size of the HIV reservoir by as yet unidentified 

mechanisms.

Two distinct mechanisms could contribute to the persistence of this reservoir. First, low 

levels of viral replication could lead to de novo infection of memory CD4+ T cells, ensuring 

the continuous replenishment of the HIV reservoir12,13. However, the absence of genetic 

evolution in viral reservoirs does not support this possibility13–17. Moreover, plasma viral 

RNA sequences under HAART diverge from cell-associated viral DNA, providing further 

evidence that de novo infection of cells is unlikely to be implicated in the persistence of the 

reservoir18. The intrinsic stability of latently infected CD4+ T cells constitutes an alternative 

explanation for the stability of the reservoir, as TCM cells survive for years19–21. Indeed, 

we have shown that prosurvival pathways are specifically triggered in TCM cells21,22, 

indicating that TCM cells may encompass the long-lived HIV reservoir. The differentiation 

of TCM cells into TEM cells is observed after T cell receptor (TCR) triggering23,24 and, to a 

lesser extent, in response to homeostatic cytokines such as interleukin-7 (IL-7) and IL-15 

(ref. 25). The contribution of antigen-induced or homeostatic proliferation to the size and 

maintenance of the reservoir has yet to be defined. This is particularly relevant in the context 

of HAART, where high levels of immune activation, increased plasma concentrations of 

IL-7 and an increased percentage of cycling CD4+ T cells have been observed in individuals 

with low absolute CD4+ T cell counts26. Here we show the presence of two distinct HIV 

reservoirs: one in TCM cells, regulated by antigen-driven proliferation, and one in TTM cells, 

regulated by homeostatic proliferation.
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RESULTS

HIV proviral DNA is detected in TCM and TTM cells

To identify the major molecular forms of HIV associated with its persistence, we measured 

levels of total DNA, integrated DNA and 2-LTR circles, which are labile intermediates in 

the virus life cycle, in CD4+ T cells from 14 successfully treated individuals, including four 

subjects from whom we obtained peripheral blood mononuclear cells (PBMCs) before and 

after initiation of HAART. The results indicated a rapid and profound drop in levels of 2-

LTR circles upon initiation of HAART (Fig. 1a), whereas HIV proviral DNA was more 

stable than and present in similar amounts to total HIV DNA after prolonged HAART (Fig. 

1b), confirming that the total HIV DNA found in CD4+T cells after prolonged virus 

suppression largely represents integrated HIV genomes, as recently reported27. These 

results identify integrated viral DNA as the major and most stable molecular form of HIV in 

CD4+ T cells from successfully treated subjects.

To determine whether the stability of integrated viral DNA can be attributed to the 

persistence of specific memory CD4+ T cell compartments, we sorted CD4+ T cell subsets 

from 17 aviremic subjects (Supplementary Table 1) on the basis of surface expression of 

CD45RA, CC chemokine receptor-7 (CCR7) and CD27 and performed highly sensitive 

quantification of integrated HIV proviral DNA on the sorted subsets. On the basis of 

CD45RA and CCR7 expression, we identified various CD4+ subsets, including naive (TN), 

central memory (TCM) and terminally differentiated (TTD) cells (Supplementary Fig. 1a). 

CD27 expression allowed us to distinguish effector memory (TEM) cells from the 

transitional memory CD4+ T cell subset (TTM cells); the latter cells show functional and 

transcriptional characteristics that are intermediate between those of TCM cells and TEM 

cells21.

We determined the percentage of each cellular subset within the pool of CD4+ T cells from 

31 aviremic individuals (Fig. 1c). The frequency of cells within each subset harboring HIV 

proviral DNA ranged from 0 to 10.2 × 103 copies of HIV provirus per 1 × 106 cells of a 

given subset (Fig. 1d and Supplementary Fig. 1b). Our results clearly indicate that the HIV 

reservoir constitutes cells harboring a memory phenotype (mean contributions of TCM cells 

and TTM and TEM cells of 51.7% and 46.6%, respectively), whereas TN cells and TTD cells 

marginally contribute to the pool of cells harboring HIV proviral DNA (mean contributions 

of 1.9% and 0.3%, respectively, Fig. 1e). Overall, the contributions of TCM cells and TTM 

cells to the HIV reservoir were higher than that of TEM cells (mean contributions of 51.7%, 

34.3% and 13.9%, respectively). To confirm that CD4+ T cells harbor replication-competent 

virus, we sorted cells from each subset of four aviremic subjects and measured viral 

production after co-culture and stimulation with allogeneic dendritic cells and 

phytohemagglutinin-activated CD4+ T cells from HIV-negative donors (Supplementary Fig. 

