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Abstract

Objective: To explore the contribution of blood and colon myeloid cells to HIV persistence 

during antiretroviral therapy (ART).

Design: Leukapheresis were collected from HIV-infected individuals with undetectable plasma 

viral load during ART (HIV+ART; n=15) and viremics untreated (HIV+; n=6). Rectal sigmoid 

biopsies were collected from n=8 HIV+ART.

Methods: Myeloid cells (total monocytes (Mo), CD16+/CD16- Mo, CD1c+ dendritic cells (DC)) 

and CD4+ T-cells were isolated by MACS and/or FACS from peripheral blood. Matched myeloid 

and CCR6+CD4+ T-cells were isolated from blood and rectal biopsies by FACS. Levels of early 

(RU5 primers), late (Gag primers), and/or integrated HIV-DNA (Alu/HIV primers) were quantified 

by nested real-time PCR. Replication-competent HIV was amplified by co-culturing cells from 

HIV+ individuals with CD3/CD28-activated CD4+ T-cells from uninfected donors.
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Results: Early/late but not integrated HIV reverse transcripts were detected in blood myeloid 

subsets of 4/10 HIV+ART; in contrast, integrated HIV-DNA was exclusively detected in CD4+ T-

cells. In rectal biopsies, late HIV reverse transcripts were detected in myeloid cells and 

CCR6+CD4+ T-cells from 1/8 and 7/8 HIV+ART individuals, respectively. Replication-competent 

HIV was outgrown from CD4+ T-cells but not from myeloid of untreated/ART-treated HIV+ 

individuals.

Conclusion: In contrast to CD4+ T-cells, blood and colon myeloid cells carry detectable HIV 

only in a small fraction of HIV+ART individuals. This is consistent with the documented 

resistance of Mo to HIV infection and the rapid turnover of Mo-derived macrophages in the colon. 

Future assessment of multiple lymphoid and non-lymphoid tissues is required to include/exclude 

myeloid cells as relevant HIV reservoirs during ART.
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INTRODUCTION

Antiretroviral therapy (ART) controls HIV-1 replication to undetectable plasma levels; 

however, viral rebound occurs upon ART interruption [1–3]. HIV reservoirs are defined as 

cells carrying replication-competent integrated HIV-DNA with long-term survival/self-

renewal capacity [4]. While CD4+ T-cells fit well into this definition, the contribution of 

myeloid cells to HIV reservoir persistence during ART remains still a matter of debate [5–7]. 

This lack of knowledge is explained at least in part by difficulties in accessing myeloid cells 

residing in vital tissues. This is in contrast to CD4+ T-cells that have the ability to recirculate 

from the tissues into blood [8, 9].

Monocytes (Mo) are bone marrow-derived myeloid cells that circulate through the blood for 

a few hours/days [10] before being recruited into tissues, where they differentiate into 

dendritic cells (DC) or macrophages (MΦ) [11, 12]. Human Mo represent a heterogeneous 

population that consists of at least three different subsets (classical, intermediate, and non-

classical) identified based on their differential expression of CD14 and CD16/FcγRIII and 

unique functional/transcriptional profiles [13–18]. In healthy individuals, classical 

CD14+CD16- Mo are predominant (80–85% of blood Mo), whereas intermediate/non-

classical CD16+ Mo represent 5–15% of blood Mo. The chemokine receptor CCR2 (CCL2 

receptor) is key for Mo to emigrate from the bone marrow into the blood [19, 20]. Classical 

and intermediate/non-classical Mo use CCR2 and CX3CR1 (CX3CRL1 receptor), 

respectively, to migrate from blood into various tissues [21–23]. During HIV-1 infection, 

CD16+ versus CD16- Mo are significantly expanded and produce IL-1 and TNF-α 
[18, 24–27]. Similar findings were reported for CD16+ Mo in the context of SIV infection [28], 

with increased CD16+ Mo activation being associated with an increased risk of SIV 

acquisition in the context of a vaccination trial [29]. Finally, CD16+ and CD16- Mo 

differentiate into DC and MΦ with unique molecular features that qualify them as key 

players in HIV pathogenesis [30–32]. While it is well-documented that CD16+ Mo fuel 

chronic inflammation in HIV/SIV infection, their contribution to HIV reservoir persistence 

during ART remains unclear.
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Infection of myeloid cells may occur at various steps in the differentiation process of Mo 

into MΦ and/or DC. Early studies documented HIV restriction in blood Mo via post-entry 

restriction mechanisms [7, 33–35], despite their ability to capture and internalize HIV 
[22, 30, 31]. It is now established that HIV restriction in Mo, DC and MΦ is mediated by 

SAMHD1, a restriction factor that limits the efficacy of HIV reverse transcription [36, 37]. 

