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CD32a is a marker of a CD4 T-cell HIV reservoir
harbouring replication-competent proviruses
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The persistence of the HIV reservoir in infected individuals is a
major obstacle to the development of a cure for HIV'-. Here, using
an in vitro model of HIV-infected quiescent CD4 T cells, we reveal a
gene expression signature of 103 upregulated genes that are specific
for latently infected cells, including genes for 16 transmembrane
proteins. In vitro screening for surface expression in HIV-infected
quiescent CD4 T cells shows that the low-affinity receptor for
the immunoglobulin G Fc fragment, CD32a, is the most highly
induced, with no detectable expression in bystander cells. Notably,
productive HIV-1 infection of T-cell-receptor-stimulated CD4 T
cells is not associated with CD32a expression, suggesting that a
quiescence-dependent mechanism is required for its induction.
Using blood samples from HIV-1-positive participants receiving
suppressive antiretroviral therapy, we identify a subpopulation of
0.012% of CD4 T cells that express CD32a and host up to three
copies of HIV DNA per cell. This CD32a™" reservoir was highly

enriched in inducible replication-competent proviruses and can
be predominant in some participants. Our discovery that CD32a*
lymphocytes represent the elusive HIV-1 reservoir may lead to
insights that will facilitate the specific targeting and elimination
of this reservoir.

Resting CD4 T cells are paradoxically non-permissive to HIV-1,
but also predominantly support viral persistence under antiretroviral
therapy in HIV-1-infected participants"*-°. We took advantage of our
recent discovery that SAMHDI1 is responsible for HIV-1 restriction in
resting CD4 T cells to generate latently infected cells without delivering
an activation signal’~'2. We could thus test the hypothesis that these
latently infected non-stimulated T cells might have a gene expression
signature that distinguishes them from their non-infected counterparts.
Peripheral blood mononuclear cells (PBMCs) from four HIV-negative
controls were isolated and exposed to viral-like particles (VLP)
containing the SIVy,251 accessory protein Vpx (VLP-Vpx), which
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Figure 1 | The gene expression signature of latently HIV-1-infected
quiescent CD4 T cells. a, Workflow to generate latently infected quiescent
CDA4 T cells using PBMCs isolated from four HIV-negative controls. Total
RNA was extracted and gene expression profiles were determined by
RNA-seq. b, Heat map of hierarchical clustering performed on Euclidean
distance, calculated using regularized-log-transformed gene expression
counts, between each cell subset (XH™, XH™, X and non-infected (NI)),
from each HIV-negative donor (1 to 4). ¢, Principal component analysis
of regularized-log-transformed gene expression counts for XH,