2). These results showed that CD4+ T cells subsets harboring HIV proviral DNA are able to 

produce infectious virus after stimulation.

We also measured the frequency of cells harboring HIV proviral DNA in lymph nodes and 

gut biopsies from successfully treated individuals (Supplementary Fig. 3a–f). We found that 

lymph nodes were enriched (fold enrichment of 2.4) for memory CD4+ T cells as compared 
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to blood, but the frequencies of memory CD4+ T cells harboring proviral DNA were 

comparable in both compartments (means of 516 copies and 603 copies of HIV integrated 

DNA in 1 × 106 memory CD4+ T cells from PBMCs and lymph node mononuclear cells, 

respectively). We did the same quantifications in PBMCs and matched gut biopsies from 

eight subjects on HAART; the results showed that the frequencies of cells harboring HIV 

proviral DNA are similar and highly correlated between these two compartments 

(Supplementary Fig. 3f). Together, these experiments show that TCM, TTM and TEM cells 

contribute to various degrees to the HIV reservoir and can produce infectious viral particles 

upon activation. Moreover, experiments with PBMCs of individuals on HAART, aimed at 

quantifying proviral DNA, did indeed reflect the contribution of the lymphoid tissue 

environment to the HIV reservoir.

Absolute CD4+ count identifies the HIV reservoir

Our results also showed that the relative contributions of TCM and TTM cells to the pool of 

HIV-infected cells are highly variable from one subject to another (Fig. 1e). We observed 

that CD4/CD8 ratios >1, high nadir CD4+ count and initiation of HAART within the first 

year of HIV infection are strongly associated with an HIV reservoir of limited size (P < 

0.0001, P < 0.0005 and P < 0.0001, respectively; Fig. 2a–c). As CD4+ T cell depletion was 

also associated with an increased HIV reservoir size (P = 0.03, Fig. 2d), we examined 

whether absolute CD4+ counts affect the reservoir localization in TCM and TTM cells. We 

found that TCM cells were underrepresented in subjects with low CD4+ counts, suggesting 

that TCM cells are selectively depleted or differentiated into TTM cells in these subjects (P = 

0.02, Fig. 2e). Moreover, the frequency of infected TTM cells was higher in subjects with 

low CD4+ counts, whereas TCM cells were preferentially infected in subjects with high 

absolute CD4+ counts (P < 0.0001, Fig. 2f). As TCM cells were overrepresented and 

preferentially infected in individuals with high CD4+ counts, they constituted the major 

reservoir for HIV in those subjects (P = 0.004, Fig. 2g). Conversely, the HIV reservoir was 

mainly localized in TTM cells in individuals with low CD4+ counts (P = 0.006).

Immune activation identifies the HIV reservoir

Depletion of CD4+ T cells is associated with high levels of immune activation and increased 

proliferation of CD4+ T cells10,11,26. As we found that the absolute CD4+ count 

determines the size and the localization of the HIV reservoir, we examined the impact of the 

residual immune activation on these parameters. Absolute CD4+ counts were negatively 

correlated with the expression of the immune activation and proliferation marker Ki67 in 

CD4+ T cells (P = 0.007, Fig. 3a). Notably, high frequencies of Ki67+CD4+ T cells were 

associated with a larger size of the viral reservoir (P = 0.01, Fig. 3b), suggesting that T cell 

proliferation might provide a mechanism for the maintenance of the HIV reservoir. 