Nevertheless, studies by the group of Suzanne Crowe reported that CD16+ versus CD16- Mo 

are permissive to HIV infection in vitro and harbor Gag HIV-DNA in ART-treated 

individuals [38, 39]. Mo differentiation into MΦ is associated with increased HIV 

permissiveness [31, 40], with tissue-resident MΦ being sites of HIV replication in vivo in the 

absence of ART [6, 7, 41, 42]. Thus, Mo exposed to HIV in the blood or during the process of 

trans endothelial migration (endothelial cells capture HIV virions [43]) may become sites of 

productive HIV replication upon differentiation into MΦ and/or DC. Alternatively, myeloid 

cells may become infected with HIV via the phagocytosis of infected CD4+ T-cells. Indeed, 

studies demonstrated that MΦ capture and engulf HIV-infected CD4+ T-cells in vitro [44] and 

SIV-infected T-cells in vivo [45]. Whether MΦ represent HIV/SIV reservoirs during ART 

remains to be demonstrated [46]. Nevertheless, studies in humanized mouse models point to 

a direct contribution of myeloid cells to HIV rebound after ART interruption [47, 48]. Finally, 

although DC are quite resistant to productive HIV infection, they have a unique ability to 

capture and transmit HIV to CD4+ T-cells [49]. In addition, vaginal epithelial DC were 

recently identified as an HIV reservoir in ART-treated individuals [50].

In this manuscript, we aimed to shed light into the contribution of myeloid cells versus 
CD4+ T-cells to HIV reservoir persistence during ART. To reach this objective, we had 

access to leukapheresis and sigmoid colon biopsies from HIV-infected ART-treated 

individuals from well-characterized Montreal cohorts. We used polychromatic flow-

cytometry cell sorting strategies to insure optimal purity, as well as highly sensitive nested 

real-time PCR to quantify different forms of cell-associated HIV-DNA and tailored viral 

outgrowth procedures to detect replication-competent HIV reservoirs. Together, our results 

support a minor role played by myeloid cells from blood and colon to HIV reservoir 

persistence during ART relative to CD4+ T-cells, which demonstrated to be predominant 

viral reservoirs. Our results are consistent with the fact that resistance to HIV infection in 

Mo, MΦ and DC via post-entry HIV restriction mechanisms is well-documented [7, 33–37], 

and that myeloid cells from the colon are short-lived as they exhibit high turnover and are 

mainly replenished by blood Mo [51].

METHODS

Study participants

HIV-infected individuals, untreated (HIV+) and receiving viral-suppressive ART (HIV

+ART) (Table 1a–d), and uninfected controls (HIV-) were recruited at the McGill University 

Health Centre. Leukaphereses were collected, PBMCs isolated by Ficoll and frozen in liquid 

N2 until use, as we previously described [52, 53]. Plasma viral load was measured using the 

Amplicor HIV-1 monitor ultrasensitive method (Roche) (detection limit 40 HIV-RNA 

copies/ml). The date of infection was estimated using clinical and laboratory data. PBMC 

were isolated and frozen until use, as previously described [54, 55].
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Ethics statement

This study using biological samples from HIV-infected and uninfected individuals was 

conducted in compliance with the principles included in the Declaration of Helsinki and 

received approval from the Institutional Review Board of the McGill University Health 

Centre and CHUM-Research Centre. All subjects signed written informed consent for their 

study participation.

Flow-cytometry analysis

Flow-cytometry analysis was performed using Abs listed in Supplemental Table 1. The 

viability dye LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit (Invitrogen) was used to 

exclude dead cells. The BD-LSRII cytometer and FlowJo (©Tree Star, Inc., Ashland, OR) 

softwares were used for phenotypic analysis. Positivity gates were placed using the 

Fluorescence minus one (FMO) strategy [56], as we previously described [57].

Magnetic (MACS) and fluorescence activated (FACS) cell sorting

In a first set of experiments (Figure 1), total Mo were purified from peripheral blood by 

negative selection using magnetic beads (MACS, Pan Monocyte Isolation kit, human, 

Miltenyi). Highly pure total Mo, CD16- and CD16+ Mo, and matched CD1c+ DC were 

subsequently sorted by FACS (BD AriaIII) from the MACS-sorted total Mo fraction. Briefly, 

cells were stained with anti-CD3, CD56, CD19, CD14, CD16, HLA-DR and CD1c Abs 

(Supplemental Table 1) in a special sorting buffer (PBS 1X with 5% FBS and 25mM Hepes 

buffer). Mo were identified by their expression of HLA-DR, CD14 and/or CD16 and by the 

absence of expression of T-cell (CD3, CD8), B cell (CD19), NK cell (CD56) and DC 

(CD1c) markers. DC were identified as cells with a Lin-HLA-DR+CD1c+ phenotype. 

Mo/DC purity upon sort was >99%. In parallel, matched total CD4+ T-cells were isolated 

from PBMC of HIV+ on ART individuals by negative selection using magnetic beads 

(Miltenyi). In another set of experiments (Figure 2), matched CD16+/CD16- Mo (Lineage-

HLA-DR+CD16+ or CD16-), CD1c+ DC (Lineage-HLA-DR+CD1c+) and total CD4+ T-cells 

(Lineage-CD3+CD4+) were isolated directly from PBMC of HIV+ART individuals by 

FACS. The cell purity upon sort was >99%.

