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SUMMARY
Human immunodeficiency virus (HIV) infection induces immunological dysfunction, which limits the elimina-
tion of HIV-infected cells during treated infection. Identifying and targeting dysfunctional immune cells might
help accelerate the purging of the persistent viral reservoir. Here, we show that chronic HIV infection in-
creases natural killer (NK) cell populations expressing the negative immune regulator KLRG1, both in periph-
eral blood and lymph nodes. Antiretroviral treatment (ART) does not reestablish these functionally impaired
NK populations, and the expression of KLRG1 correlates with active HIV transcription. Targeting KLRG1 with
specific antibodies significantly restores the capacity of NK cells to kill HIV-infected cells, reactivates latent
HIV present in CD4+ T cells co-expressing KLRG1, and reduces the intact HIV genomes in samples fromART-
treated individuals. Our data support the potential use of immunotherapy against the KLRG1 receptor to
impact the viral reservoir during HIV persistence.
INTRODUCTION

Antiretroviral therapy (ART) currently available for treating the hu-

man immunodeficiency virus (HIV) infection generally controls

viral replication in people with HIV (PWH), but it is not curative.1

ART cannot prevent the formation nor achieve the complete

elimination of a population of cells, mainly CD4+ T cells, which

form the viral reservoir. The HIV reservoir is located in cells

from the blood and several other tissues and harbors integrated

provirus, themajority containing viral sequences with deleterious

defects. However, a small fraction contains replication-compe-

tent proviruses that can initiate new rounds of infection if ART

is interrupted.2 Several factors may facilitate HIV persistence,

such as the predominant state of viral latency, cell proliferation,

and mechanisms of immune evasion that might allow infected

cells to survive even when cells are actively transcribing HIV.3

Moreover, chronic viral infection is associated with elevated im-

mune activation and deteriorated immune responses in PWH,

including those mediated by natural killer (NK) cells.4,5 Impor-

tantly, ART does not fully revert immune exhaustion,6,7 and ther-

apies directed to boost the immune responses will likely be
Cell Repo
This is an open access article under the CC BY-N
needed to accelerate the elimination of the persistent HIV

reservoir.

NK cells are potential candidates for immunotherapy given

their strong cytotoxic responses against many infectious patho-

gens and malignant cells. NK cells have several mechanisms of

action, exerting innate responses that do not require prior expo-

sure to antigens, but also cellular responses linked to adaptive

immunity such as the antibody-dependent cellular cytotoxicity

(ADCC) response, and, as it has recently been evidenced, the ca-

pacity to develop memory-like features against several vi-

ruses.8–10 Understanding the functional properties of NK cells

during HIV infection could help to exploit their full potential to

reduce HIV reservoirs. NK cells have also become increasingly

appreciated in the context of ‘‘shock and kill’’ approaches.

This strategy is currently being pursued to target latent HIV using

latency reversal agents (LRAs) to induce viral expression and

potentiate the killing of infected cells through the boosting of im-

mune cells.11 In this regard, in a humanized mouse study, the

combination of LRAs together with the exogenous administra-

tion of NK cells significantly diminished the in vivo HIV reser-

voir.12 Moreover, in a clinical study designed to disrupt viral
rts Medicine 4, 101202, October 17, 2023 ª 2023 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Expression of KLRG1 in NK cells during HIV infection

The expression of the KLRG1 receptor was measured by flow cytometry in different subjects.

(A) Opt-SNE plots showing the distribution of KLRG1+ NK cells within the total pool of CD56+ NK cells in HIV-negative donors (HD) and people with HIV (HIV+). The

Volcano plot shows the difference in KLRG1 expression between both cohorts.

(B) Frequency of KLRG1+ NK cells in a cohort of HD (n = 14) and PWH (n = 40).

(C) Percentage of KLRG1+ NK in CD56dim NK cells in HD and in HIV+ with detectable viral loads (VIR) or on antiretroviral treatment with suppressed viremia (ART).

(D) Percentage of KLRG1+ NK in CD56bright NK cells in HD and HIV+ in VIR or ART subjects. For (B), (C), and (D), median with range is represented. Statistical

comparisons were performed using the Mann-Whitney test. *p < 0.05; **p < 0.01.

(legend continued on next page)
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latency, proportions of total and CD16+ NK cells correlated with

decreasing levels of the total HIV reservoir size.13 Of note, the

exactmechanisms bywhich NK cells might target viral reservoirs

are not fully understood.

It is widely accepted that a broad set of receptors expressed

on the surface of NK cells dictate the variety of their effector re-

sponses. These receptors have activating or inhibitory potential,

and the combination of their expression and signaling on NK

cells delineates cell subsets with different capabilities.14,15 How-

ever, how the expression and combination of these receptors are

affected by different pathological settings and how this might in-

fluence health outcomes is largely unknown. Thus, elucidating

the most potent NK cell subsets in PWH on ART and boosting

them might significantly impact HIV persistence. Importantly,

finding exhausted phenotypes, as in the case of CD8+ T cells,

might help to identify new targets for restoration of NK

functionality.

Killer cell lectin-like receptor subfamily Gmember 1 (KLRG1) is

a conserved C-type lectin inhibitory receptor expressed in

different subsets of gd T cells, CD4+ T, CD8+ T, NK, and Treg

cells, whose role remains not fully understood.16–20 KLRG1

expression seems to increase with age and as a consequence

of unresolved chronic infections or tumor processes; and higher

frequencies are found on antigen-experienced and differentiated

cells.21–24Most of the studies on KLRG1 have focused on T cells,

defining this molecule as a marker of cell senescence and differ-

entiation.18,21–23,25 However, KLRG1 has also been identified as

an immune inhibitory checkpoint receptor. Indeed, KLRG1 pos-

sesses a tyrosine-based inhibitory motif (ITIM) in its cytoplasmic

domain, conferring inhibitory potential.26–28 Moreover, high

KLRG1 expression stimulates signaling through protein sensors,

such as the AMP-responsive protein kinase, which inhibit NK cell

cytotoxicity and proliferation.29 Other studies have shown that

KLRG1 inhibits effector activity after the engagement with its

cognate ligands, the E-, N-, and R-cadherins, present in target

cells.30,31 Thus, KLRG1 could represent an understudied nega-

tive regulatory receptor and, therefore, a new immunostimula-

tory target to explore in the context of HIV infection.

Here, we show that a significant fraction of NK cells in PWHex-

presses KLRG1, both in blood and lymph nodes, and its expres-

sion correlates with viral transcription during HIV persistence in

treated infection. Phenotypic and functional analyses indicate

that KLRG1-expressing NK cells represent a dysfunctional sub-

set, with inferior capabilities to kill HIV-infected cells. Impor-
(E–H) Spearman correlations between the percentage of KLRG1+ NK cells and (E)

in parentheses was not included for the statistical analysis), (G) HIV RNA molecu

million CD4+ T cells during ART (n = 13) are represented.

(I) Representative micrograph of a lymph node section from one HIV+ VIR indiv

antibodies. White boxes indicate regions where NK cells show expression of bo

KLRG1+ cells.

(J) Graph showing the number of KLRG1+ cells per mm2 in the B and T zones from

were identified based on the intensity of the DAPI staining and the morphology o

(K) Frequency of KLRG1+ cells within CD56+ NK cells in the lymph nodes from an

one B cell follicle. The percentage of NK cells expressing KLRG1 in the B cell zon

represented in orange and blue dots, respectively. Median and min-max rank is r

cell follicles from HD, VIR, and ART were performed using theWilcoxon test, and t

Mann-Whitney test.

See also Figures S1 and S2 and Table S1.
tantly, immunotherapy against KLRG1 enhances the cytotoxic

potential of NK cells against the HIV latent reservoir. Moreover,

we demonstrate that KLRG1 is also expressed on CD4+ T cells

harboring inducible HIV and that anti-KLRG1 antibodies could

be used for both, ‘‘shock’’ the HIV reservoir and potentiate the

‘‘killing’’ by NK cells. Thus, we identify KLRG1 as a target to

exploit in HIV immunotherapies.

RESULTS

Active HIV transcription associates with higher
frequencies of NK cells expressing KLRG1
We first studied the cell-surface expression of KLRG1 in a cohort

of ART-suppressed (ART, n = 23) and viremic (VIR, n = 17) PWH

(clinical data of participants #1–40 in Table S1) and compared it

to healthy donors (HD, n = 14). An example of the gating strategy

used for these analyses is shown in Figure S1. In total NK cells

(CD3�CD56+), we found significantly higher frequencies of

KLRG1 expression in HIV+ individuals (VIR and ART) than in

HDs (Figure 1A). KLRG1 was expressed with median values of

16.1% and 27.3% for HD and HIV+, respectively (Figure 1B).

Also, we studied if KLRG1 expression was observed in the two

main populations of NK cells according to their expression levels

of CD56. Indeed, we found KLRG1 over-expression during un-

treated HIV infection (VIR) in CD56dim (Figure 1C) but also in

less differentiated CD56bright NK cells (Figure 1D). Aging and

some unresolved chronic infections have been linked to

KLRG1 expression.23,24,29 Importantly, VIR PWH showed higher

KLRG1 levels, but no differences in age were observed between

these cohorts (Table S1). Moreover, ART significantly reduced

KLRG1+ NK cells in both NK subsets from peripheral blood

mononuclear cells (PBMCs) compared with VIR individuals, but

there was a trend for no normalization of the KLRG1 values,

especially for the CD56dim cells (median values of 17.0% and

27.3% for HD and ART, respectively) (Figure 1C). We next exam-

ined the relationship between clinical parameters during un-

treated HIV infection and the percentage of KLRG1+ NK cells.

