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SUMMARY
Programmed cell death 1 (PD1) and cytotoxic T lymphocyte-associated protein 4 (CTLA4) suppress CD4+

T cell activation and may promote latent HIV infection. By performing leukapheresis (n = 21) and lymph
node biopsies (n = 8) in people with HIV on antiretroviral therapy (ART) and sorting memory CD4+ T cells
into subsets based on PD1/CTLA4 expression, we investigate the role of PD1 and CTLA 4 in HIV persistence.
We show that double-positive (PD1+CTLA4+) cells in blood contain more HIV DNA compared with double-
negative (PD1�CTLA4�) cells but still have a lower proportion of cells producing multiply spliced HIV RNA
after stimulation as well as reduced upregulation of T cell activation and proliferation markers. Transcriptom-
ics analyses identify differential expression of key genes regulating T cell activation and proliferation with
MAF, KLRB1, and TIGIT being upregulated in double-positive comparedwith double-negative cells, whereas
FOS is downregulated. We conclude that, in addition to being enriched for HIV DNA, double-positive cells are
characterized by negative signaling and a reduced capacity to respond to stimulation, favoring HIV latency.
INTRODUCTION

Combination antiretroviral therapy (ART) for people with HIV

(PWH) has provided major benefits by suppressing HIV replica-

tion, restoring immune function, and reducing HIV-related

morbidity and mortality, but lifelong treatment is required to

maintain virus suppression.1 This is due to the long-term persis-

tence of latent HIV in long-lived and proliferating CD4+ T cells

from which HIV rapidly rebounds when ART is stopped. Under-

standing where and how latent HIV infection persists on sup-
Cell Rep
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pressive ART is fundamentally important for developing curative

strategies. Because latently infected cells constitute the main

barrier to a cure, identifying specific cellular subsets that prefer-

entially favor latent infection is of great importance and may

reveal novel therapeutic targets.

Although previous studies have shown enrichment of HIV

within central memory (Tcm), transitional memory (Ttm), and

stem cell memory (Tscm) CD4+ T cells,2–4 other studies have

demonstrated the role of immune checkpoint proteins for estab-

lishment of latent infection.5 Immune checkpoints constitute a
orts Medicine 3, 100766, October 18, 2022 ª 2022 The Authors. 1
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functional network of co-stimulatory and co-inhibitory receptors

that play a central role in maintaining a balance between T cell

activation and autoimmunity.6 The co-inhibitory receptors pro-

grammed cell death 1 (PD1) and cytotoxic T-lymphocyte associ-

ated protein 4 (CTLA4) are key receptors of this network. Both

are expressed at higher levels on CD4+ and CD8+ T cells during

chronic HIV infection and mediate negative T cell signaling that

drives HIV-specific T cell functional exhaustion.7–10

In addition to their role in HIV-associated immune exhaus-

tion,7,8 it has been shown that CD4+ T cells expressing certain

immune checkpoints, in particular PD1, are enriched for HIV in

PWH on ART. Tcm and Ttm cells that express PD1 have been

shown initially to contain higher levels of HIV DNA than their

PD1� counterparts.2 It has also been demonstrated that

increased expression of PD1 and other immune checkpoints—

lymphocyte activation gene 3 (LAG3) and T cell immunoglobulin

and ITIM domain (TIGIT)—on CD4+ T cells correlates with a

higher frequency of integrated HIV DNA and that CD4+ T cells

co-expressing these markers are highly enriched for HIV.11,12

The role of CTLA4 or PD1/CTLA4 co-expression in HIV persis-

tence in PWH on ART has not been investigated previously.