Moreover, we found that the levels of cellular proliferation could predict not only the size 

but also the localization of the HIV reservoir, as high levels of Ki67 protein expression were 

correlated with preferential infection of TTM cells (P = 0.008, Fig. 3c) and with a higher 

contribution of this subset to the HIV reservoir (P = 0.0006, Fig. 3d). Conversely, TCM cells 

were the main reservoir in individuals with limited levels of cellular proliferation (P = 

0.002; Fig. 3d).
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Together, these results indicate that low absolute CD4+ counts are associated with high 

levels of cellular proliferation and an increased size of an HIV reservoir mainly harbored by 

TTM cells. Conversely, we observed a viral reservoir of limited size mainly harbored by 

TCM cells in individuals with high absolute CD4+ counts and limited proliferation of CD4+ 

T cells.

TCM and TTM CD4+ T cells define distinct HIV reservoirs

We next characterized the phenotypes of TCM cells and TTM cells to determine whether their 

contribution to the HIV reservoir is a function of their proliferative status. TTM cells 

included higher frequencies of Ki67+ and PD-1+ cells than TCM cells but lower frequencies 

than TEM cells (Fig. 3e). Moreover, and irrespective of the phenotype of the CD4+ subset, 

the HIV reservoir was mainly composed of cells endowed with limited proliferation indexes 

(Ki67, P < 0.0001 and PD-1, P = 0.0002), confirming the quiescent nonactivated state of 

cells that constitute the HIV reservoir in HAART-treated subjects2 (Fig. 3f). Our results 

indicate that highly proliferating T cells such as TEM cells (range of Ki67+ cells, 3.4–10.9%) 

do not constitute a stable reservoir for HIV, which is consistent with their limited 

contribution to the pool of latently HIV-infected cells. In contrast, TCM cells and TTM cells 

are characterized by low to intermediate levels of proliferation and constitute the main viral 

reservoir. These results suggest a model in which HIV can persist in TCM and TTM cells by 

continuous low-level proliferation, ensuring the persistence of integrated viral DNA through 

mitosis. We thus sorted TCM cells and TTM cells from four HAART-treated subjects 

according to their PD-1 expression, a marker of homeostatic28,29 and antigen-induced30 

proliferation, as indicated by the strong correlation between PD-1 and Ki67 expression in 

CD4+ T cells from HAART-treated individuals (P = 0.0002, Fig. 3g). Quantification of HIV 

proviral DNA in each fraction showed that PD-1hi cells were enriched for HIV proviral 

DNA when compared to the corresponding PD-1lo fractions (P = 0.016), confirming that 

proliferating TCM and TTM cells constitute a privileged cellular reservoir for HIV (Fig. 3h). 

These results indicate that HIV preferentially persists in TCM and TTM cells that proliferate 

at low levels.

The TTM cell reservoir is fueled by proliferating TCM cells

We amplified Env sequences from proviral DNA obtained from TCM cells and TTM cells of 

ten HAART-treated subjects and performed phylogenetic analyses to assess the 

interdependence of each cellular reservoir by comparing HIV sequences obtained from both 

cellular reservoirs (Fig. 4a). With the exception of three clones obtained from one subject, 

all viruses (n ¼ 427) were predicted to use CCR5; hence, co-receptor usage could not allow 

us to evidence the interdependence of the TCM and TTM reservoirs. However, sequences 

obtained from TCM cells and TTM cells of individuals that were good responders to HAART 

(see subject D as an example, CD4+Ki67+ 1.4%) did not cluster together, indicating that in 

those subjects these ¼ reservoirs are genetically independent (Fig. 4a). In contrast, in 

aviremic subjects characterized by higher levels of CD4+ T cell proliferation (for example, 

subject A, CD4+Ki67+ ¼ 3.5%), viral quasispecies were shared by TCM cells and TTM cells, 

as shown by the unique cluster of variants found in the neighbor-joining tree (Fig. 4a). When 

performed in ten subjects, the phylogenetic analysis confirmed that increased turnover of 

TTM cells is associated with a reduced HIV genetic distance measured between the two 
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compartments (P = 0.0005, Fig. 4b), a consequence of the residual immune activation and 

cell proliferation leading to the differentiation of T cells into TCM cells into TCM cells10,11.