We did not find a significant correlation with the absolute CD4+

T cell counts (Figure 1E); however, we did observe a negative

correlation between plasma viral load in VIR individuals and

KLRG1 expression on NK cells (Figure 1F). We believe this cor-

relation reflects the link between KLRG1 expression and unre-

solved chronic HIV infection, because samples with the highest

viral loads were frequently obtained during early HIV infection
absolute CD4+ T cell count, (F) viral load during untreated infection (n = 16) (dot

les per million CD4+ T cells during ART (n = 13), or (H) HIV DNA molecules per

idual stained with anti-CD56 (purple), anti-KLRG1 (yellow), and anti-p24 (red)

th CD56 and KLRG1. The right panels correspond to zoomed views of CD56+

uninfected, ART-suppressed, and VIR lymph node samples. B and T cell zones

f the cell nuclei.

HD, a VIR (#42), and an ART-suppressed (#41) PWH. Each dot corresponds to

e or the intrafollicular region and in the T zone or the extrafollicular region was

epresented. Intra-sample comparisons between values inside or outside the B

he inter-sample comparisons between PWH and HDwere performed using the
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Figure 2. Characterization of NK cells expressing KLRG1 in HIV infection

The expression of different NKmarkers was quantified by flow cytometry in different subjects: healthy donors (HD) n = 14, HIV+ viremic (VIR) n = 17, and HIV+ ART-

treated individuals (ART) n = 23.

(A) Volcano plot showing the statistically significant differences in the cluster composition between cohorts HIV+ and HD.

(B) Reduction of dimensionality analysis of the expression of different receptors in total (CD56+) NK cells.

(C) Heatmap showing the differences in the mean fluorescence expression of the different NK cell receptors, in HD, VIR and ART cohorts, regarding the different

cell clusters identified in Figure 2B and represented in different colors.

(legend continued on next page)

4 Cell Reports Medicine 4, 101202, October 17, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
and, thus, with a limited time of viral replication. When we

focused on ART-suppressed PWH, we found a significant direct

correlation between intracellular viral RNA and the expression of

KLRG1 on NK cells (Figure 1G). By contrast, no association was

found between KLRG1 and the total HIV reservoir size,

measured as the total viral DNA within the CD4+ T population

(Figure 1H).

Next, we examined the presence and localization of KLRG1+

NK cells in the lymph nodes, for which the follicles are a privi-

leged anatomical site for HIV persistence.32 We performed im-

munostaining of the HIV protein p24, the NK cell receptor

CD56, and KLRG1 in anatomically intact lymph node tissue

preparations from one uninfected control and two PWH (ART-

suppressed #41 and VIR #42, Table S1). As shown in

Figures 1I, S2A and S2B, p24 showed the typical two-staining

pattern observed in the B cell follicles,33 network-like staining

probably corresponding to virions captured by follicular dendritic

cells, and cells with amore dense spherical signal indicating pro-

ductive HIV infection (Figure S2B). In general, changes in the to-

tal number of NK cells (CD56+) were not detected in lymph nodes

from PWH compared to the uninfected control (Figure S2C).

However, we observed an increased in the total number of cells

expressing KLRG1 in lymph nodes from the two PWH studied,

both in the T and B zones (Figures 1I, 1J, and S2A). Notably,

high frequencies of KLRG1+ NK cells were observed in the lymph

nodes of PWH; the increase of NK cells expressing KLRG1 was

particularly significant in the B zone of the VIR individual

(Figures 1J and 1K). Of note, the ART sample showed higher

expression of KLRG1 on NK cells located in the T zone, but

not in the B zone, of the lymph nodes compared with the nega-

tive control. We speculate that the disorganization of the B cell

follicle after HIV infectionmight allow NK cells to better penetrate

the B cell follicle. Alternatively, it is possible that HIV infection ac-

cumulates NK cells expressing CXCR5 in lymph nodes, the re-

ceptor that directs the entry of immune cells into the B cell folli-

cle. This has been shown before in samples from PWH34 and in

samples from a non-human primate model of viral control.35

Overall, our results show the existence of a significant fraction

of NK cells with expression of KLRG1 both in the blood and

within the lymph nodes of PWH, which is compatible with persis-

tent HIV infection. Importantly, during ART, the expression of

KLRG1 correlates with active HIV transcription in blood, and a

significant expression of KLRG1 on NK cells remains in lymph

nodes.

HIV infection expands different populations of NK cells
expressing KLRG1, and more differentiated cells are
maintained after ART
We studied if NK cells expressing KLRG1 had a different

expression pattern of important receptors for NK activity. For

these analyses, we included NK receptors with activating or

inhibitory potential upon interaction with ligands found on
(D) Volcano plots showing the statistically significant differences in the cluster co

(E–L) Percentage of expression of different receptors in KLRG1+ and KLRG1– NK c

cohort were performed using the Wilcoxon matched-pairs signed-rank test, and

***p < 0.001.

See also Figures S1, S2, and S3 and Table S1.
HIV-infected cells (CD16, NKG2C, NKG2A, NKG2D, NKp30,

and KIR2DL2/L3), the maturation marker CD57, and the che-

mokine receptor CXCR3 (illustration in Figure S2D). In general,

we observed that HIV+ PWH had higher expression of KLRG1,

but also they expressed more NKG2C, CD16, and CD158b

(Figure 2A). We then performed a reduction of dimensionality

analysis with the data of the individual cohorts. Unsupervised

clustering analysis using FlowSOM algorithm allowed us to

identify seven different NK cell clusters with a particular expres-

sion of the selected receptors in cells expressing KLRG1 (Fig-

ure 2B). Specifically, clusters #1 and 2 identified subpopula-

tions of NK cells with medium expression levels of KLRG1,

whereas clusters #3, 6, and 7 were populations with high

expression of KLRG1 (Figure 2C). Interestingly, these clusters

with high expression of KLRG1 were mainly apparent after

HIV infection (Figures 2B and 2D). These populations were

also characterized by an increased expression of CD16, an

important activating receptor to mediate ADCC, elevated levels

of NKG2D, CD57, and the inhibitory receptors KIR2DL2/L3 (KIR

CD158b), together with mid-low expression of NKG2A

(Figures 2C and S3). We also evaluated the impact of ART on

these NK populations. It has been extensively documented

that HIV infection alters the expression of NK receptors and

function, and ART does not fully revert these alterations.6,7 Sta-

tistical comparison within NK clusters between all cohorts is

depicted in Figure 2D. In general, clusters #6 and 7 were not

normalized after treatment compared to HDs, and high expres-

sion of these clusters is still present after ART (Figure 2D).

Importantly, cluster #6 showed a significant increase in the

expression of NKG2C only upon HIV infection that was not

normalized upon ART (Figures 2C and S3). Finally, we also per-

formed a more traditional analysis of the percentages of

expression of the different markers in both populations, with

and without expression of KLRG1. An example of the gating

strategy used is shown in Figure S1. The results largely

confirmed the above main conclusions obtained with the

reduction of dimensionality analysis and showed that cells ex-

pressing KLRG1 have higher levels of CD16, NKG2C, KIR,

CD57, and NKG2D and lower levels of NKG2A and CXCR3,

especially in VIR individuals (Figures 2E–2L). Moreover, ART

was able to normalize some of the populations, but high

expression of CD16, NKG2C, and KIR (Figures 2E, 2F and

2H) and low expression of NKG2A (Figure 2J) were still present

in the KLRG1+ subpopulation after ART.

Overall, we observe that HIV infection expands populations of

NK cells expressing KLRG1 with memory-like features

(NKG2C+), high expression of the inhibitory KIR CD158b, the dif-

ferentiation marker CD57, and the activating receptor NKG2D,

and low levels of the inhibitory NKG2A receptor. The lower

expression of CXCR3 would indicate that these KLRG1+ cells

are less able to migrate toward a CXCL9/10/11 gradient.36

Importantly, ART does not normalize all these KLRG1+
mposition between cohorts.

ells. All graphs represent themedian and ranges. Statistical comparisons intra-

comparisons inter-cohort used the Mann-Whitney test. *p < 0.05; **p < 0.01;
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populations, and they keep representing a substantial proportion

of cells withmore frequent activated receptors and differentiated

phenotypes.

KLRG1+ NK cells are functionally impaired in samples
from ART individuals
As a next step, we aimed to directly elucidate the functional sig-

natures of KLRG1+ NK cells. We focused on the cohort of ART

subjects as important candidates for a potential functional cure

of HIV. First, we performed NK recognition assays against the

MHC-I-deficient cell line K562, using unstimulated NK cells or

primed with IL-15 (gating strategy shown in Figure S4A) (NK cells

from participants #10, 13–16, 18, 19, 43–45 in Table S1). In gen-

eral, NK cells from ART individuals were able to kill the cell line

K562 (Figure S4B). Dimensionality reduction analysis identified

six clusters in the NK cell population, from which clusters #1,

4, and 5 were significantly expanded upon the cell target chal-

lenge and IL-15 cytokine stimulation (Figures 3A, 3B, and S5A).