log, fold change

XH™, X and non-infected cell subsets from four HIV-negative controls.
Plot of first two principal components are shown. d, Volcano plot
presenting significance FDR and fold change of gene expression
between infected and exposed uninfected resting CD4 T cells. Black dots
indicate genes selected for their significant increase in XH™ compared
to XH™ (FDR < 107%). e, Venn Diagram spreading the 253 genes found
significantly differentially expressed between four relevant comparison
groups, including XH ™ versus XH™ (FDR < 107%). Red intersection
indicates genes selected for further analysis.
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induce SAMHDI degradation. The Vpx-treated cells were then infected
with an HIV-1-derived vector expressing green fluorescent protein
(GFP) from a cytomegalovirus promoter (HIV-cmv-GFP). Four days
later, treated GFP* and GFP~ quiescent CD4 T cells (denoted hereafter
as XH™ and XH ™, respectively) were sorted by fluorescence-activated
cell sorting (FACS) and total RNA was extracted. We took total RNA
from non-infected, untreated CD4 T cells and non-infected, VLP-Vpx-
treated (denoted as X) samples as controls. We applied ultra-deep RNA
sequencing (RNA-seq) and bioinformatics analyses to determine the
effect of viral infection on the transcriptional program of quiescent
CD4 T cells (Fig. 1a, Supplementary Table 1). Hierarchical clustering
(Fig. 1b) and principal component analyses (Fig. 1c) performed on
sequencing data revealed, first, that the gene expression profiles of the
XH™ subset from four donors clustered together and away from the
XH™, X and non-infected CD4 T-cell profiles. This result indicates
that XH" subsets from different donors share a signature that distin-
guishes them from the other subsets and that HIV infection shapes the
transcriptional landscape of its resting host. We identified differentially
expressed genes, particularly those specifically regulated in the XH™
subset, but not in bystander cells (Fig. 1d). Applying a stringent statis-
tical false discovery rate (FDR) cutoff of 10~® revealed 111 differen-
tially expressed genes that are significantly induced in latently infected
cells as compared to bystanders (Fig. 1d); of note, no down-modulated
genes were identified. Among the 111 genes, 103 were exclusively
induced in XH* compared to XH ™~ and non-infected controls (Fig. 1e;
Supplementary Table 2). Functional network analyses revealed an
enrichment of genes involved in regulating cytokine production and
inflammatory responses (Extended Data Fig. 1). Among the 103 genes,
16 encode cell surface transmembrane proteins, which we selected for
in vitro validation as cell surface markers of latent infection (Fig. 2a).
For this purpose, PBMCs from 2-6 individuals not infected with HIV
were isolated and infected as described in Fig. 1a. Four days later,
infected total CD4 T lymphocytes were screened by flow cytometry
for the expression of the 16 candidate markers. FCGR2A was the most
specifically and potently induced in GFP* CD4 T cells, by approxi-
mately 50-fold (Fig. 2a, upper panel), but not in the GFP~ counterparts
(Fig. 2a, lower panel). FCGR2A is one of three genes of the FcnRII
subfamily of IgG Fc receptors. FCGR2A is present in humans but not in
mice, whereas FCGR2B is also found in mice. FCGR2A encodes CD32a,
an activating receptor with low affinity for the IgG Fc fragment, which
is expressed exclusively by effector cells of the innate immune system
but not by lymphoid cells'>!*. RNA-seq analyses showed that CD32b
and CD32c were not significantly induced following HIV infection of
resting CD4 T cells (data not shown).

We therefore next investigated CD32a expression in vitro, as
described in Fig. 1a, using PBMCs from 2-6 additional individuals not
infected with HIV. The results were analysed in the subset of quiescent
cells that did not express the marker of activation HLA-DR. In each
donor, we confirmed the selective induction of CD32a after HIV
infection of resting CD4 T cells (Fig. 2b, left panel). Furthermore, when
resting CD4 T cells expressing CD32a were analysed for their infection
level, we found that 90% were GFP " and thus were infected with recom-
binant HIV virions (Fig. 2b, right panel). Interestingly, treatment
with the integrase inhibitor raltegravir (RAL) before infection pre-
vented CD32a expression by infected resting CD4 T cells (Fig. 2¢),
which highlights the importance of the integration step in CD32a
induction. We next determined whether productive HIV-1 infection
recapitulates the CD32a induction phenotype. PBMCs from 2-3
HIV-uninfected individuals either received no stimulation or were
stimulated with phytohaemagglutinin (PHA) and interleukin 2 (IL-2)
and then mock- or VLP-Vpx-treated prior to infection with HIV. FACS
analyses revealed that productive infection of stimulated CD4 T cells
was not associated with a significant CD32a induction, as compared
to resting CD4 T cells (Fig. 2d). These experiments demonstrate that
CD32a is a highly specific marker of HIV-1-infected resting CD4
T cells in vitro.
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Figure 2 | CD32a is specifically induced at the surface of HIV-infected
quiescent CD4 T lymphocytes. a, Sixteen genes encoding cell surface
proteins were selected among the 103 candidates differentially expressed
between XH* and XH ™ or non-infected CD4 T cells. Their expression at
the surface of infected and exposed uninfected total CD4 T cells was then
screened by flow cytometry in 2-6 HIV-negative controls. Results are
represented as fold increase of each marker expression in infected versus
exposed uninfected total CD4 T cells. Isotype control was used to define
threshold of positivity. b, PBMCs from three HIV-negative controls were
prepared as shown in Fig. 1a, and CD32a expression assessed in HLA-
DR-negative CD4 T cells. Left, representative dot plot of CD32a
expression on non-infected and infected resting CD4 T cells. Right,
percentage of GFP expression by CD32a~ or CD32a™ cells (n=3
HIV-negative controls). ¢, Experiment performed as in b, but with

cells that were treated with RAL or DMSO before infection. d, CD32a
expression was assessed on PHA-IL-2-stimulated cells treated with
VLP-Vpx or untreated. Results are presented as the percentage of CD32a
expression among GFP~ or GFP™ CD4 T cells (n = 2/3 HIV-negative
controls). When applicable, mean and standard deviation are presented on
histograms and paired t-test applied (*P < 0.05; **P < 0.01).