Cell proliferation ensures HIV reservoir stability

We determined the impact of cellular proliferation on the genetic diversity of proviral DNA 

within both cellular reservoirs. We did not find any association between the genetic diversity 

of the TCM reservoir and levels of TCM cell proliferation (Fig. 4c), indicating that TCM cells 

harboring archived proviral DNA constitute a stable reservoir with minimal proliferation 

levels, in agreement with their enhanced survival21. In contrast, proliferation of TTM cells 

was associated with a reduced HIV diversity in this subset (P = 0.001, Fig. 4c). This result 

suggested a mechanism by which HIV-infected TTM cells maintain the size and the lack of 

HIV genetic diversity of the viral reservoir by continuous self-renewal through the 

proliferation of a small number of cells. To verify this hypothesis, we performed a 

longitudinal analysis in five aviremic subjects from whom we obtained viral sequences at 

two time points separated by at least 14 months (Supplementary Table 2 and Supplementary 

Fig. 4). We aligned sequences obtained from TCM cells and TTM cells at these two time 

points and drew phylogenetic trees reflecting the evolution of viral sequences (Fig. 5a and 

Supplementary Fig. 5). To measure the genetic evolution of the HIV reservoir, we quantified 

the divergence as the average genetic distance between sequences from the two time points 

within each T cell subset (Fig. 5b). Our results indicated that high proliferation levels in 

TTM cells are associated with a limited genetic evolution of the reservoir over time, in 

agreement with a mechanism by which persistence of this reservoir is ensured by a small 

number of HIV-infected proliferating CD4+ T cells (subject A, Fig. 5a,b).

To our surprise, in subjects with low frequencies of Ki67+ cells, sequences obtained from 

the two time points did not cluster together (subject E, Fig. 5a,b). The apparent evolution of 

HIV sequences in individuals with high CD4+ T cell counts probably reflects the sampling 

of different archived sequences rather than a genetic evolution of the proviral populations. 

These sequences may be present at variable frequencies as a consequence of the 

proliferation and death of distinct T cell clones in subjects who are still endowed with a 

functional CD4+ compartment31–33.

HIV reservoir is maintained by IL-7–mediated proliferation

CD4+ T cell depletion is directly correlated with high levels of plasma IL-7 (refs. 26,34–36), 

a cytokine responsible for the survival and homeostatic proliferation of CD4+ T 

cells25,37,38. We observed higher amounts of IL-7 in the plasma of individuals with a high 

frequency of proliferating cells and limited evolution of the viral reservoir over time (Fig. 

5b). We then assessed the role of this cytokine in the maintenance of the size of the 

reservoir. We determined the frequency of CD4+ T cells harboring proviral DNA in eight 

aviremic HAART-treated subjects at two different time points with at least 14 months 

between independent measurements (Fig. 5c). The size of the viral reservoir decreased very 

slowly with time in the eight aviremic subjects tested. We analyzed our data by using a 

previously described regression model39, and we found a mean half-life of this reservoir of 

39.5 months, indicating that an average of 65.7 years of treatment would be necessary to 

eradicate 1 × 106 infected cells. Of note, we observed a significant negative correlation 
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between this decrease and the percentage of proliferating TTM cells (P = 0.007, Fig. 5d). 

Moreover, we observed that plasma IL-7 concentrations inversely correlated with the 

decrease of the reservoir size over time (P = 0.037, Fig. 5e).

Altogether, these results indicate that IL-7 is responsible for the persistence of latently HIV-

infected CD4+ T cells by promoting homeostatic proliferation of memory CD4+ T cells, 

resulting in the quantitative and qualitative stability of the HIV reservoir.