These clusters comprised cells with a strong cytotoxic profile,

expressing the lysosomal-associated membrane protein-1

CD107a, IFN-g (Figure 3C), and the activation marker CD69 (Fig-

ure 3D). Of note, clusters #1 and 4widely expressed KLRG1 (Fig-

ure 3E), and showed enriched expression of CD57, NKG2C, and

CD16 (Figure 3F). Subsequently, we performed a comparative

functional analysis and studied the cytotoxic response of NK

cells, expressing or not the KLRG1 receptor, stimulated with

IL15, and after co-culturing with the MHC-I-devoid cell line

K562. We observed that KLRG1+ NK cells expressed more

HLA-DR and CD69 than their negative counterparts

(Figures 3G and 3H). NK cells expressing KLRG1 exhibited a

lower degranulation response (Figures 3I and 3J), lower fre-

quencies of IFN-g producing cells (Figure 3K), and fewer poly-

functional CD107a+IFN-g+ cells (Figure 3M) compared to the

negative KLRG1 fraction. Results from NK cells in the absence

of the target cells or without previous IL-15 stimulation are shown

in Figures S5B–S5H. Overall, we showed that KLRG1+ NK cells

produce functional molecules, such as IFN-g and CD107a,

upon interaction with K562 targets; however, these cells are

functionally more impeded than cells not expressing the

KLRG1 receptor.

Antibody intervention enhances the cytotoxic potential
of KLRG1+ NK cells at killing HIV-infected cells
Antibody therapies intended to block different immune check-

points to reinvigorate the effector functions of immune cells are

promising new therapies, especially against tumor cells.37

Thus, we tested if anti-KLRG1 antibodies might enhance func-

tionality of NK cells from ART individuals. To test if targeting

KLRG1 inhibits the exhausted phenotype, we cultured isolated

NK cells from different ART-suppressed PWH (participants

#46–51, Table S1) for 4 h in the presence of a specific anti-

KLRG1 antibody. We measured cell activation, degranulation,

and IFN-g secretion. The co-culture of NK cells with HIV-infected

cell targets in the presence of the anti-KLRG1 antibody signifi-

cantly increased the frequency of IFN-g-producing cells in the

CD56dim subset expressing the KLRG1 receptor (Figure 4A)

but not in non-expressing KLRG1 cells (Figure 4B). More notably,

targeting KLRG1 did not change the frequency of cells with the
6 Cell Reports Medicine 4, 101202, October 17, 2023
potential to degranulate, but it strongly triggered a degranulation

response (mean fluorescence intensity [MFI] CD107a+) in less

differentiated CD56bright NK cells (median of 3,820 vs. 7,686 in

the presence of the isotype control IgG2 and anti-KLRG1 Ab,

respectively) (Figure 4C). No changes in the degranulation ca-

pacity were observed in KLRG1– NK cells (Figure 4D). We

included in these experiments controls of NK cells cultured

with phorbol myristate acetate (PMA)+ionomycin (Figures S6A–

S6D). Thus, we show that targeting KLRG1 significantly in-

creases the functionality of this subset.

Next, we performed NK-killing assays after antibody engage-

ment. Ex vivo infected CD4+ T cells were subjected to autolo-

gous NK natural cytotoxicity assays after engagement with

anti-KLRG1 or control antibodies (participants #52–57,

Table S1). Purity of the isolated NK cells was >94% (Fig-

ure S6E). We calculated cell killing as the reduction in the per-

centage of virally infected cells. A representative gating strat-

egy is shown in Figure S6F. Targeting KLRG1 in NK cells

significantly enhanced the killing of the total pool of HIV-in-

fected cells (Figure 4E). Likely, the enhanced effector response

achieved by the anti-KLRG1 antibody was specific to the

KLRG1+ NK cell subpopulation, since the blockade of Fc re-

ceptors on the NK cells, which potentially masks unspecific in-

teractions through its constant fraction (Fc), showed no effect

on the overall cell killing induced by the KLRG1 antibody. No

effect was observed after incubation with the isotype control

(Figure S6G). Another potential benefit of targeting KLRG1

might be the masking of the interaction between this receptor

with its ligands. Thus, we tested if HIV infection upregulated

the KLRG1 ligand E-cadherin, a molecule known to restrain

the NK function through KLRG1 engagement.28 To this end,

we performed the ex vivo infection of isolated CD4+ T cells (par-

ticipants #52–57 in Table S1) and assessed the expression of

the E-cadherin by flow cytometry on infected (p24+) CD4+

T cells. Although a consistent increment was observed in all ex-

periments, the expression of E-cadherin on infected cells was

very low with the exception of two samples (Figure 4F). Of

note, we have not assessed if these E-cadherin-positive cells

were preferentially infected or if HIV induced its upregulation,

but blocking the low levels of E-cadherin expression after HIV

infection induced a small improvement in the NK capacity to

kill HIV-infected cells (Figure S6H). Other immune cell popula-

tions present in PBMCs such as monocytes have been shown

to express high levels of E-cadherin,38 which could potentially

restrain KLRG1+ NK cells. Also, high levels of soluble

E-cadherin have been found in PWH,39 further supporting the

potential in vivo benefits of an antibody targeting the KLRG1

immune checkpoint. Finally, we directly measured the response

of KLRG1-expressing NK cells to HIV+ cell targets (participants

#58–61 in Table S1). For that, we performed autologous co-cul-

tures between previously isolated KLRG1+ NK cells or KLRG1–

NK cells by fluorescence-activated cell sorting (FACS) and

ex vivo HIV-infected CD4+ T cells. KLRG1+ NK cells that were

incubated with the anti-KLRG1 antibody showed a more robust

cytotoxic response against HIV-infected targets by both mech-

anisms, the natural cytotoxicity and the ADCC, than NK cells

lacking the expression of KLRG1 (Figures 4G and 4H). In gen-

eral, KLRG1+ NK cells stimulated with the anti-KLRG1 antibody
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Figure 3. Functional profile of KLRG1+ NK cells in ART-suppressed PWH

MHC-I-devoid K562 cells were subjected to NK-killing assays (n = 10). Functional markers were measured by flow cytometry under different conditions.

(A) Reduction of dimensionality analysis for the expression of KLRG1, CD57, CD16, NKG2C, HLA-DR, CD69, IFN-g, and CD107a in total (CD56+) NK cells. Three

conditions are represented: NK alone, NK + K562, and NK (IL15) + K562.

(B) Violin graphs showing the frequency of the different clusters of NK cells identified in (A). Statistical comparisons were performed using the Kruskal-Wallis test

when required. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

(C) Expression of CD107a and IFN-g on the different clusters identified in (A).

(D) Expression of CD69 and HLA-DR on the different clusters identified in (A).

(E) Expression of KLRG1 on the different clusters of NK cells identified in (A).

(F) Heatmap showing the intensity of expression of the different markers on the NK clusters represented in different colors.

(G–I) Percentage (G) of HLA-DR+ cells in total CD56+ KLRG1+ (yellow) or KLRG1– (blue) NK cells, after co-culturing with the K562 target cells and with the

additional IL-15 stimulus. Similarly, the values of other parameters are represented in (H) frequency of CD69+ cells and (I) percentage of cells expressing the

CD107a degranulation marker.

(J–M)Mean fluorescence intensity (MFI intensity) signal (J) for CD107a expression, (K) frequency of cells producing IFN-g, (L) MFI for IFN-g, and (M) percentage of

polyfunctional, double-positive CD107a+IFN-g+ cells. Statistical comparisons were performed using Wilcoxon matched-pairs signed-rank test. *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figures S4 and S5 and Table S1.
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had the ability to kill approximately 20% more infected cells

than their negative counterparts.

Last, we tested if targeting KLRG1 induces an NK-mediated

cytotoxic response against viral-reactivated cells from the natu-

ral reservoir. We performed functional NK assays using samples

from seven ART-suppressed PWH after reactivation (partici-

pants #23, 65–70, Table S1). Detection of p24 was first evaluated
in samples from HDs and ART-treated PWH after viral reactiva-

tion. The limit of detection was set up at 53 copies/million cells

calculated by the formula 3*SD of the mean percentage of

p24+ cells detected in HD samples. As previously reported,40

we observed viral reactivation of dormant HIV (Figures 4I and

S6I). Notably, the incubation with KLRG1-directed antibodies

strongly enhanced the NK-mediated killing of the total pool of
Cell Reports Medicine 4, 101202, October 17, 2023 7
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viral-reactivated cells (median reduction in p24+ cells of

75.15%). This effect was not observed with the control antibody

(Figures 4J and 4K). Moreover, we performed the intact proviral

DNA assay in the remaining CD4+ T cells in additional samples

from six ART individuals (participants #71–76, Table S1). Reduc-

tion in the intact proviruses was observed in five out of six sam-

ples tested (Figure 4L). Altogether, we show that targeting

KLRG1 restores the functional abilities of NK cells and enhances

the capacity to kill HIV-infected cells by both natural cytotoxicity

and ADCC and to reduce the natural HIV reservoir after viral

reactivation.

KLRG1 is expressed on CD4+ T cells harboring inducible
HIV genomes, and the anti-KLRG1 antibody induces viral
reactivation
Major efforts in the HIV field are directed at finding efficient com-

pounds for both reactivating latently HIV-infected cells and stim-

ulating the immune system of PWH to eliminate HIV reservoirs.

Therapeutic strategies integrating these two steps are desig-

nated as a ‘‘shock and kill’’ approach.11 For assessing the suit-

ability of using KLRG1 in this approximation, we studied the

feasibility of using anti-KLRG1 monoclonal antibodies as LRAs.