HIV-DNA quantification

The quantification of early (RU5), total (Gag) and integrated HIV-DNA was performed by 

nested real-time PCR using specific HIV and/or Alu primers, as we previously described[57]. 

For normalization, CD3 and HIV regions were amplified together during the first 

amplification and separated for the second amplification. ACH2 cells containing one copy of 

proviral HIV-DNA was used for standard using 1:10 serial dilutions from 3×105 to 3 cells. 

The sensitivity of the assay was 3 HIV/CD3 copies/test.

Viral outgrowth assay

Total myeloid cells (Lineage-CD3-HLA-DR+CD33+), mainly including Mo and a small 

fraction of CD1c+ DC, were sorted by MACS and then by FACS from PBMC of HIV+ 

individuals before and/or after ART initiation (Table 1b–c). Matched total CD4+ T-cells 

(Lineage-CD3+CD4+) from HIV+ individuals were isolated by MACS. In parallel, memory 
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CD4+ T-cells of one HIV-uninfected individual were sorted by MACS. T-cells from HIV
+/HIV- individuals were activated via the TCR using immobilized CD3 (clone UCHT1, BD) 

and soluble CD28 Abs (clone CD28.2, BD) (1 µg/ml) for 3 days prior co-culture. Freshly 

isolated myeloid cells and TCR-activated T-cells (1×106) from HIV+ individuals were 

cultured with TCR-activated T-cells from the HIV- individual (1×106) at a 1:1 ratio in 48-

well plates. Media (RPMI, 10% FBS, 1% penicillin/streptomycin, IL-2) was refreshed and 

each well was split into two new wells every three days, as previously reported [57, 58]. 

Levels of HIV-p24 in cell-culture supernatant were quantified by ELISA, as previously 

reported [57, 58].

Cell isolation from blood and colon biopsies

Matched blood (20 ml/donor) and colon biopsies (≈32 biopsies/donor) were collected and 

processed from a cohort of HIV+ART individuals (Table 1d; n=8), as previously reported 
[53, 57, 59]. Briefly, biopsies were washed with media (RPMI, 100U/mL penicillin, 100 

µg/mL streptomycin, 2 mM L-glutamine), enzymatically digested using Liberase (50 µg/

mL), and mechanically disrupted. This procedure was repeated three times. In parallel, 

PBMC were isolated from fresh blood by Ficoll. Blood/colon cell suspensions were stained 

with CD3, CD326, CD8, CD19, CD66b, CD64 and HLA-DR Abs (Supplemental Table 1) in 

FACS sorting buffer (PBS, 5% FBS, 25mM Hepes buffer), as previously described [53, 57]. 

Matched blood/colon myeloid cells (CD3-CD8-CD19-CD66b-CD326-HLA-DR+) and CD4+ 

T-cells (CD3+CD8-CD19-CD66b-CD326-) were sorted in parallel by FACS (BDAriaIII, 

BD).

Statistical analysis

Statistical analysis was performed using the GraphPad Prism 7 software; details are included 

in Figure legends.

RESULTS

Quantification of early, late and integrated HIV reverse transcripts in myeloid cells from the 
blood of HIV+ART individuals.

One major limitation for studying the contribution of myeloid cells to HIV reservoir 

persistence during ART is the purity of sorted samples for optimal exclusion of 

contaminating CD4+ T-cells. In order to reach maximum purity, total Mo were enriched 

from PBMC of HIV+ART individuals with undetectable plasma viral load (Table 1a), first 

by negative selection using magnetic beads (MACS) and then by flow-cytometry (FACS) 

(Figure 1A). In parallel, highly pure CD4+ T-cells were sorted by MACS negative selection 

from matched donors (Figure 1B). By using this strategy, sufficient numbers of total Mo 

(range: 1–9×106 cells from 50–300×106 PBMC) and CD4+ T-cells (range: 7–12×106 cells 

from 20–100×106 PBMC) were sorted for HIV-DNA PCR quantification. PCR reactions in 

T-cells and myeloid cells were performed in 3–10 replicates on similar numbers of cells 

(Suppl. Figure 1A–C). Specific PCR primers were used to quantify early (RU5) and late 

(Gag), as well as integrated (Alu/LTR) HIV reverse transcripts. RU5 HIV-DNA was detected 

in total Mo from 2/11 individuals and in CD4+ T-cells of 8/11 individuals (Figure 1C, left 

panel). Gag HIV-DNA was detected in total Mo from 1/11 individuals and in CD4+ T-cells 
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of 6/11 individuals (Figure 1C, middle panel). Finally, integrated HIV-DNA was detected 

only in CD4+ T-cells (Figure 1C, right panel). Thus, although early/late reverse transcripts, 

likely indicative of recent HIV exposition, are detected in blood Mo, these cells do not carry 

integrated HIV during ART, as it is the case for CD4+ T-cells in the majority of HIV+ART 

individuals tested.