Cellular proliferation influences the HIV reservoir

We performed in vitro experiments to evaluate the relative impact of antigen-induced and 

homeostatic proliferation on the maintenance of the HIV reservoir. We stimulated CD4+ T 

cells from two virally suppressed subjects through TCR triggering (CD3 and CD28) or 

incubate them with IL-7 in the presence of zidovudine and ritonavir to avoid possible de 

novo infection of cells with HIV. We observed that TCR triggering induced modifications in 

the distribution of CD4+ T cell subset and was accompanied by high levels of proliferation 

(Fig. 6a,b). In contrast, IL-7 at 1 ng ml−1 and 10 ng ml−1 was able to induce proliferation of 

CD4+ T cells with limited impact on the distribution of the various naive and memory T cell 

subsets, confirming the homeostatic nature of the proliferation induced by this cytokine. 

Analysis of HIV sequences after IL-7 treatment indicated that this cytokine induced the 

proliferation of CD4+ T cells without modifying the diversity of the viral reservoir, as 

indicated by the absence of a significant difference in the genetic diversity of the proviral 

populations at baseline and after 8 d of culture (Fig. 6c). In contrast, CD4+ T cells treated 

with CD3 and CD28 showed a significant reduction in the diversity of the proviral 

population (subjects 1 and 2, P = 0.0002 and P < 0.0001, respectively). Of note, we used the 

same number of positive PCR reactions for cloning of proviral quasispecies under each 

experimental condition (n = 7), indicating that the decrease in viral genetic diversity is 

unlikely to be attributable exclusively to cell death. Thus, the decrease in the viral genetic 

diversity observed after TCR triggering is most probably attributable to the specific 

expansion of a small number of HIV-infected memory CD4+ T cell clones, which are 

undergoing substantial proliferation in our cultures at day 8, as indicated by increased 

frequencies of Ki67+ cells (Fig. 6b). This observation supports our findings in vivo showing 

that TCR-induced proliferation is responsible for the specific expansion of a restricted 

number of CD4+ T cell clones harboring a limited set of divergent HIV sequences (Fig. 5a). 

Thus, these results indicate that IL-7 can mediate the survival of HIV-infected cells through 

homeostatic proliferation, thereby ensuring the persistence of a genetically stable HIV 

reservoir, whereas antigen-induced proliferation leads to the genetic evolution of the 

proviral population through the preferential proliferation and survival of a restricted number 

of CD4+ T cell clones.

DISCUSSION

We have identified two viral reservoirs within memory CD4+ T cell subsets of virally 

suppressed subjects. The TCM reservoir is the major long-lasting reservoir in immune 

responders to HAART. As TCM cells are characterized by their extremely low degree of 

cellular proliferation, and, because of their intrinsic capacity to survive for decades20,21, 
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these cells provide a long-lasting cellular reservoir for HIV. In immune responders to 

HAART with normal CD4+ counts, the size of the HIV reservoir decreases very slowly with 

time, indicating that this cellular reservoir could be partially depleted through the use of 

intensive antiviral strategies for prolonged periods of time. The second reservoir is harbored 

by TTM cells and is the main reservoir in individuals with low CD4+ counts, the majority of 

whom are characterized by persistent immune activation. Our results clearly show that this 

reservoir persists by homeostatic proliferation of infected TTM cells, ensuring the stability of 

this viral reservoir in its size and its genetic variability. As the size of this TTM reservoir is 

reduced in individuals who have been treated early in infection, our findings confirm the 

importance of early therapeutic intervention, as it limits the size of this proliferating HIV 

reservoir8.

Several studies have clearly shown the continuous production of virions during 

HAART13,40,41; a recent analysis of longitudinal plasma samples suggests that this low-

level, persistent viremia seems to arise from at least two cellular compartments, one in 

which viral production decays over time and a second that remains stable for at least 7 

years42. Our identification of TCM cells and TTM cells as two major reservoirs that are 

characterized by differing decay rates in HAART-treated individuals supports these 

findings. Our observations also provide the first evidence, to our knowledge, for the validity 

of the mathematical model proposed recently, in which bystander proliferation of HIV-

infected CD4+ T cells can ensure HIV reservoir persistence without any demonstrable 

evidence for viral production43.