First, we checked the expression of KLRG1 in CD4+ T cells

from a cohort of VIR and ART-suppressed PWH (participants

#1–40 Table S1), and we found a median of 23.6% and 19.4%

of these cells expressed the KLRG1 receptor, respectively (Fig-

ure 5A). Moreover, in ART individuals, the expression of KLRG1

on CD4+ T cells directly correlated with the intracellular levels of

HIV RNA (Figure 5B). Interestingly, the targeting of KLRG1 in

CD4+ T cells with directed antibodies significantly increased

the number of viral RNA molecules (median fold increase of

3.2), indicating viral reactivation (Figure 5C) (participants #1, 2,

4–6, 9, 12, 62–64 Table S1). Romidepsin was used as a control

for viral reactivation (Figure S6J). This suggests that KLRG1

may identify a fraction of CD4+ T cells with latent HIV and/or

induce higher levels of HIV RNA from transcriptionally active
Figure 4. Targeting KLRG1 increases the functional capabilities of NK

NK cells were cultured with ex vivo infected CD4+ T cells after stimulation with the a

the HIV+ targets were quantified by flow cytometry.

(A–D) Frequency (A) of IFN-g+ cells in NK KLRG1+ cells, (B) frequency of IFN-g+

KLRG1+ cells, and (D) MFI of CD107a in KLRG1– cells.

(E) Reduction in p24+ after co-culturing ex vivoHIV-infectedCD4+ T cells with NK c

a control.

(F) Expression of the molecule E-cadherin on CD4+ T cells in infected (p24+) and

(G) Natural cytotoxicity assay of ex vivo HIV-infected CD4+ T cells after co-culturi

KLRG1 antibody.

(H) ADCC assay of ex vivo HIV-infected CD4+ T cells after co-culturing with iso

antibody. The condition with plasma from an HIV-positive person is shown as a

(I) P24+ cells in samples fromART-suppressed PWH at baseline and after viral reac

million cells calculated by the formula 3*SD of the mean percentage of p24+ cell

(J) Functional NK assays after reactivation of the natural latent HIV reservoir of is

cytometry as a measure of viral reactivation. This panel shows an example of th

(K) Functional NK assays after reactivation of the natural latent HIV reservoir of is

CD4+ T cells after the NK-killing assays. Palivizumab was used as a control antib

(L) Intact proviral DNA assay (IPDA) in samples from six ART-suppressed subjec

T cells with PMA and ionomycin and isolated NK cells. NK cells were treated wi

proviral reductions are shown for each subject. Statistical comparisons were per

Kruskal-Wallis test when required. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0

See also Figure S6 and Table S1.
HIV-infected cells. We then assessed the content of total HIV

DNA in KLRG1+ and KLRG1– CD4+ T cells isolated by FACS

from samples of four ART-suppressed PWH (participants #58–

61 Table S1). We were able to detect HIV in KLRG1-expressing

cells, with similar levels to those observed in the negative

KLRG1 population (Figure 5D). Moreover, in lymph node sam-

ples from PWH (both VIR and ART suppressed), we observed

cells in the follicles productively infected (dense intracellular

p24 staining) and concomitantly expressing KLRG1 on the sur-

face (Figures 5E and S6K). These results indicate that KLRG1

might be found in productively HIV-infected cells. Next, we stud-

ied if ex vivo HIV infection upregulates the expression of KLRG1

on CD4+ T cells (gating strategy shown in Figure S7). We found a

slight increase in the expression of this receptor, but not in the

intensity of expression, upon infection with the HIVBaL strain (Fig-

ure 5F), which was not observed with HIVNL4.3 (Figure 5G). This

suggests that KLRG1 is not selectively induced upon acute

HIV infection in CD4+ T cells. Differences between both viral

strains might be due to the preferential infection of the Bal isolate

for memory CD4+ T cells expressing KLRG1, as previously

observed for the PD-1 molecule.41 Overall, our data support

the potential of targeting KLRG1 to reactivate the latent HIV

reservoir, more likely in combination with other LRAs.

DISCUSSION

One of the major obstacles to curing HIV is the presence of

HIV reservoir cells with limited immune recognition, in part

due to the development of immune resistance mechanisms,

and the impaired effector function of immune cells.5,40,42–44

NK cells are lymphocytes of the innate immunity with superior

capabilities to kill viral-infected cells. HIV infection, however,

alters different immune compartments, including NK cells.

Hallmarks of this viral infection are the expansion of certain

subsets of NK cells, persistent immune activation, and a

reduced capacity to perform ADCC, which are not fully
cells

nti-KLRG1 antibody. Functional parameters onNK cells and direct cell killing of

cells in NK KLRG1– cells, (C) mean fluorescence intensity (MFI) of CD107a in

ells previously stimulated with the anti-KLRG1 antibody. Fc blocker is shown as

uninfected (p24–) cells after ex vivo HIV infection.

ng with isolated NK expressing or not the KLRG1 and stimulated with the anti-

lated NK expressing or not the KLRG1 and stimulated with the anti-KLRG1

control. In (G) and (H), the CD4+ T cells and NK cells were isolated by FACS.

tivationwith PMA/ionomycin (LRA). The limit of detection is set up at 53 copies/

s detected in healthy donor (HD) samples.

olated CD4+ T cells from ART-treated PWH. P24+ cells are quantified by flow

e p24 staining.

olated CD4+ T cells from ART-treated PWH. Summary graph for p24 levels in

ody.

ts after performing the NK-killing assay with primary ex vivo reactivated CD4+

th the anti-KLRG1 antibody or the isotype control IgG2. Percentages of intact

formed using the Wilcoxon matched-pairs signed-rank test, Friedman test, or

001.
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Figure 5. Impact of targeting KLRG1 in CD4+ T cells and in the viral reservoir

(A) Frequency of KLRG1+ CD4+ T cells in a cohort of healthy donors (HD, n = 13), viremic (VIR, n = 17), and ART-suppressed (n = 23) PWH measured by flow

cytometry.

(B) Spearman correlation between the percentage of KLRG1+ CD4+ T cells and the intracellular levels of HIV RNA.

(C) Intracellular HIV RNA levels measured by qPCR in CD4+ T cells from ART PWH after stimulation with the anti-KLRG1 antibody or the isotype control antibody

(n = 10).

(D) Quantification by qPCR of total HIV DNA in KLRG1+ and KLRG1– CD4+ T cells isolated by FACS (n = 4).

(E) Representative image of a lymph node section from a VIR HIV-infected PWH (#42). p24 HIV protein is shown in red and KLRG1 in yellow.

(F and G) Percentage and mean fluorescence intensity expression of KLRG1 in cells infected ex vivowith the HIVBaL strain (n = 9) or (G) the HIVNL4.3 strain (n = 11).

Statistical comparisons were performed using the Wilcoxon matched-pairs signed-rank test or Friedman test when required. *p < 0.05, **p < 0.01.

See also Figures S6 and S7 and Table S1.
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reverted even after ART-mediated viral control is achieved.7

Thus, the development of new NK-targeted therapies to rein-

vigorate their functionality might influence HIV persis-

tence.4,6,12,45 One potential approach currently being explored

is the targeting of NK receptors that restrain cell activity. In the

present study, we report that HIV infection expands NK cell

subpopulations imprinted with upregulated levels of the inhib-

itory receptor KLRG1, which have signs of advanced differen-

tiation and impaired activity. Furthermore, ART does not

reduce these impaired NK cells. Importantly, we show that tar-

geting the KLRG1 receptor both induces viral reactivation in
10 Cell Reports Medicine 4, 101202, October 17, 2023
CD4+ T cells and reverses NK immune exhaustion favoring

the elimination of HIV reservoir cells.

Here, we add evidence for the impact of chronic HIV infection

on NK cells. We observe the upregulation of KLRG1 on NK cells

during untreated and treated infection in both the PBMCs and

the lymph nodes. This is concordant with previous findings

showing KLRG1 expression on T and NK cells in chronic con-

ditions, such as other viral infections and cancer.23,24,46,47 The

lymph nodes are a preferential anatomical sanctuary site for

HIV persistence and contain a high burden of reservoir cells

with transcriptionally active HIV.32 Active viral transcription,
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which has been associated with elevated levels of immune acti-

vation, might explain the high expression levels of KLRG1 on

NK cells observed within the B cell follicles of PWH. In line

with this, we observed a direct correlation between HIV tran-

scription within CD4+ T cells and KLRG1 expression on NK

cells from blood. Similarly, augmented levels of KLRG1 have

been reported in circulating and hepatic NK cells associated

with hepatitis B infection,46 and interestingly, the expression

of KLRG1 on NK cells has been reported to respond to cell-

intrinsic factors such as cell division and development,25 to

exposure to certain cytokines such as IFN-a or IL-12,25 or to

even specific treatments such as hydroxychloroquine.48

Beyond the NK compartment, this receptor is also upregulated

on virus-specific CD8+ T lymphocytes during persistent HIV,

Epstein-Barr virus, and cytomegalovirus infections.23,24 Thus,

our data and previous evidence suggest that the expression

of KLRG1 could be induced on several immune cells following

persistent infections.

We also found that KLRG1 expression is largely restricted to

the CD56dim NK subset in uninfected subjects. However, HIV

infection strongly increases KLRG1 levels in the CD56bright sub-

population. In general, CD56dim cells exhibit a more cytolytic

profile, whereas CD56bright cells are known to produce large

amounts of cytokines and have enhanced proliferative capacity,

being both arms required for viral immune control.49 Upregula-

tion of the inhibitory KLRG1 on CD56bright NK cells has been pre-

viously observed in chronically infected HCV+ individuals.38

Moreover, it has been negatively associated with the potency

of the immune responses against HPV16 and the progression

of cervical intraepithelial neoplasia.50 Our data point to HIV as

a potent trigger for KLRG1 expression in CD56bright cells. Based

on that, we believe that strategies reverting the KLRG1 expres-

sion on this specific NK subset may be particularly beneficial.