Understanding the contribution of immune checkpoint pro-

teins to HIV persistence in cellular subsets in lymph node (LN) tis-

sue is critically important because most T cells reside in

lymphoid tissue and are functionally distinct from those in

blood.13 B cell follicles in LNs may provide a sanctuary for HIV-

infected cells,14 and not all antiretroviral drugs achieve high con-

centrations in LNs.15 PD1+ and CTLA4+ CD4+ T cells are highly

frequent in LN tissue. In LN tissue from PWH on suppressive

ART, CD4+ T cells expressing PD1, the majority of which are

follicular helper T cells (Tfh), constituted the major source of

replication-competent HIV, but the contribution of these cells

to the pool of persistent HIV decreased with time on ART.16 In

ART-treated simian immunodeficiency virus (SIV)-infected rhe-

sus macaques, a subset of CTLA4-expressing memory CD4+

T cells in LNs significantly contributed to viral persistence,17

but whether this also occurs in PWH remains unclear. Finally,

PD1 and CTLA4 can be targeted therapeutically by monoclonal

antibodies, which are now widely used in cancer treatment.18

To investigate the role of PD1 andCTLA4 in HIV persistence on

ART, we enrolled PWH on suppressive ART and performed leu-

kapheresis and LN biopsies to enable sorting of memory CD4+

T cells into distinct subsets based on expression of PD1 and/

or CTLA4. We show that double-positive (PD1+CTLA4+)

compared with double-negative (PD1�CTA4�) cells in blood

had a higher frequency of HIV DNA. In addition to being enriched

for HIV infection, double-positive cells displayed a reduced ca-

pacity to respond to stimulation, including reduced induction

of latent HIV, favoring latent infection. Single-cell transcriptomics

analyses identified differential expression of key genes regu-

lating T cell activation and proliferation, which may explain why

HIV latency is favored in double-positive cells.

RESULTS

Study participants and clinical details
We enrolled 21 PWH older than 18 years who had been on sup-

pressive ART for at least 3 years at clinical trial sites in San Fran-
2 Cell Reports Medicine 3, 100766, October 18, 2022
cisco, California, USA and Melbourne, Victoria, Australia. Eleven

participants enrolled in Melbourne consented to leukapheresis

and excisional biopsy of an inguinal LN under general anes-

thesia, but one participant withdrew consent prior to the pro-

cedures. 11 participants recruited at the University of California,

San Francisco (UCSF), consented to leukapheresis. Four of ten

participants (40%) who underwent excisional LN biopsy devel-

oped seromas at the surgical site 7–17 days after the proced-

ure, which all resolved without further intervention after

4–8 weeks. One participant developed superficial cellulitis of

the biopsy incision site 1 day after LN biopsy. The infection fully

resolved after 1 week of treatment with oral flucloxacillin, and

localized seromas had resolved after 7 weeks. In two partici-

pants, the excised LN tissue did not contain any CD3+ T cells

and could not be used for the study. We therefore analyzed

LN and leukapheresis samples from 8 individuals and leukaphe-

resis samples alone from 13 individuals. All study participants

were male and had plasma HIV RNA below the detection limit

of the utilized assay (<20 or <40 copies/mL) at study entry.

The mean duration of suppressed plasma HIV RNA prior to

study entry was 9.4 years (95% confidence interval [CI] 8.1–

10.8), and the mean nadir CD4+ T cell count was 222 cells/mL

(95% CI 138–305). Additional clinical characteristics are shown

in Table S1.

Distribution of PD1+ and CTLA4+ subsets in blood
and LNs
The number of peripheral blood mononuclear cells (PBMCs)

collected by leukapheresis ranged from 3.2–17.2 billion cells,

and the number of LN mononuclear cells (LNMCs) acquired

from LN tissue ranged from 6.1–137.0 million cells. We isolated

CD45RA� memory CD4+ T cells using negative selection and

sorted memory CD4+ T cells into four populations based on their

expression of PD1 and CTLA4: PD1�CTLA4� (double-negative),

PD1+CTLA4�, PD1�CTLA4+, and PD1+CTLA4+ (double-positive)

memory CD4+ T cell subsets (Figure S1). We used flow cytome-

try to assess the distribution of these four subsets in non-sorted

memory CD4+ T cells. This showed that, in blood and LNs,

PD1+CTLA4� cells followed by double-negative cells were far

more abundant than any of the CTLA4+ subsets with the excep-

tion that there was no difference in relative frequency of double-

negative and double-positive cells in LNs (Figures 1A and 1B).

