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Abstract

Objectives: To investigate the potential for CD4+CD8+ T cells [CD8 double positive (CD8 DP)] T cells to form a reservoir of HIV-1 following HAART through measurement of the rate of decay of infected CD4/CD8 DP T cells.

Methods: HIV-1 proviral loads in highly pure CD4 and CD8 DP T cells were determined for study subjects before and after 200–400 days of therapy and HIV-1 DNA decay rates were calculated.

Results: Before therapy, HIV-1 proviral load in CD8 DP correlated negatively with CD4 cell count. Decay rates of HIV-1-infected CD4 and CD8 DP T cells were similar. Rates for CD8 DP T cells correlated with the time to suppression of viral replication, whereas no such relationship was true for CD4 cell decay rates. A significant reduction in activated cells was observed for both cell types. The action of HAART on HIV-1 replication was similar for both CD4 cells and CD8 DP T cells, although the rate of clearance of infected CD8 DP T cells appeared more critical for a rapid reduction in plasma viral load. Although the size of the CD8 DP T cell reservoir in peripheral blood was smaller relative to that of CD4 cells, HAART did not completely clear HIV-1 infection from this cell subset.

Conclusion: This study confirmed that CD8 DP T cells are a major reservoir for HIV-1 in vivo and, therefore, represent a potential reservoir for HIV-1 during HAART, in a manner analogous to that of CD4 T cells.
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Introduction

HIV-1 replication in vivo is in part controlled by HIV-specific CD8 T lymphocytes [1,2] although the mechanism by which this control is exerted is poorly understood. A greater functionality of CD8 T cells is found in HIV nonprogressors and similar responses are responsible for resolution of chronic viral infections that are controlled through cell-mediated immunity [3]. The success of CD8 T cell immune responses appears to rely on the type of CD8 cell response rather than the quantity of specific CD8 T cells [4]. Indirect although compelling evidence for the role of CD8 T cells in controlling HIV replication arises from observations of high frequencies of amino acid sequence changes in cytotoxic T cell targets. Mutations occur specifically in major histocompatibility class I recognition sequences matching the human leukocyte antigen type of the infected individual; observation of rapid reversion to ‘wild type’ on transmission further indicates that many of the immune-driven mutations incur substantial fitness costs to the virus [5–8].

A number of studies have demonstrated that CD8 T cells can be infected with HIV-1 in vivo [9–15]. Infection of CD8 T cells occurs following activation of the cells and subsequent expression of CD4 [16,17], and infection of CD8+CD4+ T cells [CD8 double positive T cells (CD8 DP T cells)] both in vivo and in vitro is now well documented [15–18]. The generalized immune activation seen during HIV-1 infection leads to increased numbers of cells with an activated phenotype, a state that contributes to pathogenesis [19]. In turn, lymphoid tissues are the main sites of residence for latent, yet replication-competent infected cells [20], a region where activated CD8 cells are attracted during chronic infection [21]. While HIV-1 infection of CD8 DP T cells during primary infection has been shown [22], the frequency of infected cells increases during AIDS [9,15]. We have recently demonstrated that CD8-derived HIV-1 virions in plasma of infected individuals form a major component of total viral load [23], indicating that infection of CD8 T cells is numerically significant and contributes substantially to the replicating pool of HIV-1 in vivo.

HAART suppresses viral replication in the vast majority of individuals, with the rapid decrease in plasma HIV-1 resulting from clearance of activated, productively infected cells [24]. Nonetheless, low viral replication has been shown to occur and can be detected in peripheral blood [25], the kinetics of which correlate with replication within lymphoid tissue [26] and contribute to slower clearance of infected cells [27]. The exceedingly long half-life of latently infected, replication-competent cells [28] prevents the complete clearance of HIV-1 by HAART. Indeed, the half-life of HIV-1 proviral DNA sequences detectable in peripheral blood mononuclear cells (PBMC) (4–6 months) is similar to that of memory CD4 T cells [29], the apparent long-term reservoir [30].