NK cells exhibit a diversity of phenotypes and functions, which

are susceptible to high plasticity.15 Our analyses show that

KLRG1 distinguishes NK populations with elevated expression

of important receptors involved in the differentiation and regula-

tion of their function, such as CD57, CD16, NKG2C, and KIRs.

Concordantly, it has been shown that mature NK cells express

high levels of KLRG1.25 Specifically, CD16 has a strong acti-

vating potential and allows NK cells to mediate ADCC activity.

Published data support the relevant role of ADCC in the control

of HIV and SIV infection and in shaping the viral reservoir during

treated infection.40,51,52

We also find that HIV infection impacts the phenotype of

KLRG1+ NK cells significantly increasing the expression of the

NKG2C receptor. This is noteworthy since this receptor is, in

part, governing the tolerance or the reactivity of the NK cells to-

ward the target cell; NKG2C provides activating signaling upon

engaging its ligand, the HLA-E, expressed on the target cell.

Moreover, NKG2C expression has been linked to memory-like

features, particularly in CMV infection.53 Importantly, ART does

not normalize most KLRG1+ NK populations, and cells express-

ing high levels of NKG2C are particularly persisting. We specu-

late that these cells may represent a new subpopulation of NK

cells generated in response to HIV infection with features of

memory cells, as previously reported for CMV infection.53

Concordantly, a recent study has identified KLRG1 as a marker
of NK cells with immune memory attributes in HCV-infected

individuals.54

Hallmarks for NK dysfunctionality are considered decreased

NK effector functions such as natural cytotoxicity, as well as

reduced IFN-g secretion and degranulation.55 Here we

observe that KLRG1+ NK cells are functionally impaired

when stimulated with K562 cell line targets. While we cannot

rule out the possibility that the difference in function between

the KLRG1-positive and -negative cells is due to differences in

triggering of other NK cell receptors that affect cell function,

the K562 data along with the HIV-infected cell killing assays

is suggestive that NK cells expressing KLRG1 are in a state

of functional exhaustion. This concurs with a prior report

showing that prolonged NK stimulation leads to functional

cell exhaustion with increased expression of KLRG1, among

other factors.56 Thus, we wanted to test if immune checkpoint

blockade directed to KLRG1 could reprogram NK cell activa-

tion and boost a strong immune response against HIV-in-

fected cells. Checkpoint blockade therapy, with PD-1 and its

cognate ligand as the most studied targets, has demonstrated

great benefit at reinvigorating exhausted cytotoxic T cells in

several cancers.37 However, less attention has been paid to

NK cells. Previous studies have proved that KLRG1 blockade

might be a useful intervention to stimulate both NK and T cell

anti-tumor immunity, which could even synergize with PD-1

checkpoint therapy.57 The blockade of KLRG1 signaling in

NK cells from HCV-infected individuals enhanced the produc-

tion of IFN-g in both CD3�CD56dim and CD3�CD56bright NK
cells.38 Besides, in vivo anti-KLRG1 antibody therapy reduced

lung metastases and also in combination with anti-PD-1 ther-

apy reduced tumor volume and improved survival.58 More-

over, in the context of HIV infection, the blockade of KLRG1

restored the function of a population of exhausted HIV-spe-

cific CD8+ T cells, enhancing their cytokine response.59

Here, we show that immunotherapy against the KLRG1 en-

hances NK cell function. Importantly, we detect high natural

cytotoxicity and ADCC NK responses against HIV-infected tar-

gets after KLRG1 targeting, which is concordant with previous

data in HCV.46 In line with this result, elevated levels of

E-cadherin, a ligand for the KLRG1 molecule with potential

to inhibit NK cytotoxicity28 and HIV-1-specific CD8+ T cells,

have been reported.39 Thus, besides the potential benefit of

targeting KLRG1 in blood, PWH could benefit from masking

the interaction between KLRG1 and E-cadherin to boost their

antiviral immunity in tissues.59 Of relevance, we also provide

direct evidence of the beneficial role of targeting KLRG1 to

facilitate the elimination of the natural reservoir after ex vivo

viral reactivation in samples from PWH.

Furthermore, we analyzed the expression of KLRG1 on CD4+

T cells. We observed higher frequencies of KLRG1+CD4+

T cells during untreated HIV infection, which seems to be almost

normalized after ART. We believe that the elevated expression of

KLRG1 on CD4+ lymphocytes is the consequence of the viral-

induced immune activation observed during the period of the un-

controlled infection or during HIV persistence in treated patients,

rather than a direct effect of HIV on target cells. Concordantly,

we observed HIV-infected cells expressing KLRG1 in the lymph

nodes in VIR PWH, but we failed to observe upregulation of
Cell Reports Medicine 4, 101202, October 17, 2023 11
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KLRG1 after ex vivo infection of unstimulated CD4+ T cells. Still,

we detected proviral HIV DNA in KLRG1+CD4+ T cells from ART-

suppressed PWH, and targeting the KLRG1 receptor increased

viral transcription. These data are in line with the idea that the

expression of immune checkpoints, such as the KLRG1, on

HIV reservoir cells may limit proviral expression.60 Although

here we do not provide information about the integrity of the re-

activated viral genomes, a recent study has identified clonally

expanded CD4+ T cells expressing KLRG1 and harboring

genome-intact HIV proviruses.60

Overall, we provide relevant information regarding the immune

regulator KLRG1 during untreated and treated HIV infection in

blood and tissue. Based on our results, we speculate that

KLRG1 could represent a target to impact HIV persistence. Pre-

clinical studies in animal models are warranted.
Limitations of the study
The main limitations of this study are (1) the immunohistochem-

istry studies with lymph node samples were only performed in

two PWH. We are currently making an effort to increase the re-

pository of these precious samples. (2) We have studied the

functionality of KLRG1+ in blood; however, NK cells expressing

this receptor might have different functional activities in different

tissues.61 And, (3) due to sample availability, we did not study

longitudinal samples obtained from PWH. For instance, there is

the possibility that very long-term ART may revert the expanded

NK clusters expressing KLRG1 in PWH.
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Antibodies

Brilliant Violet 650 anti-human CD183 (CXCR3) Clone G025H7 Biolegend Cat#353730; RRID:AB_2563870

PerCP-Cy5.5 anti-human CD57 Clone HNK-1 Biolegend Cat#359622; RRID:AB_2565930

FITC anti-human CD56 Clone B159 Becton Dickinson Cat#562794; RRID:AB_2737799

PE-Cy7 anti-Human CD3 Clone SK7 Becton Dickinson Cat#557851; RRID:AB_396896

PerCP anti-human CD3 Clone SK7 Becton Dickinson Cat#347344; RRID:AB_400286

APC anti-human CD3 Clone SK7 Biolegend Cat#344811; RRID:AB_10644010

PE-Dazzle 594 anti-human CD337 (NKp30) Clone P30-15 Biolegend Cat#325231; RRID:AB_2814184

PE anti-human NKG2C Clone 134591 R&D Systems Cat#FAB138P-100

APC-Cy7 anti-human NKG2D Clone 1D11 Biolegend Cat#320823; RRID:AB_2566659

AF700 anti-Human CD4 Clone RPA-T4 Becton Dickinson Cat#557922; RRID:AB_396943

BV605 anti-human CD4 Clone RPA-T4 Becton Dickinson Cat#562658; RRID:AB_2744420

V500 anti-human CD8 Clone RPA-T8 Becton Dickinson Cat#560774; RRID:AB_1937325

APC anti-human CD8 Clone RPA-T8 Becton Dickinson Cat#555369; RRID:AB_398595

APC anti-human CD159a (NKG2A) Clone Z199 Beckman Coulter Cat#A60797; RRID:AB_10643105

BV786 anti-human CD16 Clone 3G8 Becton Dickinson Cat#563690

BV605 anti-human CD158b (KIR2DL2/L3/S2) Clone CH-L Becton Dickinson Cat#743453; RRID:AB_2741518

BV421 anti-human KLRG1 Clone 14C2A07 Biolegend Cat#368604; RRID:AB_2566593

PE-Cy5 anti-human CD107a Clone H4A3 Becton Dickinson Cat#555802; RRID:AB_396136

AF700 anti-human IFN-ɤ Clone B27 Invitrogen Cat#MHCIFG29; RRID:AB_2539767

APC-Fire750 anti-human CD19 Clone HIB19 Biolegend Cat#302258; RRID:AB_2629691

PE-CF594 anti-human CD69 Clone FN50 Becton Dickinson Cat#562617; RRID:AB_2737680

SB600 anti-human HLA-DR Clone LN3 Invitrogen Cat#63-9956-42; RRID:AB_2637402

PE-CF594 anti-human E-cadherin Clone 67A4 Becton Dickinson Cat#563572; RRID:AB_2738284

Purified anti-mouse/human E-cadherin Clone DECMA-1 Biolegend Cat#147301; RRID:AB_2563037

PE mouse anti-p24 Clone KC57 Beckman Coulter Cat#6604667; RRID:AB_1575989

Mouse anti-human p24 Clone Kal-1 Dako-Agilent Cat#M0857 Discontinued

Rabbit-polyclonal anti-human KLRG1 Abcam Cat#ab235951

Goat-polyclonal anti-human CD56 R&D Systems Cat#AF2408; RRID:AB_442152

AF568 donkey-polyclonal anti-goat IgG Invitrogen Cat#A-11057; RRID:AB_142581

AF647 donkey-polyclonal anti-mouse IgG Invitrogen Cat#A-31571; RRID:AB_162542

AF488 donkey-polyclonal anti-rabbit IgG Invitrogen Cat#A-21206; RRID:AB_2535792

Purified Mouse IgG2a, k Isotype Ctrl Clone MOPC-173 Biolegend Cat#400201

Purified Rat IgG1, k Isotype Ctrl Clone RTK2071 Biolegend Cat#400401; RRID:AB_326507