Efforts towards the development of therapies aimed at directly
targeting and eliminating the reservoir of HIV-1-infected T cells
have been impaired by the lack of a specific marker to distinguish
the cells from their non-infected counterparts. On the basis of our in
vitro results, we reasoned that the cell surface marker CD32a would
allow us to sort reservoir cells in anti-retroviral therapy (ART)-treated
participants. CD32a immunostaining of CD4 T cells isolated from
12 participants (Supplementary Table 3) shows a continuum of
expression. We therefore separated CD4 T lymphocyte subsets with
negative (CD32a"), intermediate (CD32a!™) and high (CD32aM)
expression levels, as compared to staining with control isotype (Fig. 3a,
Extended Data Fig. 2). FACS-sorted total, CD32a~, CD32a™ and
CD32aM CD4 T cells were assessed for infection frequency, as measured
by total HIV-1 DNA and absolute cell number (3-globin normaliza-
tion) (Fig. 3b). Notably, infection frequencies correlated with CD32a
expression, as increased viral DNA content was observed in total,
CD32a~, CD32a™- and CD32aM-expressing CD4 T cells (median of
0.003, 0.001, 0.17 and 0.56 HIV-1 DNA copies per cell, respectively)
(Fig. 3b; Supplementary Table 4). Averages of 633-fold and 1,024-fold
enrichment of HIV DNA copies per cell was observed in CD32a" CD4
T cells, as compared to total and CD32a~ CD4 T cells, respectively (Fig. 3b;
Supplementary Table 4). The observed enrichment is independent of the
time of infection and duration of treatment (Supplementary Tables 3, 4).
Depending on the participants, the contribution of CD32a™ popula-
tion to the total CD4 T-cell reservoir ranges from 26.8% to 86.3%, as
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Figure 3 | CD32a identifies CD4 T-cell reservoir harbouring inducible
replication-competent HIV-1 in ART-treated participants. a, Dot plots
showing isotype control and CD32-specific staining of blood CD32a",
CD32al" and CD32a~ CD4 T lymphocyte subsets from ART-treated
individuals. b, Quantification of total HIV-1 DNA copies per cell in

total, CD32a™, CD32a™™ and CD32aM CD4 T cells from 12 ART-treated
participants. Median values are presented. Wilcoxon signed-rank test
comparisons were applied, *P < 0.05, **P < 0.01 and ***P < 0.001,
respectively (2 to 9 replicates per sample). ¢, Contribution of CD32a* CD4

measured by total viral DNA (Fig. 3¢c). These results validate CD32a as
a cell surface marker of the CD4 T cell HIV reservoir in HIV-infected
virally suppressed participants.

We next investigated whether CD32a™ CD4 T cells contain an
inducible replication-competent provirus. We performed a quantitative
viral outgrowth assay (QVOA) and calculated the infectious unit per
million cells (IUPM) in total and CD32a* CD4 T cells. As previously
reported!®, IUPM ranged from 2.2 to 5.7 in total CD4 T cells
(Table 1). Notably, IUPM measured in CD32a™ CD4 T cells isolated
from four participants ranged from 2,158 to 16,422 (Table 1). Thus, up
to 3,000-fold enrichment in inducible replication-competent provirus
is observed in CD32a" as compared to total CD4 T cells (Fig. 3d). To
determine further the contribution of CD32a™ CD4 T lymphocytes to
the inducible viral reservoir in ART-treated participants, CD32a~ CD4
T cells were sorted from three aviraemic participants and viral produc-
tion was measured using HIV Gag p24 ultrasensitive ELISA detection
after in vitro T-cell receptor stimulation (using anti-CD2, anti-CD3 and
anti-CD28 beads and IL-2). For all tested participants, activation of
total CD4 T cells resulted in virus production and spreading in cultures
(Fig. 3e). No virus production was observed when the cells were not
activated (data not shown). By contrast, depletion of CD32a™ CD4
T cells (median of 500 cells) resulted in marked delay in virus produc-
tion and spreading (Fig. 3e). QVOA performed using CD32a™~ and total
CDA4 T cells isolated from one participant showed a tenfold reduction of
IUPM in the former (Extended Data Fig. 3), reinforcing the contribu-
tion of CD32a™ CD4 T cells to the inducible viral reservoir contained
in total CD4 T cells. These experiments show that CD32a™ CD4 T cells