To investigate the potential for infected CD8 T cells to contribute to long-term persistence of HIV-1 during suppression of viral replication, the rates of HIV-1 DNA clearance from both CD4 T cells and CD8 DP T cells were determined following a period of HAART (200–450 days).
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Methods

Study subjects

HIV-positive study subjects about to undergo a course of HAART for the first time or following a period of treatment interruption were recruited from the Western General Hospital, Edinburgh [Table 1]. A pretreatment blood sample (20–50 ml) was taken immediately prior to the onset of therapy (median 4 days; range, 0–19) and a second sample 200–400 days after starting therapy. Details of drug regimens are shown in Table 2.

[image: Table 1]Table 1. Study subjects.
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Lymphocyte isolation and proviral load estimation

Lymphocyte subsets [CD4: CD4+CD8β-; CD8 single positive (SP): CD4−CD8β+; CD8 DP: CD4+CD8β+] were isolated from each blood sample using a combination of magnetic cell enrichment and fluorescence activated cell sorting (FACS). Lymphocytes were purified from PBMC by Histopaque (Sigma, Poole, UK) density centrifugation followed by magnetic cell sorting using an autoMACS Separator (Miltenyi Biotec, Gladbach, Germany). CD8 T cells were purified by positive selection using CD8 MicroBeads (Miltenyi Biotec) and the negative fraction retained and used for purification of CD3 T cells by positive selection using CD3 MicroBeads (Miltenyi Biotec). FACS analysis was performed as described elsewhere [15] using CD8 cells for FACS purification of CD8 subsets and CD3 cells for FACS purification of CD4 T cells. HIV proviral loads were determined by limiting dilution PCR [15,31]. This assay is consistently sensitive to a single copy in our laboratory using DNA standards obtained from the National Institute for Biological Standards (Potters Bar, UK) and has previously been shown to estimate proviral loads that are significantly correlated with those estimated by real-time PCR [15]. Proviral loads of CD8 T cell populations were adjusted according to the potential level of CD4 T cell contamination [15]. Where both CD8 DP and CD8 SP T cell purity data were unavailable, the 75th percentile of all available CD4 cell contamination data was used (0.11%). Where cell numbers were limiting or provirus was detected from a single PCR, the standard error of the proviral load was not calculated.
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Cell sorting analysis

To assess the number of activated cells of each phenotype, numbers of large and small CD4 and CD8 T cells pre-HAART and during HAART were determined by FACS analysis using postsorting, as described above, with the addition of tubulin phycoerythrin–cyanine-7 (clone TB1A337.3; Beckman Coulter, High Wycombe, UK) staining to exclude dead cells.
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Statistical analysis

All statistical analyses were performed using SPSS version 14.0 (SPSS, Chicago, Illinois, USA). Comparison of paired sample means was performed using the Wilcoxon signed rank test. Nonparametric correlations were estimated using Spearman's rank correlation coefficient (rs).
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FACS analysis

To assess the number of activated cells of each phenotype, numbers of large and small CD4 and CD8 T cells pre-HAART and during HAART were determined by FACS analysis (Fig. 1a–d). The potential level of CD4 T cell contamination (Table 3) was used to adjust the proviral loads of CD8 T cell populations before and after HAART.

[image: Fig. 1]Fig. 1. Estimation of large and small cell numbers by FACS. (a) An expanded lymphocyte gate was set for both CD4 and CD8 T cells. (b) For CD8 T cells, dead cells were excluded through the exclusion of tubulin-positive cells (1% of the distribution). (c) Gating by cell-specific markers was performed as for FACS sorting of cells (shown for CD8 T cells). (d) Numbers of small and large cells were estimated based on forward and side scatter.



[image: Table 3]Table 3. CD4 T cell contamination of CD8 T cell subsetsa.
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Results

Pre-HAART proviral loads

Overall, 20 of the 30 study subjects (67%) had CD8 DP T cells that were HIV provirus-positive before HAART. Although 13 (43%) had detectable infected CD8 SP T cells, proviral loads were exceptionally low in this subset, approaching the sensitivity of the assay [mean, 2 copies/106 cells; 95% confidence interval (CI), 1–3]. The mean CD4 T cell proviral load for the 30 subjects (4098 copies/106 cells; 95% CI, 1575–6620) was significantly higher than that of CD8 DP T cells (258 copies/106 cells; 95% CI, 71–446) (Z = −4.659, P < 0.001).