Human Fc Block Clone Fc1 Becton Dickinson Cat#564219; RRID:AB_2728082

Bacterial and virus strains

Plasmid encoding HIV-1 strain NL4.3 NIH AIDS Reagent Program Cat#2006

HIV-1 Ba-L HIV Reagent Program Cat#ARP-510

Biological samples

Human peripheral blood mononuclear cells

(PBMCs) from people with HIV (PWH)

HIV unit Hospital Universitari

Vall d’Hebron (Barcelona)

This paper

PBMCs from uninfected donors Blood and Tissue Bank (Barcelona) This paper
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Ionomycin Abcam Cat#ab120370

Phorbol 12-myristate 13-acetate Abcam Cat#ab120297

Romidepsin Selleckchem Cat#S3020

Raltegravir NIH AIDS Reagent Program Cat#0980

Darunavir NIH AIDS Reagent Program Cat#0989

Nevirapine Sigma Aldrich Cat#SML0097-10MG

Q-VD-OPh (quinolyl-valyl-O-methylaspartyl-

[-2,6-difluorophenoxy]-methyl ketone

Selleckchem Cat#S7311

SuperScript III Reverse Transcriptase Invitrogen Cat#18080044

Proteinase K from Tritirachium album Sigma Aldrich Cat#P4850

Human IL-2 Sigma Aldrich Cat#11011456001

Human IL-15 Miltenyi Biotec Cat#130-093-955

Recombinant human E-cadherin R&D Systems Cat#8505-EC-050

BD GolgiPlug Protein Transport Inhibitor

(Containing Brefeldin A)

Becton Dickinson Cat#555029

BD GolgiStop Protein Transport Inhibitor

(Containing Monensin)

Becton Dickinson Cat#554724

DAPI (40,6-diamidino-2-phenylindole-dilactate) Invitrogen Cat#D3571

Fluoromount G Invitrogen Cat#00-4958-02

Critical commercial assays

MagniSort Human NK cell Enrichment Kit Invitrogen Cat#8804-6819-74

MagniSort Human CD4+ T cell Enrichment Kit Invitrogen Cat#8804-6811-74

Dynabeads CD4 Positive Isolation Kit Invitrogen Cat#11331D

EasySep Dead Cell Removal (Annexin V) Kit StemCell Cat#17899

RNeasy Plus Micro Kit Qiagen Cat#74034

NZY Total RNA Kit NZYtech Cat#MB13402

BD Cytofix/Cytoperm Fixation/Permeabilization Kit Becton Dickinson Cat#554714

BD Horizon Brilliant Stain Buffer Becton Dickinson Cat#566349

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Invitrogen Cat#L34966

LIVE/DEAD Fixable Far Red Dead Cell Stain Kit Invitrogen Cat#L34974

Experimental models: Cell lines

K562 human myelogenous leukemia cell line Sigma Aldrich Cat#89121407

Oligonucleotides

HIV-1 J forward primer:

50-CAGGACTCGGCTTGCTGAAG-30
IDT N/A

HIV-1 J reverse primer:

50-GCACCCATCTCTCTCCTTCTAGC-30
IDT N/A

HIV-1 J probe:

50-6-FAM-TTTTGGCGTACTCACCAGT-MGBNFQ-30
ThermoFisher Scientific N/A

HIV-1 env forward primer:

50-AGTGGTGCAGAGAGAAAAAAGAGC-30
IDT N/A

HIV-1 env reverse primer:

50-GTCTGGCCTGTACCGTCAGC-30
IDT N/A

HIV-1 env probe:

50-VIC-CCTTGGGTTCTTGGGA-MGBNFQ-30
ThermoFisher Scientific N/A

HIV-1 anti-Hypermutant env probe:

50-CCTTAGGTTCTTAGGAGC-MGBNFQ-30
ThermoFisher Scientific N/A

hRPP30 forward primer:

50-GATTTGGACCTGCGAGCG-30
IDT N/A
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hRPP30 reverse primer:

50-GCGGCTGTCTCCACAAGT-30
IDT N/A

hRPP30 probe:

50-6-FAM-CTGACCTGA/ZEN/AGGCTCT/3IABkFQ-30
IDT N/A

1-LTR HIV-1 forward primer:

50-TTAAGCCTCAATAAAGCTTGCC-30
IDT N/A

1-LTR HIV-1 reverse primer:

50-GTTCGGGCGCCACTGCTAG-30
IDT N/A

1-LTR HIV-1 probe:

5’-/56-FAM/CCAGAGTCA/ZEN/CACAACAGA

CGGGCA/31ABkFQ/-30

IDT N/A

CCR5 forward primer:

50-GCTGTGTTTGCGTCTCTCCCAGGA-30
IDT N/A

CCR5 reverse primer:

50-CTCACAGCCCTGTGCCTCTTCTTC-30
IDT N/A

CCR5 probe:

5’-/56- FAM/AGCAGCGGC/ZEN/AGGACCAG

CCCCAAG/3IABkFQ/-30

IDT N/A

Software and algorithms

ImageJ 1.53c National Institutes of Health, USA https://ImageJ.nih.gov/ij/index.html

OMIQ Dotmatics www.omiq.ai,www.dotmatics.com

FlowJo V10 Becton Dickinson https://www.flowjo.com/

GraphPad V8 GraphPad Software https://www.graphpad.com/

BioRender BioRender https://www.biorender.com/
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Lead contact
We have tried to provide as much information as possible regarding the reagents used in this study. Nonetheless, further information

and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Maria J Buzón (mariajose.

buzon@vhir.org).

Materials availability
This study did not generate new unique reagents. All reagents used are indicated in this section and are available. All plasmids

needed for the generation of viral stocks were obtained through the NIH AIDS Reagent Program.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. Due to the sensitivity of the data, individual participant

data will not be shared. This paper does not report original code. Any additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects
In this study, we used primary cells obtained from blood samples from people with HIV (PWH) and non-HIV donors. Peripheral blood

mononuclear cells (PBMCs) PWH were obtained from the HIV unit of the Hospital Universitari Vall d’Hebron in Barcelona, Spain.

Study protocols were approved by the corresponding Ethical Committees (Institutional Review Board numbers PR(AG)270/2015,

PR(AG)192/2018, and PR(AG)476–2018). PBMCs from healthy donors were obtained from the Blood and Tissue Bank, in Barcelona,

Spain. All subjects recruited for this study were adults who provided written informed consent. Samples were prospectively collected

and cryopreserved in the Biobank (register number C.0003590). Information on plasma viral loads, CD4+ T cell counts, and time on

ART from suppressed PWH is summarized in Table S1. Gender and age are also indicated for PWH in Table S1; however, this infor-

mation is not available for uninfected donors. Since we utilized samples from donors of different genders in our experiments, we can

conclude that the strategy presented here for stimulating the elimination of HIV reservoirs by targeting the receptor KLRG1 applies to
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both men and women. PBMCs were obtained by Ficoll-Paque density gradient centrifugation and cryopreserved in liquid nitrogen.

PBMCswere cultured in RPMImedium (Gibco) supplemented with 10%Fetal Bovine Serum (Gibco), 100 mg/mL streptomycin (Fisher

Scientific), and 100 U/ml penicillin (Fisher Scientific) (R10 medium), and maintained at 37�C in a 5% CO2 incubator, when needed.

CD4+ T cells and NK cells were isolated from PBMCs using commercial kits (MagniSort Human CD4+ T cell Enrichment; Affymetrix,

andMagniSort Human NK cell Enrichment; eBioscience). Two rounds of cell separation were performed to maximize the purity of the

cells (overall purity >85%). In some experiments, CD4+ T cells andNK cells were obtained by fluorescence-activated cell sorting from

PBMC samples (Cytek Aurora CS). Paraffin-embedded LN samples fromPWHwere obtained from the Anatomical Pathology Depart-

ment of the Hospital Universitari Vall d’Hebron (Barcelona, Spain). Written informed consent was provided by all participants.

Cell lines
We also used the K-562 cell line, a widespread and highly sensitive in vitro target model to study the natural cytotoxicity function of

natural killer cells. K562 human myelogenous leukemia cell line was obtained from the NIH AIDS Reagent Program Division of AIDS,

NIAID, NIH. These cells were cultured in R10 medium and maintained at 37�C in a 5% CO2 incubator. We checked the absence of

contaminants in our cell cultures.

Plasmids
All plasmids needed for the generation of viral stockswere obtained through theNIH AIDSReagent Program. Viral stockswere gener-

ated by transfection of 293T cells with the plasmids encoding the different molecular clones, and the resulting viral particles were

titrated in TZMbl cells using an enzyme luminescence assay (Britelite plus kit; PerkinElmer) as described previously. Palivizumab

was obtained from the Vall d’Hebron Hospital pharmacy.