Frequencies of double-negative cells were higher among blood

memory CD4+ T cells compared with LN memory CD4+ T cells,

whereas double-positive cells were more frequent in LNs

compared with blood (Figure 1C).

CTLA4 is commonly expressed on regulatory T (Treg), cells,

which have been shown previously to be enriched for HIV in

ART-treated PWH19,20 and SIV-infected rhesus macaques.17

To determine the relationship of CTLA4+ and PD1 to markers

of Treg cells, we assessed the expression of CD25 and FoxP3

in addition to PD1 and CTLA4 in three uninfected donors

and three PWH on suppressive ART. As expected, Treg cells

constituted a considerable proportion (15%–20%) of PD1�

CTLA4+ cells, whereas Treg cells contributed less to double-

positive cells and were almost absent in CTLA4� subsets (Fig-

ure S2A). Conversely, around 80% of Treg cells express

CTLA4 (Figure S2B).



Figure 1. Distribution of memory CD4+ T cells expressing PD1 and/or CTLA4

(A–C) The frequency of PD1/CTLA4 subsets within memory CD4+ T cells in blood (A) (n = 21) and LNs (B) (n = 8), including pairwise comparison of the frequency of

each subset in blood versus LNs cells (C). Horizontal bars indicate median levels. Statistical comparisons were done using paired t test with or without log

transformation as required to achieve normal distribution.
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Memory CD4+ T cells that co-express PD1 and CTLA4
are enriched for HIV-infected cells in blood but not
in LNs
To address whether HIV was enriched within any of the PD1/

CTLA4memory CD4+ T cell subsets, we quantified the frequency

of cells containing total HIV DNA and cell-associated unspliced

HIV RNA (CA-US HIV RNA). CA-US HIV RNA measures initiation

of HIV transcription on ART,21,22 whereas cell-associated

multiply spliced HIV RNA (CA-MS HIV RNA) measures spliced

RNA products a later step in virus transcription.23 CA-US HIV

RNA is detected in nearly all people on suppressive ART. It

was therefore chosen as the primary measure for the level of

cell-associated HIV RNA. In blood memory CD4+ T cells, we

found modest but statistically significant differences in the con-

tent of HIV DNA across the four subsets, as determined by a

Friedman test (p = 0.016; Figure 2A). Using Wilcoxon matched-

pairs signed rank tests, we found that total HIV DNA levels

were higher in double-positive compared with double-negative

memory CD4+ T cells in blood (p = 0.018; Figure 2A). The direct

comparison between these two subsets revealed that, in 17 of 21

participants, the level of total HIV DNAwas higher in double-pos-

itive compared with double-negative bloodmemory CD4+ T cells

(Figure 2B), corresponding to a median 1.8-fold (interquartile

range [IQR] 1.1–2.5) higher level of total HIV DNA in double-pos-

itive compared with double-negative cells (Figure 2C). The level

of total HIV DNA in PD1�CTLA4+ cells was similar to that seen in

double-positive cells (Figure 2A), with total HIV DNA being a me-

dian 1.2-fold (IQR 0.7–1.9) higher in PD1�CTLA4+ compared

with double-negative cells, but this difference was not statisti-

cally significant (Figure 2C). In contrast to HIV DNA, we did not

find any difference in levels of CA-US HIV RNA across memory

CD4+ T cell PD1/CTLA4 subsets in blood (Figure 2D), nor was

there any difference in the ratio of CA-US HIV RNA to total HIV

DNA (Figure 2E).

When we assessed LNMCs from 8 participants, we did not

detect enrichment of HIV DNA or RNA within any of the PD1/

CTLA4 subsets (Figures 3A and 3B), nor were there any differ-

ences in the ratio of CA-US HIV RNA to HIV DNA (Figure 3C).