Table 1 | IUPM values for total and CD32a* CD4 T cells

Participant ID IUPM of CD4 T cells (95% Cl) IUPM of CD32a* CD4 T cells (95% CI)
27 2.2 (0.51-9.44) 4,977 (533-46,400)

489 5.5 (1.33-23.01) 16,422 (1,841-146,000)
566 2.2(0.51-9.44) 2,326 (249-21,700)

771 2.2(0.51-9.44) 2,158 (231-20,100)

Mean (confidence interval, 95% Cl) are shown.
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® CD4 T cells

© CD32a™ CD4 T cells

T cells to total viral DNA was calculated by subtracting that of CD32a-
depleted CD4 T cells from that of total CD4 T cells (n =9 participants).
Mean and standard deviation are presented. d, qVOA to determine IUPM
for total and CD32a™ CD4 T cells was performed. IUPM fold enrichment
(CD32a" cells per total CD4 T cells) was calculated for the indicated
participants. e, Half a million total CD4 T cells (2 replicates) or CD32a~
CDA4 T cells (2-4 replicates) isolated from the indicated participants were
T-cell-receptor-stimulated, and p24 release was measured every 2-3 days.
The dotted line indicates limit of detection.

greatly contribute to the pool of HIV-infected CD4 T cells that harbour
inducible replication-competent proviruses.

Altogether, our experiments show that CD32a fulfils the necessary
criteria of a biomarker for HIV-persistent CD4 T cells. Although
CD32a does not stain the entire CD4 T-cell reservoir, qVOA and viral
induction assays demonstrate that CD32a™ CD4 T cells make up a
substantial part of the pool of CD4 lymphocytes containing inducible
replication-competent proviruses. Accordingly, we observed corre-
lation between IUPM of total CD4 T cells and HIV DNA copy per
cellin CD32a™ CD4 T cells, as well as between IUPM and infection
frequencies of CD32a™ CD4 T-cells (data not shown). As sorting of
CD32a CD4 T cells from ART-treated participants gives a nearly pure
population of infected cells (average of 0.9 HIV DNA copy per cell
with median of 0.5), it would be possible to study viral and cellular
diversity of the HIV reservoir at the single-cell level. An exciting future
direction is to determine the distribution of defective, replication-
competent and inducible viruses'®!” within this population of reservoir
cells. Our findings also raise important questions about the functional
significance of CD32a expression on reservoir cells. The Fc region of
HIV-1 Env-specific broadly neutralizing antibodies is required for their
antiviral activity'® and antibody-dependent cellular cytotoxicity has a
role in this process'®. It will thus be interesting to determine whether
CD32a expression helps to explain the recent findings that combina-
tion of ART and broadly neutralizing antibodies reduces cell-associated
HIV-1 DNA and prolonged viral control?. It will also be of interest to
determine whether CD32a expression is part of a cellular response to
viral infection or is induced by the virus. Most importantly, developing
strategies aimed at targeting and eliminating the CD32at CD4 T cell
HIV reservoir may establish the basis for a ‘direct kill’ as an alternative
and or complementary approach toward a HIV cure.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Data reporting. No statistical methods were used to predetermine sample size.
The experiments were not randomized and the investigators were not blinded to
allocation during experiments and outcome assessment.

Plasmids. The SIV3™" plasmid was provided by N. Manel. pHRET was pro-
vided by C. Mettling. pPCMVdeltaR8.2 packaging plasmid was obtained from
D. Trono (Addgene plasmid 12263). pMD2-G VSV-G envelope was previously
described’.

VLP and virus production. VLP and viral particles were produced from myco-
plasma-free 293T cells (ATCC CRL-3216) using the standard phosphate calcium
transfection protocol. For VLP-VpXmac2s1, 293T cells were transfected with 8 g
SIV3" and 2 pg pMD2-G VSV-G-encoding plasmid. Media was replaced 16 h after
transfection and VLP were collected 48 h later, filtered at 0.45um and concentrated
100-fold by ultracentrifugation. HIV-cmv-GFP was produced by transfection of
6 g of pHRET, 3 g of pPCMVdeltaR8.2 packaging vector and 2 pg of pMD2-G. Viral
stocks were quantified by measuring viral p24 antigen by ELISA (Zeptometrix) and
multiplicity of infection was determined by titration in 293T cells.