METHOD DETAILS

In this section, detailed information about the different assays performed can be found. Information on the sample size and the num-

ber of replicates for each assay is indicated in each figure legend. Our criteria for the inclusion of different samples from PWH in the

different assays was mainly related to their control status of the disease, particularly their viral load and CD4+ T cell counts. The as-

says on viral reservoir cells presented here are complex, among other factors due to the scarcity of HIV-reservoir cells in samples.We

started these assays with a large number of cells to avoid errors in the interpretations of the results. Other measures to control and

assure the proper analysis of the data are detailed for each assay, such as the use of Fluorescence Minus One (FMO) controls in flow

cytometry experiments or isotype antibodies in functional assays to exclude non-specific effects.

NK cell phenotyping
PBMCs were stained with LIVE/DEAD AQUA viability (Invitrogen) for 20 min at room temperature (RT). After washing once with stain-

ing buffer (1X PBS 3%FBS), cells were stained with anti-CXCR3-BV650 (G025H7, Biolegend) for 30min at 37�C. Next, we performed

a washing step with a staining buffer and a new staining with anti-CD57-PerCP-Cy5.5 (HNK-1, Biolegend), anti-CD56-FITC (B159,

Becton Dickinson), anti-CD3-PE-Cy7 (SK7, Becton Dickinson), anti-NKp30-PE-CF594 (P30-15, Biolegend), anti-NKG2C-PE

(134591, R&D Systems), anti-NKG2D-APC-Cy7 (1D11, Biolegend), anti-CD4-AF700 (RPA-T4, Becton Dickinson), anti-NKG2A-

APC (Z199, Beckman Coulter), anti-CD16-BV786 (3G8, Becton Dickinson), anti-CD158b-BV605 (CH-L, Becton Dickinson) and

anti-KLRG1–BV421 (14C2A07, Biolegend) antibodies for 20 min at RT. Cells were then washed and fixed with 2% PFA. Samples

were acquired on a BD LSR Fortessa flow cytometer and data was analyzed using FlowJo V10 software. Gating was performed ac-

cording to the different FMO controls.

Dimensionality reduction analysis
Dimensionality reduction analysis (optSNE) of flow cytometry data was performed using the OMIQ software from Dotmatics (www.

omiq.ai, www.dotmatics.com). All events within pre-gated CD56+ NK cells were concatenated for each group per culture condition

and analyzed. OptSNE clustering was performed on equal samples of randomly selected 6 x 105 cells from each group based on

expression of CD57, NKp30, NKG2C, NKG2D, NKG2A, CD16, CXCR3, CD158b and KLRG1, followed by Flow-Self Organizing

Maps (FlowSOM) artificial intelligence algorithm for cluster identification. Marker expression was represented as Archsinh-trans-

formed medians within heatmaps generated via optSNE analysis.

Immunohistochemistry of human lymph nodes
For immunodetection of KLRG1, CD56, and p24, formalin-fixed and paraffin-embedded (FFPE) tissue sections from human lymph

nodes of HIV-infected PWHwere subjected to deparaffinization (using xylene and decreasing ethanol concentrations), hydration and

heat-induced epitope retrieval with a PT-LINK (Dako). Then, the slides were permeabilized in 1X Tris-buffered saline (TBS) (Fisher

Scientific) with 0.1% Triton X-100 (Sigma-Aldrich) and 1% BSA (Sigma-Aldrich) for 10 min. Subsequently, blocking was performed

for 2 h with 1X TBS supplemented with 10% normal donkey serum (Jackson Immunoresearch) and 1% BSA before

staining. The slides were then incubated with the primary antibodies overnight at 4 �C: anti-CD56 (goat-polyclonal anti-CD56 anti-

body, 10 mg/mL, R&D Systems clone NCAM-1), anti-KLRG1 (rabbit-polyclonal anti-KLRG1 antibody, 1/100, Abcam ab235951),
Cell Reports Medicine 4, 101202, October 17, 2023 e4
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or anti-p24 (mouse-monoclonal anti-p24 antibody, 1/10, Dako-Agilent M0857), diluted in 1xTBS and 1% BSA. Next, samples were

washed and incubated for 1 h at 37�Cwith the appropriate secondary antibodies: Alexa Fluor 568 donkey anti-goat (Invitrogen), Alexa

Fluor 647 donkey anti-mouse (Invitrogen), and Alexa Fluor 488 donkey anti-rabbit (Invitrogen), counterstained with DAPI (40,6-diami-

dino-2-phenylindole-dilactate, ThermoFisher), and mounted with Fluoromount G (eBioscience).

Confocal microscopy and quantification
Samples were imaged on a Leica TCS SP5 and Zeiss LSM780 confocal microscopes, using an 320 and 340 phase objective and

sequential mode to separately capture the fluorescence from the different fluorochromes. Tiles were merged with the LAS AF soft-

ware. ImageJ 1.53c software (National Institutes of Health, USA) was used to perform image processing and analysis. For CD56/

KLRG1 and p24/KLRG1 co-localization analysis, a binary mask was generated for each channel, and the ‘‘analyze particles’’ tool

and manual recount were used to count single and double-stained cells. In all experiments, at least 6 B-cell follicles were analyzed

per sample.

NK natural cytotoxicity assay
NK cytotoxicity wasmeasured by the detection of CD107a and IFN-g by flow cytometry after co-culture with the K562 cells alone or in

combination with IL-15. NK cells were isolated using a commercial kit (MagniSort Human NK Cell Enrichment; Affymetrix) and co-

cultured with K562 in a 1:1 ratio. CD107a-PE-Cy5 (H4A3; Becton Dickinson), BD Golgiplug Protein Transport Inhibitor (Becton Dick-

inson), and BD GolgiStop Protein Transport Inhibitor containing monensin (Becton Dickinson) were also added to each well at the

recommended concentrations. Human IL-15 (Miltenyi Biotec) was added to the corresponding wells at 25 ng/mL. Plates were centri-

fuged and incubated for 4.5 h at 37�C and 5%CO2. Cells were then washed and stained with a viability dye (LIVE/DEAD Fixable Aqua

Dead Cell Stain; Thermo Fisher). After that, cells were stained with anti-CD57-PerCP-Cy5.5 (HNK-1; Biolegend), anti-CD56-FITC

(B159; Becton Dickinson), anti-CD3-PE-Cy7 (SK7; Becton Dickinson), anti-CD69-PE-CF594 (FN50; Becton Dickinson), anti-

NKG2C-PE (134591; R&D systems), anti-CD16-BV786 (3G8; Becton Dickinson) and anti-HLA-DR-SB600 (LN3; eBioscience) anti-

bodies for 20 min at RT. Cells were then fixed and permeabilized with Fixation/Permeabilization Solution (Becton Dickinson) for

20 min at 4�C, washed with BD Perm/Wash buffer and stained with anti-IFN-g-AF700 (B27; Life Technologies) for 30 min at RT. After

washing, cells were fixed with PFA (2%) and acquired on an LSR Fortessa flow cytometer (Becton Dickinson). Data were analyzed

using FlowJo V10 software.

Ex vivo infection of unstimulated PBMCs
PBMCs from ART-suppressed PWH were thawed and incubated overnight in R10 medium containing 40 U/ml of IL-2. The next day,

CD4+ T cells were isolated using a commercial kit (MagniSort Human CD4+ T cell Enrichment; Affymetrix) and infected by spinocu-

lation at 1200xg for 2 h at 37�C with HIVNL4.3 or HIVBaL viral strains (50% tissue culture infectious dose (TCID50) of 78,125 and 625 for

HIVNL4.3 and HIVBaL, respectively). Cells were then washed twice with PBS and cultured at 1 million/ml in a 96-well plate round-bot-

tom with R10 containing 100 U/ml of IL-2 for the next 5 days. The resulting HIV-infected CD4+ T cells were used for different exper-

iments listed below.

NK natural cytotoxicity and ADCC against HIV+ cells
Five days after HIV infection, cells were placed in 96-well plates round-bottom at 100,000 cells/well. Autologous NK cells, previously

isolated by negative selection using magnetic beads (MagniSort Human NK cell Enrichment Kit, eBioscience) from PBMCs, were

then added at a 1:1 ratio. Two rounds of cell separation were performed to maximize the purity of the cells (overall purity >85%).

In some experiments, we assessed the effect of targeting KLRG1 with antibodies. In such cases, NK cells were previously incubated

with the anti-KLRG1 monoclonal antibody (6 mg/mL clone 14C2A07, Biolegend) for 20 min and then washed with staining buffer to

remove the unbound antibodies before the co-culture. As a control, we also included NK cells cultured with the isotype mouse IgG2a

k (6 mg/mL) (MOPC-173, Biolegend). Additionally, a pool of NK cells previously treated with an Fc receptor blocker (human Fc block,

Becton Dickinson) and then incubated with the anti-KLRG1 antibody was used as a control. Plates were then centrifuged at 400g for

3 min and incubated for 4 h at 37�C and 5% CO2. For the ADCC assays, HIV-infected CD4+ T cells were incubated for 15 min with

plasma (1:1,000 dilution) from a VIR HIV+ PWH containing a mix of antibodies targeting different HIV epitopes, before the 4 h co-cul-

ture with the NK cells. After incubation, cells were transferred to a V-bottom 96 well plate, washed with PBS, and stained with a

viability dye (LIVE/DEAD Fixable Aqua Dead Cell Stain; Thermo Fisher) for 20 min at RT in the dark. After, cells were centrifuged

at 2,600 rpm for 5 min, washed with staining buffer and stained in a volume of 50 mL/well with anti-CD56-FITC (B159; Becton Dick-

inson), anti-CD3-PE-Cy7 (SK7, Becton Dickinson), anti-CD4-AF700 (RPA-T4, Becton Dickinson), anti-E-cadherin-PE-CF594 (67A4,

Becton Dickinson), and anti-KLRG1-BV421 (14C2A07, Biolegend), for 20 min at RT. After the cell surface staining, cells were washed

with staining buffer, fixed and permeabilized with Fixation/Permeabilization Solution (Becton Dickinson) for 20 min at 4�C, washed

with BD Perm/Wash buffer, and stained with anti-p24-PE (KC57-RD1, Beckman Coulter) for 20 min on ice and 20 min at RT. Finally,

cells were washed and fixed with 2% PFA. Samples were acquired in an LSR Fortessa flow cytometer (Becton Dickinson) and

analyzed using FlowJo V10 software. We calculated target cell killing as the reduction in infected (p24+) cells. In some experiments,

we studied the impact on the NK cytotoxic function of blocking the E-cadherin in the cell targets. In such cases, HIV-infected CD4+

T cells were previously treated with an E-cadherin neutralizing antibody (clone DECMA-1, Biolegend) or the isotype control rat IgG1 k
e5 Cell Reports Medicine 4, 101202, October 17, 2023
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(RTK2071, Biolegend) for 20 min and then washed with staining buffer to remove the unbound antibodies before the co-culture with

NK cells. The natural cytotoxicity assay was performed as described above.