The impact of viral production on the replenishment of the HIV reservoir is still 

controversial17,18,44–46. A recent study concluded that persistence of the HIV reservoir is 

unlikely to result from ongoing viral replication, as sequences from the predominant plasma 

clones are different from those found in the proviral reservoir18. Moreover,genetic analysis 

of rebounding viruses after treatment interruptions argues against persistence of ongoing 

low-level replication in individuals on suppressive HAART47. Accordingly, our findings 

suggest a limited role for viral replication in the persistence of the reservoir. First, the 

nonstochastic distribution of HIV-infected cells among T cell subsets that are permissive to 

HIV infection suggests that de novo infection of CD4+ T cells does not occur. Second, 

HAART-treated individuals with high levels of immune activation, in whom ongoing 

replication is most likely to occur, do not show any evidence of genetic evolution in their 

proviral populations. Altogether, these observations strongly suggest that ongoing viral 

replication is unlikely to be responsible for the persistence of HIV-infected cells and 

strengthen the role of cell proliferation as a major mechanism to ensure HIV persistence.

IL-7 has been shown to induce the proliferation and survival of memory CD4+ T cells25. 

We found that CD4+ T cell depletion is accompanied by increased amounts of IL-7, which 

provides a potential mechanism by which latently infected CD4+ T cells could proliferate in 

response to this cytokine, as measured by Ki67 expression. Our results are in line with a 

recent study indicating that CD4+ T cell proliferation in HIV-infected individuals (as 

assessed by BrdU incorporation) is driven by IL-7 as a homeostatic response to CD4+ T cell 

depletion48. However, our Ki67 measurements may have over-estimated the frequency of 

dividing cells, as Ki67+ cells may not represent true in vivo proliferation in HIV-infected 
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individuals, particularly in untreated subjects49,50. These results and our observations 

suggest that a quantitatively stable pool of memory CD4+ T cells that include cells with 

integrated HIV DNA is maintained through continuous proliferation and apoptosis at low 

levels in HAART-treated individuals with low CD4+ counts. Our longitudinal analysis 

shows that the stability of the HIV reservoir size and the conservation of viral sequences 

over time are associated with IL-7 concentrations in plasma. We observed here that IL-7 is 

able to induce homeostatic proliferation of CD4+ T cells in vitro, thereby ensuring the 

persistence of HIV proviral sequences. These observations show a role for IL-7 in the 

maintenance of latently infected CD4+ T cells through cytokine-induced homeostatic 

proliferation and survival.

Our results indicate that HIV persists in two reservoirs that are maintained by distinct 

mechanisms. Individuals who have started treatment early in infection carry a viral reservoir 

of limited size that is harbored mainly by TCM cells, which have the capacity to survive for 

long periods of time21,22. Although these cells that harbor archived proviral DNA are 

highly stable, the reservoir may decrease at a very slow rate as a consequence of the ability 

of these cells to mount antigen-induced responses, leading to the elimination of a fraction of 

infected cells through CTL killing, cytopathic effect and apoptosis during the contraction 

phase. The HIV reservoir is mainly retrieved in TTM cells in subjects with increased 

frequencies of proliferating CD4+ T cells because HAART treatment was initiated at a later 

stage of the disease. This subset of CD4+ T cells continuously proliferates at low levels, 

leading to the persistence of a genetically stable HIV reservoir through IL-7–induced mitosis 

of TTM cells. These results suggest that therapeutic strategies relying solely upon 

antiretroviral molecules will never reach the objective of viral eradication.

Finally, our results indicate that HIV proviral DNA is harbored by cells that express immune 

activation and proliferation markers such as PD-1 and Ki67. New therapies should target 

pathways downstream of homeostatic proliferation including inhibitors of the IL-7 pathway 

or pathways associated with self-renewal and `stem cell-ness', such as those developed for 

the treatment of leukemias and cancers51. Indeed, by limiting immune activation and 

affecting long-lived infected CD4+ T cells by targeting IL-7–dependent proliferation and the 

self-renewal of memory T cells in association with HAART, eradication of virus in aviremic 

individuals could become a more realistic endeavor.