CD16+ Mo represent a more advanced stage of Mo differentiation [10, 60] prone to contribute 

to HIV replication/dissemination [30, 31, 38, 39]. Therefore, in a second set of experiments, 

highly pure CD16+ and CD16- Mo were enriched by FACS from the total Mo fraction 

enriched by MACS from the blood of n=10 HIV+ART individuals (Table 1a). In parallel, 

CD1c+ DC (cDC2), another important subset of myeloid cells present in the blood [61], were 

also sorted by FACS (Figure 1D). By using this strategy, sufficient numbers of CD1c+ DC 

(range: 0.45–1.5×106), CD16- Mo (range: 8–11×106), and CD16+ Mo (range: 0.8–4.3×106) 

were sorted from 0.8–3×109 PBMC for HIV-DNA PCR quantification. Each PCR reaction 

was performed on minimum 104 cells in 3–7 replicates (Supplemental Figure 1D–F). 

Matched CD4+ T-cells sorted by MACS (Figure 1B) were used as controls. RU5 HIV-DNA 

was detected in CD1c+ DC of 2/10 individuals (340 and 316 HIV-DNA copies/106 cells), in 

CD16+ Mo of 2/10 individuals (19 and 349 HIV-DNA copies/106 cells), and in CD16- Mo of 

1/10 individuals (11 HIV-DNA copies/106 cells) (Figure 1E, left panel). Gag HIV-DNA was 

detected in CD16+ Mo of 1/10 individuals (66 HIV-DNA copies/106 cells), while levels 

were undetectable in CD16- Mo and CD1c+ DCs of n=10 individuals (Figure 1E, middle 

panel). Integrated HIV-DNA was undetectable in CD16+Mo, CD16- Mo and CD1c+ DC 

from n=10 individuals (Figure 1E, right panel). Thus, CD4+ T-cells but not CD16+/CD16- 

Mo nor CD1c+ DC carry integrated HIV-DNA in the blood of HIV+ART individuals.

To further validate the results obtained on myeloid cells sorted by FACS from MACS-

enriched Mo/DC fractions, we used a second sorting strategy in which CD1c+ DC, CD16+/

CD16- Mo, and CD4+ T-cells were directly sorted by FACS from PBMC (Figure 2A–B). 

Experiments were performed on n=3 HIV+ART individuals selected based on the presence 

of integrated HIV-DNA in CD4+ T-cells (Figure 1; Table 1a). The purity of each population 

sorted was >98% (Figure 2B). Sufficient numbers of CD4+ T-cells (range: 2.8–5.7×106), 

CD1c+ DC (range: 0.4–1×106), CD16- Mo (range: 2.7–5.9×106) and CD16+ Mo (range: 

0.4–2.8×106) were sorted from 120–150×106 PBMC for HIV-DNA PCR amplification; each 

PCR reaction was performed on minimum 105 cells in 3–6 replicates (Supplemental Figure 

2A–C). Relatively high levels of RU5, Gag and integrated HIV-DNA were detected in CD4+ 

T-cells of 3/3 individuals, while levels were undetectable in CD1c+ DC, CD16- and CD16+ 

Mo (Figure 2C).

Together, these results demonstrate that integrative HIV infection is undetectable in CD16- 

and CD16+ Mo subsets, as well as CD1c+ DC isolated from the blood of HIV+ART 

individuals, while traces of likely abortive HIV exposure, reflected by RU5/Gag HIV-DNA 

detection, are present in a minor fraction of study participants.

Blood CD4+ T-cells but not Mo carry replication-competent HIV in the absence of ART.

Considering the detection of early/late HIV reverse transcripts in myeloid cells from a 

fraction of HIV+ART individuals (Figure 1E), and the capacity of myeloid cells to capture 
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and transmit HIV to CD4+ T-cells in vitro [31, 49], we further investigated whether blood 

myeloid cells carry replication-competent HIV in vivo. Total HLA-DR+CD33+ myeloid cells 

(including mainly Mo and a small fraction of CD1c+ DC) and CD4+ T-cells were sorted by 

FACS (Figure 3A). A viral outgrowth assay (VOA) was developed, in which matched 

freshly-isolated Mo and TCR-activated CD4+ T-cells isolated from n=3 HIV+ individuals 

before/after ART initiation (Table 1b) were co-cultured with TCR-activated CD4+ T-cells 

isolated from an HIV-uninfected donor (Figure 3B). Replication-competent HIV was 

robustly detected in CD4+ T-cells before treatment, with ART initiation leading to a 

significant reduction in viral outgrowth from T-cells ex vivo (Figure 3C). In contrast, the 

viral outgrowth was undetectable when co-cultures were performed with Mo from the same 

HIV+ individuals, before/after ART initiation (Figure 3D). One particularity of these three 

HIV+ individuals is their relatively low plasma viral load before ART initiation (<10,000 

HIV-RNA copies/ml; Table 1b). To expand these investigations, further VOA were 

performed with matched T-cells and Mo isolated from three other untreated HIV+ 

individuals with high, intermediate, and low plasma viral loads (Table 1c). HIV-DNA was 

detected in T-cells from 2/3 HIV+ individuals, but not in Mo ex vivo (Supplemental Figure 

3B). Similar to results in Figure 3, HIV outgrowth was detected when co-cultures were 

performed with T-cells but not Mo from HIV+ individuals (Supplemental Figure 3C–D). 