Infection and flow cytometry cell sorting of in vitro infected resting CD4 T cells.
PBMCs from HIV-non-infected individuals were isolated from blood samples by
Ficoll gradient (Eurobio) and cultured for 12h in the presence of VLP-Vpx at a
density of 2 million cells per well (24-well plates) in 300l of 10% FCS supple-
mented complete RPMI (Invitrogen). Infection was then performed by addition
of HIV-cmv-EGFP (1 pg of p24 per well). As controls, cells were either exclusively
treated with VLP-Vpx or left untreated. Three days after infection, infected (XH™),
bystanders (XH™) and control (X and non-infected) resting (negative for CD69
and HLA-DR) CD4 T cells were sorted on a FACS Aria (BD Biosicences) using
the following antibodies combination: BV421-CD3 (UCHT1; BD Biosciences),
Cy7PE-CD4 (RPA-T4; BD Bioscience), PE-HLA-DR (L243; BD Biosciences),
APC-CD69 (FN50; BD Biosciences). A minimum of 160,000 cells were sorted,
resuspended in 350 pl of RA1 buffer (GE Healthcare) + 3.5l of 3-mercaptoethanol
and stored at —80 °C after total RNA extraction.

RNA sequencing, bioinformatic analysis and validation by flow cytometry of
selected candidates. Total RNA extraction using GE Healthcare Illustra RNA mini
kit was performed. RNA quality was analysed on Agilent Bioanalyzer 2100 with a
RNA NanoChip. Standard TruSeq RNA Sample Prep, barcoded, Illumina was used
to prepare the library. Samples were multiplexed (by 2) on Illumina HiSeq2000 slides
which provides 75-100 million single-end reads of 100 nucleotides per
sample (sequencing data have been deposited at SRA with reference numbers
SRR5071107-SRR5071122). Reads were mapped to the Hg38 reference genome
using STAR and counted using HT-SeqCount. The DESeq2 R Package was then
used to perform Differential Expression analysis between conditions. The Rlog
transformed count from DESeq2 were used to perform PCA. Involvement in
biological pathways of DE genes in XH" compared to XH ™~ and non-infected
cells were analysed using REACTOME and STRING databases. Expression at
protein level of identified candidates was tested by FACS on in vitro infected rest-
ing CD4 T cells using the following primary antibodies: rabbit anti- AQP9 and
mouse anti-CA12 (Abcam), rabbit anti-GPR91 and rat anti-NIACR1 (Novus
Biological), sheep anti-CD66d, goat anti-COLEC12, mouse anti-SCARF1 and
mouse anti-CLEC4D (R&D system), rabbit anti-STEAP1B (Cliniscience), goat
anti-GJB2 (SantaCruz Biotechnology). Relevant Alexa647 species-specific anti-
IgG secondary antibodies were purchased from Life Technologies. Conjugated
antibodies were also used: APC anti-CD32 (FL18-26, BD Biosciences and FUN-2,
Sony Biotechnology), APC anti-CD80, APC anti-CD354, PE anti-CSF2RA and
PE anti-TLR2 (Sony Biotechnology) and eFluor660 anti-CD300c (ebioscience).
Paired isotype controls were purchased for each antibody. Where mentioned, PHA
(2pg/ml) and IL-2 (50 U/ml) were used to activate cells.

ART-treated HIV-1 infected participant cells and flow cytometry sorting
of CD4 T-cell subsets. Twelve HIV-1-infected participants, under suppres-
sive ART (11 out of 12 with <20 HIV-1 RNA copies per ml, and 1 with 33
HIV-1 RNA copies per ml) for a median of 26 months (min-max, 10-89), were
included in this study (Supplementary Table 1). They were recruited from the
Montpellier University Hospital and from Henri Mondor University Hospital,
Creteil (COHORT Physiopathologie). The study was approved by the local
Ethics Committee, and all participants gave written informed consent. Fresh
PBMC:s were isolated from blood samples by Ficoll gradient (Eurobio). 50-100
million HIV-1 infected patient PBMCs were first incubated with FcyR-blocking
reagent (BD Pharmingen) for 10 min and then stained with the following anti-
body combination: BV421-CD3 (UCHT1), PECy7-CD4 (RPA-T4), PE-HLA-DR
(L243) and APC-CD32 (FUN-2). APC-IgG2 was used as isotype control. All
the antibodies were purchased from Sony Biotechnology. Total CD4™ T cells
(CD37CD4"), CD32a depleted CD4* T cells, and CD32aM CD4 T cells were
sorted in a BSL3 confinement laboratory on a four-laser SH800 cell sorter (Sony
Biotechology) in ultra-purity mode. The population expressing an intermediate
level of CD32a was also sorted and referenced as CD3"CD4"CD32a™. For each
sorted fraction, cells were split for HIV-1 DNA quantification, qVOA and viral
induction assay.