We also directly compared the level of HIV DNA and CA-US
HIV RNA and the ratio of CA-US HIV RNA with HIV DNA within

each subset between LNs and blood but did not detect any dif-

ferences across these two compartments (Figures 3D–3F).

These data demonstrate that blood memory CD4+ T cells that

co-express PD1 and CTLA4 are enriched for total HIV DNA, but

the same enrichment was not found in LN tissue.

CTLA4� cells are themajor contributors to the total pool
of HIV DNA in blood and LNs
To determine the relative contribution from each of the PD1/

CTLA4 subsets to the total pool of memory CD4+ T cells

harboring HIV DNA or CA-US HIV RNA, we adjusted for the fre-

quency of each subset in blood and LN as determined by flow

cytometry (Figure 1). This revealed that, in blood, the double-

negative and PD1+CTLA4� subsets were the major contributors

to the total pool of cells carrying HIV DNA and CA-US HIV RNA

(Figures 4A and 4B). A similar pattern was observed in LNs, but

because memory CD4+ T cells co-expressing PD1 and CTLA4

were more frequent in LNs compared with blood, these cells

provided a larger contribution to the total pool of HIV DNA

and CA-US HIV RNA in LNs (Figures 4C and 4D).

These data emphasize that the relative abundance of ex-

hausted T cell subsets is a key determinant of the relative contri-

bution to the latent and active HIV reservoir.

Higher CD8+ T cell counts correlate with a higher
frequency of HIV DNA but not in cells that co-express
PD1 and CTLA4
Previous studies have shown that the frequency of infected PD1+

CD4+ T cells in LN tissue was lower in PWH who had been on

ART for a longer duration.16 In contrast, in SIV-infected non-hu-

man primates on suppressive ART, PD1�CTLA4+CD4+ infected

T cells increased with the duration of viral suppression, consis-

tent with enhanced survival or persistence of this subset.17 To

investigate factors associated with the distribution of HIV DNA

within blood and LN memory CD4+ T cell subsets, we analyzed

the association between clinical characteristics recorded at

study entry and the frequencies of HIV DNA and CA-US HIV

RNA in each cellular subset.
Cell Reports Medicine 3, 100766, October 18, 2022 3



Figure 2. HIV RNA and DNA in blood memory CD4+ T cells expressing PD1 and/or CTLA4

(A–E) The frequency of blood memory CD4+ T cells containing total HIV DNA across PD1/CTLA4 subsets (A), pairwise comparison of the level of total HIV DNA in

double-positive versus double-negative cells (B), ratio of total HIV DNA in PD1/CTLA4 subsets compared with double-negative cells (C), the level of cell-

associated unspliced HIV RNA (CA-US HIV RNA) (D), and the ratio of CA-US HIV RNA to total HIV DNA (E). Samples from 21 participants are analyzed, with each

estimate of HIV DNA and CA-US HIV RNA being the average of three and four technical replicates, respectively. Horizontal bars indicate median levels. Statistical

comparisons were performed using Friedman’s test and Wilcoxon signed-rank test.
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We found that CD4+ T cell count, CD4+ T cell percentage, CD4+

nadir, and CD4+/CD8+ ratio generally showed negative but non-

significant correlations with the frequency of HIV DNA within

PD1/CTLA4 subsets (Figure S3A). In contrast, duration of viral

load suppression, time since HIV diagnosis, and peak viral load

pre-ART trended toward positive correlations but were also

mostly non-significant (Figure S3A). The strongest and most

consistently significant correlations with infection frequencies in

these subsets were seen with CD8+ T cell count and CD8+ T cell

percentage (Figure S3A). Higher CD8+ T cell counts correlated

with a higher frequency of HIV DNA in blood memory CD4+

T cells but only in double-negative and PD1�CTLA4+ cells,

whereas no association was seen in cells that co-expressed

PD1 and CTLA4 (Figure S3B). In fact, we found that CD8+ T cell

countswerenegatively correlatedwith the ratioofHIVDNA indou-

ble-positive versus double-negative cells, indicating that a lower

CD8+ T cell count was associated with enriched levels of HIV

DNA in double-positive compared with double-negative cells.