FACS isolation of KLRG1+ NK cells and CD4+ T cells
For Fluorescence-Activated Cell Sorting (FACS), 100 million PBMCs from ART-suppressed PWH were stained with LIVE/DEAD Far

Red viability (Invitrogen) for 20 min at RT. After washing with 1X PBS, cells were surface stained with anti-CD56-FITC (B159, Becton

Dickinson), anti-CD3-PE-Cy7 (SK7, Becton Dickinson), anti-CD19-APC-Fire750 (HIB19, Biolegend), anti-CD16-BV786 (3G8, Becton

Dickinson), anti-CD4-BV605 (RPA-T4, Becton Dickinson), anti-CD8-V500 (RPA-T8, Becton Dickinson), and anti-KLRG1-BV421

(14C2A07, Biolegend) antibodies for 20 min at RT. Cells were then washed with staining buffer and immediately sorted using the Cy-

tek Aurora Cell Sorter. We sorted the live populations CD4�CD3�CD56+KLRG1+ (KLRG1+ NK cells), CD4�CD3�CD56+KLRG1-

(KLRG1- NK cells), CD3+CD4+CD56�KLRG1+ (KLRG1+ CD4+ T cells) and CD3+CD4+CD56�KLRG1- (KLRG1- CD4+ T cells). The pu-

rity of the cells was >95% in all cases.

Viral reactivation in ART-suppressed PWH samples
CD4+ T cells fromART-suppressed PWHwere isolated using a commercial kit (MagniSort HumanCD4+ T cell Enrichment; Affymetrix)

and cultured in R10 medium with Q-VD-OPh (Selleckchem) for 2h in the presence of Raltegravir (1 mM), Darunavir (1 mM), and Nevi-

rapine (1 mM) to prevent new rounds of viral infection. After 2 h, PMA (Abcam) plus ionomycin (Abcam) (PMA 81 nM; ionomycin 1 mM)

were added to the cell culture as a latency reversal agent and left for 18 h to reactivate latent HIV. After viral reactivation, cells were

subjected to natural cytotoxicity assays as described above. After, cells were stained with LIVE/DEAD Far Red viability for 20 min at

RT and then with anti-CD56� FITC (B159; Becton Dickinson), and anti-CD3-PerCP (SK7, Becton Dickinson) antibodies for 20 min at

RT. After the cell surface staining, cells were fixed and permeabilized with Fixation/Permeabilization Solution (Becton Dickinson) for

20 min at 4�C, washed with BD Perm/Wash buffer, and stained with anti-p24-PE (Beckman Coulter) for 20 min on ice and 20 min at

RT. Finally, cells were washed and fixed with 2% PFA. Samples were acquired in a FACSCalibur flow cytometer (Becton Dickinson)

and analyzed with FlowJo V10 software. The limit of detection of our assay is established at 50 p24+ cells/million CD4+ T cells as

previously reported.40

NK killing of cells harboring intact provirus
CD4+ T cells from ART-suppressed PWH were isolated using the Dynabeads CD4 Positive Isolation Kit (Affymetrix) and cultured in

R10 medium at a concentration of 1.5 M/mL in the presence of an ART cocktail (Raltegravir, Darunavir, and Nevirapine at 1 mM each)

to prevent new rounds of viral infection. To reactivate latent HIV, PMA (81 nM) and Ionomycin (1 mM) were added to the cell culture as

a latency reversal agent, and the cells were left for 18 h. The negative fraction of cells remaining from the CD4+ T cell isolation kit were

cultured overnight in R10 medium supplemented with 100 U/mL of IL-2 (Merck) at a concentration of 2 M/mL. The following day, NK

cells were enriched from the CD4� fraction using the MagniSort Human NK cell Enrichment Kit (Invitrogen). After viral reactivation, a

natural cytotoxicity assay was conducted, wherein NK cells were seeded in a 96-well round-bottom plate and cocultured with reac-

tivated CD4+ T cells at a 1:1 ratio in R10medium containing the ART cocktail plus DNase (100 mg/mL, Merck). Enriched NK cells were

pre-incubated with either IgG2a isotype control at 10 mg/mL (MOPC-173, Biolegend) or human purified anti-KLRG1 at 10 mg/mL

(14C2A07, Biolegend) for 20 min, followed by a single wash with PBS 1X. After 4 h of incubation at 37�C in 5% CO2, the remaining

viable CD4+ T cells were isolated from the coculture using a combination of the EasySep DeadCell Removal (Annexin V) Kit (StemCell

Technologies) and the MagniSort Human CD4+ T cell Enrichment Kit (Invitrogen). The cell pellet was then lysed with proteinase

K-containing lysis buffer and incubated at 55�C overnight, followed by a 95�C incubation for 5 min, to obtain DNA for the Intact Pro-

viral DNA Assay (IPDA) described below.

Intact proviral DNA assay (IPDA)
IPDA was performed as described before62 and using primers and probes specific for the J HIV gene (HIV-1 J forward 50-CAG
GACTCGGCTTGCTGAAG-30, HIV-1 J reverse GCACCCATCTCTCTCCTTCTAGC and probe 50 6-FAM-TTTTGGCGTACTCAC

CAGT-MGBNFQ-30) and env HIV gene (HIV-1 env forward 50-AGTGGTGCAGAGAGAAAAAAGAGC-30, HIV-1 env reverse

50-GTCTGGCCTGTACCGTCAGC-30, HIV-1 env intact probe 50-VIC-CCTTGGGTTCTTGGGA-MGBNFQ-30, and HIV-1 anti-Hyper-

mutant env probe 50-CCTTAGGTTCTTAGGAGC-MGBNFQ-30). The hRPP30 gene was used for cell input normalization. Samples

were analyzed in a QIAcuity One 2-plex System (Qiagen).

Quantification of HIV DNA and RNA by qPCR
CD4+ T lymphocytes were enriched from total PBMCs using a negative selection kit (MagniSort HumanCD4+ T cell Enrichment, eBio-

science) or isolated by FACS. Then, CD4+ T cells were used for both HIV DNA and RNA quantification. CD4+ T cells for HIV-DNA

analysis were immediately lysed with proteinase K-containing lysis buffer (at 55�C overnight and 95�C for 5 min). The HIV DNA in

the cell lysates was quantified by quantitative PCR (qPCR) using primers and probes specific for the 1-LTR HIV region (LTR forward

50-TTAAGCCTCAATAAAGCTTGCC-30, LTR reverse 50-GTTCGGGCGCCACTGCTAG-30 and probe 5’/56-FAM/CCAGAGTCA/ZEN/

CACAACAGACGGGCA/31ABkFQ/30). The CCR5 gene was used for cell input normalization. Samples were analyzed in an Applied

Biosystems 7000 Real-Time PCR System. For Viral RNA quantification, CD4+ T cells were subjected to RNA extraction using the
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RNeasy plus micro (Qiagen) kit (for less than 0.5M cells) or NZY Total RNA kit (NZYtech) (for a number of cells ranging between

0.5 and 5M) following the manufacturer’s instructions. Reverse transcription of RNA to cDNA was performed with the

SuperScriptIII (Invitrogen), and cDNA was quantified by qPCR with primers against the HIV long terminal repeat (LTR). Quantification

of RNA and DNA copies was performed using a standard curve, and values were normalized to 1 million CD4+ T cells. For testing the

effect of the anti-KLRG1 antibody in CD4+ T cells from ART-suppressed PWH, CD4+ T cells were isolated by magnetic beads as

described here and cultured in R10 medium with Q-VD-OPh (Selleckchem) for 2 h in the presence of Raltegravir (1 mM), Darunavir

(1 mM), and Nevirapine (1 mM). After, cells (at least 1 M per condition) were incubated with the anti-KLRG1 antibody (6 mg/mL) or

an IgG2a isotype (6 mg/mL). Cells incubated with romidepsin (40 nM) were included as a positive control. Cells were cultured for

20 h and after, viral reactivation was quantified by the intracellular detection of HIV-RNA, as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with Prism software, version 6.0 (GraphPad). A p value < 0.05 was considered significant. Vol-

cano plots were automatically produced by the OMIQ software, and differences were regarded as statistically significant when the

value of p or the False Discovery Rate (FDR) valuewere below 0.05. The statistical details for the different experiments can be found in

each figure legend.
e7 Cell Reports Medicine 4, 101202, October 17, 2023
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