METHODS

Methods and any associated references are available in the online version of the paper at 

http://www.nature.com/naturemedicine/.
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Figure 1. 
Integrated DNA is the major molecular form of HIV during HAART and is harbored by 

TCM and TTM cells in vivo. (a) Frequencies of total, integrated and 2-LTR circle DNA 

molecules in CD4+ T cells before and after HAART initiation. Molecular forms of HIV 

were quantified by real-time PCR in longitudinal samples from four individuals who 

initiated HAART during the follow-up period. Off and On refer to the therapy status. The 

time before (−) and after (+) HAART initiation (in months) and the viral load at each time 

point (in RNA copies per ml of plasma) are indicated. (b) Frequencies of total, integrated 

and 2-LTR circle HIV DNA in 1 × 106 CD4+ T cells from ten subjects receiving HAART 

for more than 32 months. (c) Percentage of CD4+ T cell subsets among total CD4+ T cells in 

a cohort of 31 individuals with undetectable viral load. Percentages of cells were determined 

by flow cytometry. (d) Frequencies of cells harboring integrated HIV DNA in CD4+ T cell 

subsets from three representative aviremic subjects. Results are expressed as the HIV copy 

number in 1 × 106 cells of a given subset. (e) Contribution of TN, TCM, TTM+EM and TTD 

cell subsets to the pool of HIV-infected cells calculated in 17 aviremic HIV-infected 

subjects. HIV integrated DNA copy number was determined in sorted subsets by highly 

sensitive real-time PCR. Each symbol represents a different individual. In ten subjects, 

CD45RA−CCR7− CD4+ T cells were further sorted according to the expression of CD27 to 

distinguish between TTM cells and TEM cells. Horizontal lines indicate mean values.
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Figure 2. 
CD4+ T cell depletion drives the size and the localization of the HIV reservoir. (a–d) 

Integrated HIV DNA copy number, as determined in the CD4+ T cells from 33 virally 

suppressed HIV-infected subjects by Alu real-time PCR. (a) Comparison of the size of the 

HIV reservoir in subjects with a CD4/CD8 ratio o1 or 41. (b) Correlation between the size 

of the HIV reservoir and the nadir CD4+ count. (c) Comparison of the size of the HIV 

reservoir in subjects who have started HAART before or after the first year of infection. (d) 

Correlation between the size of the HIV reservoir and absolute CD4+ counts. (e) Correlation 

between the absolute CD4+ count and the TCM/TTM ratio in 33 subjects receiving HAART. 

The frequencies of TCM and TTM cells within total CD4+ T cells were measured by flow 

cytometry after staining for the CD4, CD45RA, CCR7 and CD27 markers. (f) Correlation 

between the TCM/TTM+EM infection frequency ratio and absolute CD4+ counts in the 17 

individuals on whom HIV quantifications in CD4+ T cell subsets were performed. HIV 

integrated DNA copy number was determined in sorted subsets by highly sensitive real-time 

PCR. The ratio was calculated by dividing the number of copies of integrated HIV DNA in 1 

× 106 TCM by the number of copies of integrated HIV DNA in 1 × 106 TTM+EM cells. (g) 

Correlations between the contribution of TCM cells and TTM+EM cells to the HIV reservoir 

and the absolute CD4+ count in the same individuals. To calculate the contribution of each 

CD4+ T cell subset to the global pool of HIV-infected cells, the percentage of each subset 

within the CD4+ compartment as well as the frequency of the cells in the subset harboring 

HIV integrated DNA were taken into account. Horizontal lines indicate mean values.
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Figure 3. 
Proliferation of CD4+ T cells drives the size and the localization of the HIV reservoir. (a) 

Correlation between the absolute CD4+ count and the level of cellular proliferation, as 

measured by intracellular Ki67 expression in CD4+ T cells from 33 individuals receiving 

potent HAART. (b) Correlation between the size of the HIV reservoir and the frequencies of 

Ki67+ cells within total CD4+ T cells. The frequency of cells harboring HIV integrated 

DNA in total CD4+ T cells from 33 individuals was determined by Alu real-time PCR. (c) 