These results demonstrate that CD4+ T-cells but not Mo carry replication-competent HIV in 

the blood of viremic untreated and aviremic ART-treated HIV+ individuals.

HIV-DNA is rarely detected in blood and colon myeloid cells during ART.

The gut-associated lymphoid tissues (GALT) represent major sites of viral replication early 

after HIV-infection [62, 63] and during ART-treated chronic HIV infection [53, 64, 65]. Because 

HIV permissiveness increases with Mo differentiation into MΦ [31, 34], we hypothesized that 

myeloid cells from the colon, a site rich in CD4+ T-cells carrying HIV reservoirs [53], are 

more likely to carry HIV-DNA of HIV+ART individuals. To test this hypothesis, we had 

access to matched blood and sigmoid colon biopsies from HIV+ART (Table 1d) and HIV-, 

from a previously described cohort [53]. Myeloid cells from blood and colon with a CD8-

CD19-CD66b-CD326-CD3-HLA-DR+ phenotype were identified as illustrated in Figure 4A. 

The frequency of myeloid cells, as well as their expression of the HIV receptor CD4 [3], the 

MΦ marker CD64/FcγRI [66], and the DC marker CCR6 [67], were compared between HIV

+ART (n=17) and uninfected (n=7) individuals in blood and colon. In blood and colon, the 

frequency of myeloid cells expressing CD4 and CD64 was significantly increased in HIV

+ART versus HIV- individuals, with no significant differences observed in the frequency of 

myeloid cells and CCR6 expression (Figure 4B–C).The FACS sorting strategy illustrated in 

Figure 4A allowed the simultaneous sorting of myeloid cells from blood (median±SD: 

113,140 ± 216,930; range: 0.1 – 0.3×106) and colon (median±SD: 43,608 ± 20,734; range: 

0.3–0.8×105) from 8–20×106 total cells extracted from 30 biopsies per donor (n=8 HIV

+ART individuals). The presence of Gag HIV-DNA was measured by nested real-time PCR. 

Each PCR reaction was performed on 0.04–0.3×105 colon and 0.06–0.45×105 blood 

myeloid cells (Supplementary Fig 4A–B). In these n=8 HIV+ART individuals, Gag HIV-

DNA was detected in blood myeloid cells from 1/8 individuals (11.58 HIV-DNA copies/106 

cells) and colon myeloid cells of another 1/8 individuals (1,562 HIV-DNA copies/106 cells) 

(Figure 4D–E). As previously reported [53], blood and colon memory CCR6+CD4+ T-cells 

Cattin et al. Page 7

AIDS. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



isolated from 7/8 donors carried relatively high levels of Gag HIV-DNA (range: 303–7,124 

HIV-DNA copies/106 cells) (Figure 4D–E).

To validate the presence of HIV-DNA in blood Mo of HIV+ART#17 (Table 1d), we repeated 

the PCR and performed a VOA using total Mo and CD4+ T-cells isolated from a 

leaukapheresis donated by the same donor (HIV+ART#6; Table 1a). HIV-DNA was detected 

in T-cells but no longer in Mo (Figure 4F), likely due to the stochastic distribution of HIV 

reservoirs and/or the distinct composition of Mo isolated from fresh blood versus 
leukapheresis. Similarly, the VOA revealed the presence of replication-competent HIV in 

CD4+ T-cells but not in Mo (Figure 4G–H). Thus, in contrast to CD4+ T-cells, blood and 

colon myeloid cells represent a minor HIV reservoir during ART-treated and untreated 

infection, regardless of the levels of plasma viral load in the absence of ART.

DISCUSSION

In this study, we demonstrate that infection of myeloid cells from blood and colon of ART-

treated HIV-infected individuals is a rare event. This contrasts with the detection of 

integrated HIV-DNA and/or replication-competent HIV reservoirs in CD4+ T-cells from 

these two anatomic compartments in the majority of donors tested.

The fact that early/late reverse transcripts were rarely detected in blood CD16+/CD16- Mo 

and CD1c+ DC of HIV+ individuals with undetectable plasma viral load during ART, but 

never integrated HIV-DNA, is consistent with the documented resistance to HIV infection of 

myeloid cells [7, 33–35], as well as the relatively short Mo life-span [10]. There was no 

correlation between the presence of early/late HIV reverse transcripts and clinical 

parameters such as age, CD4:CD8 ratio, time since infection, time of ART initiation, or time 

on ART. Noteworthy, 3–10 PCR replicates were performed for each sample. The fact that 

few replicates only tested positive is indicative that the infection of myeloid cells is a rare 

event, compared to CD4+ T-cells. Our results contrast with previous studies reporting that 

CD16+ Mo carry Gag HIV-DNA in ART-treated individuals [38, 39]. Such discrepancies may 

be explained by i) the inclusion of HIV+ART individuals with detectable viral load (50–

45,400 copies/mL) and ii) potential CD4+ T-cell contaminations of Mo fractions upon 

magnetic bead isolation. Indeed, one major concern relative to HIV-DNA quantification in 

myeloid cells is the purity of the samples. In our study, we used a combination of MACS and 

FACS or only FACS sorting to ensure high purity of samples (>98%).