CD8+ T cell count was also significantly associated with the fre-

quency of HIV DNA in LN memory CD4+ T cell PD1/CTLA4 sub-

sets, but this was driven by a single outlier, and significance was

lost when this was removed from analysis (data not shown).

These data identified CD8+ T cell count and percentage as the

parameters most strongly associated with the frequency of HIV-
4 Cell Reports Medicine 3, 100766, October 18, 2022
infected cells in the blood, and the correlation differed across

subsets of exhausted memory CD4+ T cells.

Despite being enriched for HIV, a lower proportion of
double-positive memory CD4+ T cells in blood produced
CA-MS HIV RNA upon stimulation
Although quantification of total HIV DNA provides a measure

of the total frequency of cells that contain HIV, most HIV

proviruses are defective and cannot give rise to infectious virus

particles.24 To address whether the frequency of cells containing

functional virus might differ across PD1/CTLA4 subsets in mem-

ory CD4+ T cells, we quantified the expression of CA-MS HIV

RNA as well as the proportion of cells that could be induced to

produce CA-MS HIV RNA by employing the tat/rev induced

limiting dilution assay (TILDA).25 CA-MS transcripts are usually

absent in latently infected cells but produced upon viral reactiva-

tion.25 Constitutive expression of CA-MSHIV RNAwas rarely de-

tected in blood and LN memory CD4+ T cell subsets, although,

within double-negative memory CD4+ T cells in blood, CA-MS

RNA was detected in 9 of 21 participants at a frequency ranging

from 0.25–9.51 copies per million cells (Figures 5A and 5B).

We then performed TILDA in blood memory CD4+ T cell sub-

sets where enough cells were available. This could be done in

the CTLA4� subsets for 20 participants, in PD1�CTLA4+ cells



Figure 3. HIV RNA and DNA in LN memory CD4+ T cells expressing PD1 and/or CTLA4

(A–C) The frequency of LNmemory CD4+ T cells containing total HIV DNA (A), cell-associated unspliced HIV RNA (CA-USHIV RNA) (B), and the ratio of CA-USHIV

RNA to total HIV DNA (C) across PD1/CTLA4 subsets.

(D–F) Pairwise comparisons between blood and LN PD1/CTLA4 memory CD4+ T cell subsets in the level of total HIV DNA (D), cell-associated unspliced HIV RNA

(CA-US HIV RNA) (E), and the ratio of CA-US HIV RNA to total HIV DNA (F).

Samples from 8 participants are analyzed, with each estimate of HIV DNA and CA-US HIV RNA being the average of three and four technical replicates,

respectively. Horizontal bars indicate median levels. Statistical comparisons were performed using paired t test on log-transformed data.
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for 7 participants, and in double-positive cells for 9 participants.

Because of the limited number of cells available, TILDA could not

be performed in LN PD1/CTLA4 subsets. In paired analyses, we

unexpectedly found that the proportion of cells producing CA-

MS HIV RNA upon stimulation was higher for double-negative

cells than for double-positive cells (p = 0.023; Figure 5C) even

though the latter was found to contain total HIV DNA at a higher

frequency (Figures 2A–2C). The proportion of PD1�CTLA4+ cells
that produced CA-MS HIV RNA upon stimulation tended to be

lower than in the double-negative subset, but this comparison

did not reach statistical significance (p = 0.063; Figure 5D).

To investigate whether the lower proportion of double-positive

cells with inducible CA-MS HIV RNA could be explained by a

reduced capacity to respond to stimulation of cells expressing

PD1 andCTLA4,we stimulated double-negative, double-positive,

andPD1+CTLA4�memoryCD4+ T cells frombloodwithPMA/ion-

omycin or DMSO for 24 and 72 h and quantified markers of T cell

activation (CD38, HLA-DR, and CD69), T cell proliferation (Ki67),

and cell death (live/dead stain). We primarily focused on the data

from the 72-h stimulation to allow enough time for upregulation

of late-phase activation markers and Ki67 expression and to fully

appreciate effects on cell death. To avoid too much cell death

with this extended stimulation, we used lower concentrations

of PMA and ionomycin than what is used in TILDA. T cell activa-

tion and proliferation markers were higher in double-positive

comparedwithdouble-negative cells in theabsenceof stimulation
(Figures S4A–S4E). After stimulation, expression of Ki67 was