There was a significant negative correlation between both CD4 and CD8 DP T cell pre-HAART proviral loads and CD4 cell count in the 30 subjects (CD4 cells: rs = −0.406, P = 0.026; CD8 DP: rs = −0.467, P = 0.009; Fig. 2a,b). The significant relationship between CD8 DP proviral load and CD4 cell count was not affected by the removal of PCR-negative samples (n = 20; rs = −0.495; P = 0.026). CD4 T cell proviral load significantly correlated with plasma viral load (n = 29; rs = 0.384; P = 0.040) (Fig. 2c), whereas no such relationship was true for CD8 DP T cell proviral load with (n = 29; rs = 0.090; P = 0.642) and without (n = 20; rs = −0.008; P = 0.974) the inclusion of PCR-negative samples (Fig. 2d).

[image: Fig. 2]Fig. 2. Pre-HAART HIV proviral loads in T cells against cell count or plasma viral load. Proviral loads ranked according to CD4 count for CD4 T cells (a), CD4+CD8+ T cells (b), and according to plasma viral load in CD4 T cells (c), CD4+CD8+ T cells (d). Open circles indicate no provirus detected (values shown are half the lower limit of detection). All error bars show standard error.
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HIV-1 DNA decay

HIV-positive CD4 T cells were detected during HAART in all 12 study subjects tested (Fig. 3a). Samples from three subjects yielded insufficient cells to estimate CD8 DP T cell proviral loads precisely during HAART and were excluded from the analysis (Table 1). In the remaining nine subjects, four had CD8 DP T cells in which HIV-1 proviral DNA was detectable (Fig. 3b). Although the lower limit of detection for the other five were low (< 3, < 11, < 15, < 22 and < 43 copies/106 cells), this does not preclude a level of infection below assay sensitivity. Where indicated, values halfway between the negative cut-off and zero have, therefore, been used for these PCR-negative CD8 DP T cell samples. The ratio of CD4 T cell proviral load to CD8 DP T cell proviral load pre-HAART and the corresponding ratio during HAART were strongly correlated (n = 9; rs = 0.891; P = 0.001), whereas there was no significant correlation between paired CD4 and CD8 DP T cell proviral loads pre-HAART (n = 30; rs = 0.251; P = 0.181) and during HAART (n = 9; rs = 0.033; P = 0.932). Only one study subject (WT02) had CD8 SP T cells that were HIV positive during HAART (7 copies/106 cells) although CD8 DP T cells from this sample had a considerably higher proviral load (182 copies/106 cells).

[image: Fig. 3]Fig. 3. Effect of HAART on HIV-1 proviral load in T cells and T cell numbers. (a) HIV-1 proviral load in CD4 T cells. (b) HIV-1 proviral load in CD4+CD8+ T cells. (c) Numbers of CD4+CD8+ T cells in peripheral blood as a percentage of total CD8 T cells (CD8 DP %). Open circles indicate no provirus detected (values shown are half the lower limit of detection). Error bars show standard error.



The median percentage reduction in proviral load was similar between CD4 T cells (64%; n = 12; 95% CI, 56–82) and CD8 DP T cells (82%; n = 9; 95% CI, 68–90). Moreover, there were no significant differences between the values for all eight paired samples (Z = −1.362; P = 0.173) and for just the four paired samples where CD8 DP T cell proviral load was positive during HAART (Z = −0.730; P = 0.465). Both T cell subsets showed a significant reduction in mean proviral load following therapy (CD4 T cells: n = 12; Z = −3.621; P < 0.001; CD8 DP T cells: n = 9; Z = −2.666; P = 0.008), irrespective of whether the detection limit or half its value was used as the proviral load for PCR-negative CD8 DP T cells (statistics identical).