Despite their well-documented resistance to HIV infection [7, 33–37], Mo exhibit the capacity 

to capture/transmit intact HIV virions in vivo [30, 31]. To detect replication-competent HIV 

potentially captured by blood Mo in vivo, we used a myeloid-tailored VOA, where freshly 

isolated CD33+HLA-DR+ myeloid cells isolated from leukapheresis of HIV+ individuals 

collected before/after ART initiation were co-cultured with TCR-activated CD4+ T-cells 

from an HIV-uninfected individual. Matched TCR-activated T-cells were used as positive 

controls. Replication-competent HIV was recovered from CD4+ T-cells but not HLA-DR
+CD33+ myeloid cells of n=3 HIV+ individuals with relatively low plasma viral load in the 

absence of treatment (<10,000 HIV-RNA copies/ml). After the initiation of viral-suppressive 

ART, the detection of replication-competent HIV was significantly reduced but still 
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detectable in CD4+ T-cells and remained undetectable in the myeloid fraction. Similar 

results were obtained with matched myeloid and T-cells isolated from three additional 

untreated HIV+ individuals with low, intermediate and high plasma viral load. Thus, in 

contrast to CD4+ T-cells, replication-competent HIV was not detectable in myeloid cells of 

ART-treated neither viremics untreated HIV+ individuals.

The gut-associated lymphoid tissues (GALT) are enriched in CD4+ T-cells and represent 

major sites of viral replication early on after infection [62, 63, 68]. MΦ are abundant in the 

intestine [69]; they are mainly replenished by blood Mo [51] and accumulate in the gut 

mucosa of ART naive individuals [70]. Although, intestinal MΦ appear to be resistant to HIV 

infection in vitro [71], the presence of HIV reservoirs in this myeloid cells (as a result of 

direct infection or phagocytosis of infected T-cells) remains unexplored in the colon. Here, 

we demonstrate that detection of HIV-DNA in myeloid cells from the colon is a rare event 

occurring in 1/8 HIV+ART individuals, in contrast to the frequent infection of CD4+ T-cells, 

and this for similar numbers of cells sampled by PCR. These results raise new questions on 

the reason why myeloid cells are not detected as being infected in an environment rich in 

HIV reservoirs [53], likely prone to residual viral transcription [72]. The existence of a deep 

state of HIV latency in colon-infiltrating T-cells [73], may explain the lack of infection in 

short-lived myeloid cells. However, we cannot exclude limits in our ability to isolate 

sufficient HIV-infected myeloid cells from the colon due to their high activation/adherence, 

which may cause their loss during the flow-cytometry isolation procedure. Such potential 

limitations emphasize the need for future implementation of in situ visualization approaches, 

such as HIV DNA/RNAscope [72, 74].

Recent studies demonstrated the persistence of HIV reservoirs in MΦ of a fraction (33%) of 

humanized myeloid-only mice (MoM) during ART and their capacity to sustain HIV 

replication in absence of T cells [47, 48]. The identity of myeloid cells that contribute to HIV 

persistence in this MoM model of ART-treated HIV infection remains to be defined. This 

finding points to the necessity to extend HIV reservoir studies on myeloid cells to other 

human tissues of ART-treated individuals, such as liver, lungs and brain. Noteworthy, the 

new understanding of the ontology of tissue-resident myeloid cells [51] suggest potential 

differences between embryonic/fetal and Mo-derived myeloid cells in their capacity to act as 

HIV reservoirs during ART.

In conclusion, our results support a minor role played by myeloid cells from blood and colon 

to HIV reservoir persistence during ART, in contrast to CD4+ T-cells that proved to be major 

HIV reservoirs in these two compartments. Nevertheless, considering the major paradigm 

shift that occurred in the last years relative to the ontogeny of myeloid cells [51], access to 

long-lived self-renewing tissue-resident MΦ from multiple lymphoid/non-lymphoid tissues 

will be critical in future studies to rationally include/exclude myeloid cells as relevant 

cellular HIV reservoirs [5–7, 75].
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HIV-DNA quantification in blood myeloid cells sorted by MACS and FACS from HIV
+ART individuals.
(A) Monocytes (Mo) were purified from the peripheral blood monucleated cells (PBMC) of 

HIV-infected on ART individuals (HIV+ART; Table 1a) by negative selection using 

magnetic associated cell sorting (MACS). To insure high purity of the Mo population with 

no T cells contamination, total Mo identified as cells with a CD3-CD19-CD56-CD1c- 

phenotype were subsequently sorted by FACS upon staining with CD3, CD56, CD19, and 

CD1c Abs. Post-sort purity was >96%. (B) Total CD4+ T-cells were isolated by MACS from 

matched donors. (C) Levels of early (RU primers; left panel), late (Gag primers, middle 

panel) HIV reverse transcripts and integrated HIV-DNA (Alu/HIV primers; right panel) were 

quantified by nested real-time PCR. (D) Highly pure CD14+CD16- and CD14+/lowCD16+ 

Mo (CD3-CD19-CD56-HLA-DR+CD1c-) and CD1c+ DC (CD3-CD19-CD56- HLA-DR
+CD1c+) were sorted by FACS upon staining of the total Mo fraction with CD3, CD4, 

CD56, CD19, CD14, CD16, HLA-DR and CD1c Abs (upper panels). Post-sort purity of Mo 

and DC was >96% (lower panels). (E) Levels of early (left panel), late (middle panel) HIV 

reverse transcripts and integrated HIV-DNA (right panel) were quantified by nested real-time 

PCR. The lines indicate the limit of detection: 3 HIV-DNA or CD3 copies per PCR replicate. 