lower in double-positive compared with double-negative cells

(FiguresS4A–S4E),whereas rates of cell deathwerehigher indou-

ble-positive cells after 72 h in culture with or without stimulation

(Figure S4F). Themost striking contrast between double-negative

and double-positive cells was seen when we compared the fold

change in expression of activation and proliferation markers after

PMA/ionomycin stimulation relative to DMSO. Although the small

sample size (n = 4) in this experimentwarrants cautious interpreta-

tion, these data indicated a marked reduction in the capacity of

double-positive cells to upregulate markers of T cell activation

compared with double-negative cells, whereas the rate of cell

death was comparable across PD1/CTLA4 subsets (Figure 6).

These data indicate that, although blood memory CD4+ T cells

co-expressing PD1 and CTLA4 are modestly enriched for total

HIV DNA, they produce CA-MS HIV RNA at a lower frequency

upon stimulation compared with their double-negative counter-

parts. This may be explained by lower responsiveness to stimu-

lation, possibly because of the inhibitory signaling mediated by

PD1 and CTLA4.

CD4+ T cells that are double positive for PD1 and CTLA4
display distinct differences in their transcriptional
program compared with double-negative cells
Given the differences between double-negative and double-

positive cells in their capacity to respond to stimulation, we
Cell Reports Medicine 3, 100766, October 18, 2022 5



Figure 4. Contribution to the total pool of cell-associated HIV DNA and RNA in blood and LNs

(A–D) The percentage contribution to the total pool of total HIV DNA (A) and cell-associated HIV RNA (B) within peripheral blood memory CD4+ T cells and the

percentage contribution to the total pool of total HIV DNA (C) and cell-associated HIV RNA (D) within LNmemory CD4+ T cells. Samples from 21 (blood) and 8 (LN)

participants are analyzed, with each estimate of HIV DNA and CA-US HIV RNA being the average of three and four technical replicates, respectively. Horizontal

bars indicate mean percentage contribution. CA-US HIV RNA, cell-associated unspliced HIV RNA. Statistical comparisons were performed using Wilcoxon

signed-rank test.
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performed single-cell RNA sequencing (scRNA-seq) to charac-

terize transcriptomic differences between double-negative and

double-positive cells and to identify genes and biological path-

ways differentially expressed between these two subsets. We

chose scRNA-seq over bulk RNA-seq to better characterize the

heterogeneity within PD1/CTLA4 subsets and to identify specific

clusters/cellular subsets responsible for the differences between

double-negative and double-positive cells. We examined 40,000

double-negative and 40,000 double-positive cells from five study

participants for whom we had sorted PD1/CTLA4 subsets avail-

able. Principal-component analysis followed by dimensionality

reduction with uniform manifold approximation and projection

(UMAP), and unsupervised clustering on the integrated dataset

of double-negative and double-positive cells using Seurat with

default settings (resolution 0.8), identified 16 different transcrip-

tomic clusters (Figure S5A) with distinct gene expression profiles

(Figures S5B and S5C). Analysis of clustering across different

resolutions supported selection of resolution at 0.8 (Figure S5D).

As expected, transcripts of PDCD1 and CTLA4 were reduced

in double-negative cells, although counts were low in both

populations (Figure S6). Expression of other inhibitory receptors,
6 Cell Reports Medicine 3, 100766, October 18, 2022
including LAG3, TIM3 (HAVCR2), and TIGIT, showed similar and

consistent results with reduced expression in double-negative

compared with double-positive cells but with overall low expres-

sion in both cell subsets (Figure S6). Although it was not possible

to identify a specific cell type for each cluster, grouping clusters

into five groups enabled us to assign broad categories for each

group that were aligned with available gene profile information.