Correlation between the TCM/TTM+EM infection frequency ratio and the expression of Ki67 

on total CD4+ T cells in the 17 subjects on whom HIV quantifications in CD4+ T cell 

subsets were performed. (d) Correlations between contributions of TCM and TTM+EM cells 

to the HIV reservoir and the expression of Ki67 in the same individuals as in a–c. (e) 

Percentage of CD4+ T cells from each cellular subset expressing Ki67 and PD-1. (f) 
Correlations between the contribution of a given CD4+ T cell subset to the HIV reservoir 

and the expression of Ki67 and PD-1. (g) Correlation between PD-1 and Ki67 expression in 

total CD4+ T cells. (h) TCM cells and TTM cells from three and four virally suppressed 

subjects were sorted according to their relative expression of PD-1. The frequency of cells 

harboring HIV proviral DNA was determined in both fractions by Alu real-time PCR.
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Figure 4. 
TCM and TTM cells define a distinct HIV reservoir. (a) Neighbor-joining trees derived from 

HIV sequences obtained from TCM cells and TTM cells of four representative HAART-

treated HIV-infected subjects. TCM and TTM cells from ten aviremic subjects were sorted, 

and a minimum of 11 clones deriving from at least ten independent positive PCRs of the Env 

gene were sequenced in each case. The numbers near nodes indicate the percentage of 

bootstrap replicates (1,000 resampling). The scale refers to the distance between sequences. 

Vertical lines are for clarity only. (b) Correlation of the mean genetic distances of HIV Env 

sequences between TCM and TTM cells to the percentage of Ki67+ TTM cells in ten aviremic 

subjects. Each diamond represents the mean genetic distance existing between the clones 

obtained from TCM cells and TTM cells. (c) Correlations between the HIV genetic diversity 

in TCM cells and TTM cells and the expression of Ki67 in these subsets. HIV diversity was 

estimated by calculating the mean genetic distance between the clones within a given subset.
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Figure 5. 
Proliferation of TTM cells is associated with a genetic stability of the HIV reservoir over 

time. (a) Neighbor-joining trees derived from HIV sequences obtained from TCM cells and 

TTM cells of two representative aviremic individuals at first and second time points (closed 

and filled symbols, respectively). Percentages of TCM cells and TTM cells expressing the 

Ki67 proliferation marker are indicated. (b) Genetic evolution of the HIV reservoir in TCM 

cells and TTM cells from five aviremic individuals followed longitudinally. Results are 

expressed as the mean genetic distance existing between HIV sequences from both time 

points, corresponding to the estimated genetic divergences of the Env region (left). 

Percentage of Ki67+TTM cells (middle) and plasma IL-7 concentrations (right) are also 

shown. (c) Evolution of the HIV reservoir size in eight aviremic individuals. The integrated 

HIV DNA copy number was measured by Alu real-time PCR in purified CD4+ T cells at 

two time points. For each subject, the line between the two time points reflects the slope of 

the decrease in the frequency of CD4+ T cells harboring HIV proviral DNA. (d) Correlation 

between the slope decrease in the number of HIV-infected CD4+ T cells and the percentage 

of Ki67+ TTM cells. The decrease in the HIV reservoir size is expressed as a decrease of the 

percentage of cells harboring HIV proviral DNA per day. (e) Correlation between the slope 

decrease in the number of HIV-infected CD4+ T cells and the plasma IL-7 level measured 

by ELISA.
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Figure 6. 
IL-7 induces homeostatic proliferation of CD4+ T cells and ensures HIV reservoir stability 

through cellular proliferation at low levels. (a) Phenotype of CD4+ T cells after TCR-

induced (CD3/CD28) or IL-7 proliferation. Cells were harvested at day 8, and their 

phenotype was determined by flow cytometry. (b) Percentage of CD4+ T cells expressing 

the proliferation marker Ki67 after 8 d of CD3/CD28 or IL-7 stimulation. (c) HIV genetic 

diversities at baseline and after 8 d of treatment. Each dot represents the mean genetic 

distance between one given clone and the entire population. The horizontal bar represents 

the mean of these values and is reflecting the genetic diversity of the viral population in the 

various conditions.
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