Each PCR reaction was performed in 3–10 replicate wells and median values were 

calculated. Each symbol represents one different HIV+ART individual (n=10). The limit of 
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detection (3 HIV-DNA copies/test), indicated by the dotted lines, was assigned to any 

undetectable sample. Wilcoxon paired non-parametric test p-values are indicated on the 

graphs in panels C and E.
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Figure 2. HIV-DNA quantification in myeloid cells sorted by FACS directly from PBMC of HIV
+ART individuals.
Matched CD16- Mo, CD16+ Mo, CD1c+ DC, and CD4+ T-cells were sorted directly by 

FACS from PBMC of HIV+ART individuals (Table 1a) upon staining with CD3, CD4, CD8, 

CD56, CD19, CD16, HLA-DR and CD1c Abs, using the gating strategy illustrated in panel 

A. Post-sort cell purity was >98%, as depicted in panel B. Levels of early (left panel), late 

(middle panel) HIV reverse transcripts and integrated HIV-DNA (right panel) were 

quantified using nested real-time PCR (C), as detailed in Figure 1 legend. The limit of 

detection (3 HIV-DNA copies/test), indicated by the dotted lines, was assigned to any 

undetectable sample. Each PCR reaction was performed in triplicates of 105 cells per test. 

Each symbol represents one different HIV+ART individual (n=3).
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Figure 3. Blood CD4+ T-cells but not myeloid cells from untreated and ART-treated HIV-infected 
individuals carry replication-competent HIV.
(A) Highly pure matched total myeloid (Lin-CD3-HLA-DR+CD33+) and total CD4+ T-cells 

were isolated by FACS from n=3 untreated HIV-infected individuals with detectable plasma 

viral load in the absence of ART (HIV+) (Table 1b). (B) A viral outgrowth assay (VOA) was 

performed by co-culturing myeloid cells (MoHIV+) and CD3/CD28-activated CD4+ T-cells 

(THIV+) from HIV+ individuals with CD3/CD28-activated CD4+ T-cells from one same 

uninfected individual (THIV-). Co-cultures were performed in 48-well plates at a 

MoHIV+:THIV- or THIV+:THIV- ratios of 1:1 and a final cell density of 2×106 cells/well, in the 

presence of IL-2 for 12 days. Cells were split every 3 days in 2 new wells for optimal 

density. The presence of replication-competent HIV was measured by ELISA at day 3, 6, 9 

and 12 post co-culture (detection limit of 5 pg/ml for a dilution of cell-culture supernatant of 

1/10–1/500 for T-cells and ½ for Mo). (C-D) Shown are results on HIV reactivation in CD4+ 

T-cells (C) and myeloid cells (D) from n=3 HIV+ individuals before and after ART initiation 

Cattin et al. Page 18

AIDS. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Table 1b). Bar graphs in C-D indicate mean±SD values or replicate wells, with each symbol 

representing one replicate value per time point. One-way Anova and Turkey’s multiple 

comparison test p-values are indicated on the graphs in panel C.
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Figure 4. Myeloid cells from blood and colon rarely harbor HIV-DNA in HIV+ART individuals.
Myeloid cells were identified in matched blood and colon biopsies of HIV+ART (n=16) and 

HIV- (n=7) individuals (cohorts previously described in [53]), using the gating illustrated in 

panel A. Briefly, live/dead dye (Vivid; Invitrogen) was used to exclude dead cells from 

analysis. Staining with CD8, CD19, CD66b, and CD326 Abs allowed the exclusion of CD8+ 

T-cells, B cells, granulocytes and epithelial cells, respectively. Myeloid cells were identified 

as Lin-CD326-CD3-HLA-DR+. (B-C) Shown is the frequency of total myeloid cells (upper 

left panel), as well as the expression of CD4 (upper right panel), CD64 (lower left panel) and 

CCR6 (lower right panel) on myeloid cells from blood (B) vs colon (C) of HIV- vs. HIV

+ART individuals. (D-E) Shown are levels of late HIV reverse transcripts (Gag primers) 

quantified using nested real-time PCR in myeloid cells from blood (D) and colon (E) of n=8 