This indicated that clusters 0, 1, 2, 5, and 11 (group 1) resembled

resting CD4+ T cells (gene signature SELL, CCR7, and TCF7);

clusters 4 and 9 (group 2) were metallothionein-expressing cells

(gene signature MT1X, MTA2, MT1G, and MT1F); clusters 3, 8,

10, 13, and14 (group3)were cellswith a circulating Tfh cell profile

(gene signature CXCR5, PDCD1, and ICOS); cluster 7 (group 4)

were cells with a Treg cell profile (gene signature FOXP3, inter-

leukin-10 [IL-10], and CD25); and clusters 6, 12, and 15 (group

5) resembled Th1 cells (gene signature CXCR6, GZMB, NKG7,

CCL5, and IFNG) (Figures S7A–S7E). It should be noted

that, because of similarities between all cells, scoring against

gene signatures did not provide consistent annotation of

cell subsets, and the above proposed manual annotation

should be interpreted with this caveat in mind. UMAP plotting



Figure 5. Multiply spliced HIV RNA in blood

and LN memory CD4+ T cells expressing

PD1 and/or CTLA4

(A–D) The level of cell-associated, multiply spliced

HIV RNA (CA-MS HIV RNA) in PD1/CTLA4 subsets

in peripheral blood (A) and LN tissue (B) and the

proportion of cells in blood that could be induced

to produce CA-MS HIV RNA using the tat/rev

limiting dilution assay (TILDA) in double-negative

versus double-positive bloodmemory CD4+ T cells

(C) and in double-negative versus PD1�CTLA+

memory CD4+ T cells (D). Samples from 20 (blood)

and 5 (LN) participants are analyzed (fewer for

some subsets, as indicated in the figures), with

each estimate of CA-MS HIV RNA being the

average of four technical replicates. Statistical

comparisons were performed using Wilcoxon

signed-rank test.
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of double-negative and double-positive memory CD4+ T cells re-

vealed an extensive overlap in their clustering but also distinct

enrichment of double-negative cells in cluster 0 and of double-

positive cells in clusters 6 and 10 (Figures 7A and 7B). This differ-

ential abundance was supported by single-cell composition data

analysis (scCODA) (Figure S7F). Across all clusters, we identified

a total of 241differentially expressedgenes (DEGs) betweendou-

ble-positive and double-negative cells, with 179 significantly up-

regulated and 62 genes significantly downregulated in double-

positive comparedwith double-negative cells (Table S2). Several

genes displayed differential expression in more than one

cluster. Of those, MAF, KLRB1, FOS, and TIGIT – genes involved

in regulating T cell activation,26 exhaustion,12 proliferation,27,28

apoptosis,29 and production of antiviral cytokines,30 stood out

bydisplaying a highly consistent pattern of differential expression

across most T cell clusters (Figure 7C) and when compared

across all double-positive versus double-negative cells; i.e.,

pooling all clusters (Figure 7D). MAF, KLRB1, and TIGIT were

consistently upregulated in double-positive compared with dou-

ble-negative cells, whereas FOS was consistently downregu-

lated (Figures 7C and 7D). FOS protein is known to heterodimer-

ize with JUN to form AP-1, a key transcription factor involved in

regulating the remodeling of chromatin required for T cell activa-

tion.26 AP-1 can also bind to the HIV long terminal repeat (LTR) to

activate transcription31 and is downregulated in latently infected

cells.32We found JUN to be differentially expressed in clusters 4,

6, and 9, and although the difference in JUN expression showed

less consistency across all clusters compared with differential

expression of FOS, it displayed similar directionality with signifi-

cantly lower expression in double-positive versus double-nega-

tive cells (Table S2).
Cell Repor
Using Kyoto Encyclopedia ofGenes and

Genomes (KEGG) databases for enrich-

ment analysis, we identified multiple bio-

logical pathways that were significantly

down- or upregulated in double-positive

relative to double-negative cells, as deter-

mined by a false discovery rate (FDR)