The mean rate of HIV-1 DNA decay per month was very similar for both T cell subsets (CD4 cells: 0.071 log10 copies/106 cells; 95% CI, 0.035–0.107; CD8 DP: 0.077 log10 copies/106 cells; 95% CI, 0.047–0.108; Fig. 4). Although the true value for CD8 DP T cells may differ slightly from this value owing to the use of lower detection limits in its estimation, the mean rate of decay of HIV-1 proviral load for the four CD8 DP T cell PCR-positive samples (0.078 log10 copies/106 cells; 95% CI, 0.011–0.144) was almost identical to that estimated including the ‘negative’ samples. Individual values of CD8 DP proviral decay showed a significant negative correlation (albeit marginal) with the time to complete plasma virus suppression (< 50 copies/ml) (n = 9; rs = −0.667; P = 0.050) whereas no such relationship was true for CD4 T cell decay (n = 12; rs = −0.168; P = 0.602).

[image: Fig. 4]Fig. 4. Decay rates of HIV-1 proviral load during HAART. Decay rates are the log10 change in proviral load per month. Open circles indicate no provirus detected during-HAART (values shown are half the lower limit of detection). Bars show mean values.
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Frequencies of CD4+CD8+ T cells in peripheral blood

Before the onset of HAART, CD8 DP cells represented an average of 2.18% of CD8 lymphocytes (n = 29; 95% CI, 1.75–2.60). After HAART, this value had fallen significantly (n = 11; Z = −2.934; P = 0.003) to 0.64% (n = 12; 95% CI, 0.33–0.94) (Fig. 3c).
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Decline in large T cells during HAART

CD4 and CD8 DP T cells showed significant overall reduction in the numbers of large cells following HAART (CD8 DP cells: n = 8; Z = −2.240; P = 0.025; CD4 cells: n = 9; Z = −2.192; P = 0.028; Fig. 5). No significant correlation was found between the percentage reduction in HIV-1 proviral load and the reduction in the percentage of large cells of the same subset (CD4: n = 9; rs = −0.317; P = 0.406; CD8 DP: n = 6; rs = −0.314; P = 0.554).

[image: Fig. 5]Fig. 5. Change in numbers of large cells during HAART. (a) Mean values for T cell subsets: SP, CD8 cells; DP, CD4+CD8+ T cells, CD4, CD4 T cells. (b,c) Individual changes of large CD4+CD8+ T cells (b) and large CD4 T cells (c). Error bars show standard error of the mean. NS, not significant; *P < 0.05 (Wilcoxon signed ranks test).
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Discussion

Although the occurrence and mechanisms of infection of CD8 DP T cells in vivo and in vitro are well established, its significance to HIV-1 pathogenesis remains uncertain [9–15]. While the frequency of CD8 T cell infection increases with disease progression [9,15], total frequencies of HIV-infected CD8 DP T cells are often low compared with that of CD4 T cells in peripheral blood. To an extent, it might be argued that activated CD8 DP T cells are underrepresented in PBMC populations because of their propensity to migrate from blood; proviral loads in CD8 T cells in lung have indeed been found to be several times higher than those recovered from PBMC [10,32]. Furthermore, we have recently demonstrated that plasma from HIV-1-infected individuals contains substantial amounts of CD8 cell-derived virus (15% estimated mean contribution to circulating plasma viral load), indicating that productive infection of CD8 T cells is substantial [23]. This allows for a scenario by which HIV-induced destruction of these cells could contribute towards the immune dysfunction apparent during AIDS.