HIV+ART individuals. For comparison, included are levels of Gag HIV-DNA detected by 

real-time nested PCR in matched CCR6+CD4+ T-cells sorted by FACS, as previously 
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published [53]. (F-H) Frozen PBMC from the HIV+ART#17 participant (Table 1d), with 

leukapheresis collected at a previous time point (identified as HIV+ART#6 in Table 1a), 

were used to sort matched CD4+ T-cells and Mo by MACS and FACS, respectively. Shown 

are Gag HIV-DNA levels in T-cells and Mo ex vivo (F), as well as levels of replication-

competent HIV detected in VOA performed with T-cells (G) and Mo (H) from this 

participant. Bar graphs in G-H indicate mean±SD values or replicate wells, with each 

symbol representing one replicate value per time point.
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Table 1a:

Clinical information on HIV-infected study participants on ART

ID symbol Age 
(years)

Sex CD4* CD8* CD4:CD8 
ratio

Plasma 
viral 
load#

Time of 
infection 
(months)

ART Time on 
ART 

(months)

HIV+ART #1 (●) 62 M 847 944 0.90 <40 191 Kivexa
Reyataz 165

HIV+ART #2 (■) 68 M 314 793 0.40 <40 249

Darunavir
Etravirine
Dolutegravir
Norvir

181

HIV+ART #3 (▲) 23 M 277 909 0.30 <40 11 Complera 8

HIV+ART #4 (▼) 47 M 581 1,060 0.55 <40 96 Isentress Kivexa 96

HIV+ART #5 (○) 21 M 796 399 1.99 <40 7 Stribild 4

HIV+ART #6 (□) 57 M 539 1,231 0.40 <40 252 Truvada 84

HIV+ART #7 (◊) 61 M 397 238 1.67 <40 45 Stribild 38

HIV+ART #8 (Δ) 62 M 498 531 0.94 <40 213
Raltegravir
Intelence
Ritonavir

134

HIV+ART #9 
(∇)& 24 M 776 478 1.62 <40 288 Complera 140

HIV+ART #10 (♦) 31 M 824 900 0.92 <40 58 Atripla 47

HIV+ART #11 (×) 28 F 433 240 1.80 <40 184 Viracept
Truvada 156

HIV+ART #12 
(┼) 30 F 833 445 1.87 <40 216 Viracept

Truvada 192

ID, participant identity; F, female; M, male;

*
, cells/µl;

#, HIV-RNA copies/ml; N/A, data not available;

&, Participant ART #9 (∇) was infected at birth.
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Table 1b:

Clinical information on HIV-infected study participants before and after ART

ID symbol Age 
(years)

Sex CD4* CD8* CD4:CD8 
ratio

Plasma 
viral load#

Time of 
infection 
(months)

ART Time on ART 
(months)

HIV+ #1 39 M 946 1,356 0.70 8,809 9 - 0

HIV+ #2 24 M 316 691 0.46 9,496 55 - 0

HIV+ #3 40 M 644 931 0.69 7,556 4 - 0

HIV+ #1 ART 42 M 795 753 1.06 <40 46
Tenofovir
Rilpivirine
Dolutegravir

33

HIV+ #2 ART 27 M 437 555 0.79 <40 86
Tenofovir
Emtricitabine
Alafenamide

12

HIV+ #3 ART 42 M 899 497 1.81 <40 32
Abacavir
Dolutegravir
Iamivudine

26

ID, participant identity; M, male;

*
, cells/µl;

#, HIV-RNA copies/ml
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Table 1c:

Clinical information on HIV-infected untreated study participants

ID symbol Age (years) Sex CD4* CD8* CD4:CD8 ratio Plasma viral 
load#

Time of infection 
(months)

ART Time on ART 
(months)

HIV+ #4 44 M 254 812 0.31 24,729 222 - 0

HIV+ #5 30 M 642 848 0.76 6,077 36 - 0

HIV+ #6 41 M 795 1,062 0.75 320,573 7 - 0

ID, participant identity; M, male;

*
, cells/µl;

#, HIV-RNA copies/ml
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Table 1d:

Clinical information on HIV-infected ART-treated participants included in the colon biopsy study cohort

ID symbol Age 
(years)

Sex CD4* CD8* CD4:CD8 
ratio

Plasma 
viral load#

Time of 
infection 
(months)

ART Time on ART 
(months)

HIV+ART #13 51 M 175 1,100 0.16 <40 231 Triumeq 204

HIV+ART #14 50 M 453 729 0.62 <40 233 Truvada
Viramune 204

HIV+ART #15 54 M 895 1,023 0.87 <40 224
Norvir
Reyataz
Truvada

192

HIV+ART #16 67 M 314 793 0.40 <40 244

Darunavir
Etravirine
Dolutegravir
Norvir

176

HIV+ART #17 56 M 786 1,813 0.43 <40 240 Isentress
Truvada 72

HIV+ART #18 58 M 718 1,079 0.67 <40 305 Tivicay
Kivexa 204

HIV+ART #19 55 M 513 1,095 0.47 <40 192 Kivexa
Isentress N/A

HIV+ART #20 56 M 288 407 0.71 <40 216 Stribild 216

ID, participant identity; M, male;

*
, cells/µl;

#, HIV-RNA copies/ml; N/A, data not available;

Note: HIV+ART#2 and HIV+ART#16, as well as HIV+ART#6 and HIV+ART#17 represent the same individual, with blood collected at different 
time points.
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