Quantification of viral DNA. Total DNA was extracted from each sorted subset
(total CD4 T cells, CD32a~, CD32a™ and CD32a™ CD4 T cells) (QIAamp DNA
micro DNA kit, Qiagen). Cell HIV-1-DNA was quantified by ultrasensitive real-
time quantitative PCR using primers and probes targeting a conserved consensus
sequence in the LTR (Biocentric)*!. Results were normalized to the 3-globin copy
numbers which were quantified on DNA extract according to manufacturer’s
instructions (Control kit DNA, Roche).

Viral induction and quantitative viral outgrowth assays. FACS-sorted cell
subsets from the indicated participants were used to perform viral induction
assay and/or a quantitative viral outgrowth assay (QVOA). Both assays were per-
formed by first stimulating CD4 T cells with anti-CD2/anti-CD3/anti-CD28 coated
beads (Miltenyi) and 50 UI/ml IL-2 (Roche). For viral induction assay as many as
possible replicate wells of 0.5 million CD4" T lymphocytes and CD32a depleted
CDA4" T cells were cultured in 24 well plates and p24 released in the supernatant
measured every 2-3 days by ultrasensitive digital ELISA (Simoa technique from
Quanterix)*2. qVOA was performed as previously described!®. Briefly, serial
dilutions of total (from 1 million to 1,600 cells) and CD32a™ CD4 T cells (from
800 to 1 cell) were performed to determine the minimal amount of infectious units
per million of each population (IUPM) using ITUPMstat?. Ultrasensitive digital
ELISA measured the released viral p24 in the supernatant (ELISA limit of detection
values were 0.01-0.04 pg/ml).

Data availability. Source Data for Figs. 2, 3 and Extended Data Figs 1a, 3 are
provided with the paper. Reads count and list of differentially expressed genes are
provided in Supplementary Tables 1 and 2. Clinical parameters of the participants
and related data are provided in Supplementary Tables 3 and 4. RNA-seq data are
accessible through the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra)
with reference numbers SRR5071107-SRR5071122.
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Extended Data Figure 1 | Cellular pathways significantly modulated in latently infected quiescent CD4 T cells compared to bystanders

and non-infected cells. a, b, Biological pathway analysis using REACTOME (a) or STRING (b) databases for the 103 genes differentially expressed
in XH™ compared to XH™ and non-infected cells.
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Extended Data Figure 2 | Flow cytometry dot plots and gating strategy for cell sorting of CD32a", CD32a!" and CD32a~ CD4 T lymphocytes
subsets from 10 HIV-1 infected participants. When available similar number of events were displayed in CD32a staining than in isotype control.
Note that for patient 566, the cell-sorting strategy was designed by selecting a threshold on CD3 positivity.
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Extended Data Figure 3 | Contribution of CD32a* CD4 T cells to the
inducible viral reservoir contained in total CD4 T cells. qVOA was
performed using CD32a~ and total CD4 T cell isolated from participant
769.
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CORRECTIONS & AMENDMENTS

CORRIGENDUM
doi:10.1038/nature22807

Corrigendum: CD32a is a marker
of a CD4 T-cell HIV reservoir
harbouring replication-competent
proviruses

Benjamin Descours, Gaél Petitjean, José-Luis Lépez-
Zaragoza, Timothée Bruel, Raoul Raffel, Christina Psomas,
Jacques Reynes, Christine Lacabaratz, Yves Levy,

Olivier Schwartz, Jean Daniel Lelievre & Monsef Benkirane

Nature 543, 564-567 (2017); doi:10.1038/nature21710

In the Acknowledgements section, the European FP7 contract number
was incorrect in two places; it should be 305762. The original Letter
has been corrected online.
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