Heterogeneity in both plasma viral load and the number of productively infected cells prior to the start of HAART influences the kinetics of HIV-1 DNA decay. Moreover, decay kinetics are biphasic, with a variable time period for first-phase clearance [33,34], and combined analyses of decay rates may show no significant trend in the temporal reduction of HIV-1 DNA during therapy [35,20]. All study subjects here, however, showed reductions in proviral load for both cell types, and mean proviral loads were significantly reduced after the 6–13 months on therapy. Values derived for individual study subjects likely represent an average rate covering both the initial rapid decay during the first few months of therapy and the slower second phase [34]. Importantly, CD8 T cell subsets were highly pure, with negligible CD4 T cell contamination (Table 3). In addition, only 7 of 17 study subjects tested had HIV-1-positive CD14+CD3− monocytes (with very low proviral loads, average 5 copies/106 cells; results not shown) ensuring that CD8 T cell proviral loads are not obscured by contamination with other infected cell types. Our finding of a significant reduction in large CD4 and CD8 DP T cells during HAART most probably represents clearance of activated, acutely infected cells [24], as the increased size of T cells has been shown to be a sensitive corollary of activation [35].

Although the kinetics of HIV-1 clearance from CD4 T cells by HAART has been studied [28,36,37], this is the first study of the rate of clearance of HIV-1-infected CD8 T cells. HAART has previously been shown to reduce numbers of activated CD8 T cells [38,39], an observation confirmed here by the significant reduction in numbers of CD8 DP T cells (as well as CD4 T cells) in peripheral blood following HAART. The action of HAART on HIV-1 replication appears to be similar for both CD4 T cells and CD8 DP T cells. HIV-1-infected CD8 DP T cells were cleared at a similar rate to that of infected CD4 T cells, while the relative level of infection of CD8 DP T cells to that of CD4 T cells remained unaltered. Despite this similarity, it is interesting to note that the time taken to suppress viral replication below detectable levels (< 50 copies/ml in peripheral blood) correlated significantly with the rate of decay of HIV-1-infected CD8 DP T cells, but not with the decay of infected CD4 T cells. This indicates that it is the removal of HIV-1 infection from the CD8 T cell compartment which is crucial to the speed of successful suppression of viral replication. The small sample size of this study, coupled with the similar structure of most HAART regimens, prevents any further analysis based upon specific drugs/regimens.

HAART undoubtedly reduces the activation status of the immune system, observed here by a decrease in the numbers of circulating CD8 DP T cells. Moreover, it appears that HAART leads to a preferential clearance of HIV-1-infected large, activated T cells (both CD4 and CD8). Both of these mechanisms contribute to a reduction in the CD8-specific HIV-1 reservoir. Nonetheless, prior to HAART, activated CD8 T cells may enter the resting pool [40]. Although the majority of effector T cells undergo apoptosis, a minority (∼10%) persist to form memory cells, many of which can be maintained for long periods of time [41]. This situation provides a means for the establishment of a CD8-based HIV-1 reservoir that is not readily cleared by therapy. The lack of complete clearance of HIV-1-infected CD8 DP T cells found here provides further support for a pathway that creates an ideal situation for HIV-1 to establish a CD8 T cell reservoir analogous to the well-characterized reservoir in CD4 memory T cells. CD8 T cells should, therefore, be considered a potentially significant long-term reservoir for HIV-1, particularly given their significant contribution to the replication population of HIV-1 in untreated individuals [23].
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Pre-HAART HAART
Study subject CD8 SP CD8DP CD8 SP CD8DP
WT34 0.01 b - -
WTOZ c { 4 { o { o
WT24 <0.08 b - -
WT26 < : - -
WT27 0.06 b - -
WTO09 g g 0.06 0.35
WT14 <0.03 e e
WT21 0.02 0.03 - -
WT35 <0.05 b = =
WT10 <0.01 b - -
WT06 <0.01 b 0.01 <0.07
WT19 <0.05 b < <
WT04 <0.01 0.92 € €
WT12 <0.06 <0.18 € €
WT13 <0.02 0.15 c B
WT22 <0.03 0.59 - -
WTOT 0.54 <0.15 - -
WTO08 <0.01 0.07 - -
WT23 <0.06 b = =
WT31 0.08 b - -
WT20 c c - -
WT11 <0.02 <0.05 S S
WT16 <0.06 <0.13 - -
WT05 ¢ < <0.09 b
WT15 0.02 1.73 o -
WT17 <0.03 b c ©
WT18 <0.03 0.21 <0.08 b
WT28 <0.06 b - -
WT32 <0.06 5 = =
WTO03 NS E - -

—, HAART sample not taken; NS, cells not sorted.
“Study subjects are ordered by descending CD4 count.

°CD8 cell purity value used.

°75th percentile purity used (0.11%).
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Interval between blood

Time to viral

CD4 cell count

Study subject CD4 cell count (cells/ul) VL (log;o copies/ml) samples (days) suppression (days)* (cells/ul) vt T cell subsets*
WT34 4 5.70 — = = -
WT02 " 6.53 339 43 65 ND CD4, CD8DP
w124 15 5.68 - - - -
WT26 21 5.58 - - - -
W27 39 5.88 - - - -
WT09 42 515 290 186 100 ND CD4, CDBDP
WT14 61 5.88 364 218 300 ND CD4, CDBDP
WT21 74 6.00 = - - -
WT35 74 443 - - - -
WT10 103 5.88 - - - -
WT06 7z 5.43 261 78 353 ND CD4, CD8DP
WT19 152 481 238 134 520 ND CD4, CDBDP
WT04 157 5.52 301 19 704 ND CD4, CD8DP
WT12 159 5.08 252 210 283 ND CD4, CD8DP
WT13 163 5.10 335 434 167 ND CD4, CD8DP
WT22 204 5.58 - - - -
WT01 221 3.67 - - - -
WT08 226 - o= s -
WT23 226 5.01 = - - -
WT31 242 5.43 - - e “
WT20 245 6.55 - - - -
WT11 288 4.98 266 116 350 ND CD4

WT16 295 497 - - - -
WTO05 298 5.10 368 187 422 ND CD4, CD8DP
WT15 299 3.28 - - - -
WT17 309 4.61 238 120 253 ND CD4

WT18 365 5.92 400 183 556 ND D4

WT28 373 6.02 - - - -
WT32 395 5.20 - - = =
WT03 432 444 - = “ =

VL, plasma viral load; CD4, CD4-+CD8B— T cells; CD8DP, CD4+CD8p-+ T cells.

“Time to plasma viral load suppression (< 50 copies/ml).
Viral load estimate: —, blood sample not taken; ND, not detected (<50 copies/ml).
°T coll subsets where proviral load was estimatid,
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Drugs by class

Duration
Study subject Regimen (days)* NRTI NNRTI PI FI
WTO02 3TC, AZT, EFV, NFV 22 2 1 1
3TC, d4T, EFV, NFV 12 2 1 1
3TC, TDF, LPV, NFV 158 2 2
AZT, TDF, LPV 80 2 1
TDF, LPV, SQV - 1 2
WTO04 3TC, AZT, EFV - 2 1
WTO5 3TC, TDF, LPV - 2 1
WTO06 3TC, AZT, EFV - 2 1
WT09 3TC, TDF, LPV - 2 1
WT11 3TC, TDF, EFV 169 2 1
3TC, ABC, EFV 25 2 1
- 7
3TC, ABC, EFV 54 2 1
- 9
3TC, ddlI, EFV - 2 1
WT12 3TC, AZT, LPV - 2 1
WT13 3TC, TDF, EFV - 2 1
WT14 3TC, AZT, LPV - 2 1
WT17 3TC, ABC, LPV - 2 1
WT18 3TC, AZT, LPV 203 2 1
3TC, TDF, LPV - 2 1
WT19 TDF, LPV, INN - 1 11

AZT, zidovudine; 3TC, lamivudine; d4T, stavudine; ddl, didanosine;
ABC, abacavir; TDF, tenofovir; EFV, efavirenz; SQV, saquinavir; NFV,
nelfanivir; LPV, lopinavir; INN, enfuvirtide; —, treatment interruption;
NRTI, nucleoside/nucleotide reverse transcriptase inhibitor; NNRTI,
nonnucleoside reverse transcriptase inhibitor; Pl, protease inhibitor;
FI, fusion inhibitor.

“Duration of single regimen over the duration of the study or final
regimen for the study period.