adjustedpvalueof less than0.05.Although
43 pathways displayed significant upregulation in double-positive

compared with double-negative cells, only four pathways were

significantly downregulated, and each of those only appeared in

a single cell cluster. By sorting identified pathways hierarchically

according to the number of cell clusters in which a given pathway

was differentially expressed,we identified that themost frequently

upregulated pathways in double-positive cells were dominated by

key immunological processes regulatingTh1 andTh2 cell differen-

tiation, IL-17 signaling, Th17 cell differentiation, Toll-like receptor

signaling,Tcell receptor signaling,andPD-L1andPD1checkpoint

pathways (Table S3). Consistent with the reduced response to

PMA/ionomycin stimulation indouble-positive cells,wealso found

lower expression of protein kinase C (PKC) and calcium signaling

pathways in this subset comparedwith double-negative cells (Fig-

ure S8). In contrast, double-positive cells had increased expres-

sion of genes belonging to the apoptosis pathway (Figure S8),

which is aligned with the increased expression of MAF in this

cellular subset.We foundnodifferential expression in transcription

factors NFAT, nuclear factor kB (NF-kB), RUNX, BATF, IRF7, and

IRF8 between double-negative and double-positive cells.

In summary, single-cell transcriptomics analyses revealed a

considerable overlap betweenmemory CD4+ T cells double pos-

itive or double negative for PD1 and CTLA4 but also distinct dif-

ferences in key genes regulating T cell activation and prolifera-

tion as well as differential expression of pathways involved in

regulating T cell differentiation processes.

DISCUSSION

In this study, we investigated the role of the immune checkpoints

PD1 and CTLA4 in HIV persistence in blood and LNs from PWH
ts Medicine 3, 100766, October 18, 2022 7



Figure 6. Induction of T cell activation, proliferation, and death after stimulation with PMA/ionomycin relative to DMSO

(A–F) Fold change relative to DMSO in the expression of the T cell activationmarkers CD38 (A), HLA-DR (B), CD69 (C), co-expression of HLA-DR andCD38 (D), the

proliferation marker Ki67 (E), and the relative change compared with DMSO conditions in live cells (F). Samples from four participants are analyzed with no

technical replicates. Horizontal bars indicate median fold change. No formal statistical comparisons were performed, given the low sample size.
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on ART. We focused on PD1 and CTLA4 because these are

key negative receptors involved in T cell exhaustion, and both

have been identified as central pathways involved in viral persis-

tence on ART and can be targeted therapeutically by the

clinical administration of monoclonal antibodies to PD1 and/or

CTLA4.2,11,16,17,33 We found that blood memory CD4+ T cells

co-expressing PD1 and CTLA4 were modestly enriched for HIV

DNA compared with their PD1�CTLA4� counterparts, but after

stimulation with PMA/ionomycin, double-positive compared

with double-negative cells in blood had a lower proportion of

cells that produced MS RNA and showed reduced upregulation

of markers of T cell activation and reduced proliferation. Single-

cell transcriptomics analyses identified differential expression of

key genes regulating T cell activation and proliferation. MAF,

KLRB1, and TIGIT were consistently upregulated in double-pos-

itive compared with double-negative cells, whereas FOS was

consistently downregulated, which may explain why double-

positive cells respond less to activation stimuli. These data indi-

cate that, in addition to being enriched for HIV DNA, memory

CD4+ T cells co-expressing PD1 and CTLA4 are characterized

by negative signaling and a reduced capacity to respond to stim-

ulation, favoring maintenance of latent infection.
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Based on our data and those of previous studies,5,11 we hy-

pothesize that the reduced capacity to respond to stimulation

is an important explanation for the maintenance of HIV in cells

that co-express PD1 and CTLA4 because this will limit virus- or

immune-mediated lysis of latently infected cells. The in vivo

half-life of PD1+CTLA4+ memory CD4+ T cells is not well charac-

terized. It has been shown that, upon PD1 ligation, activated

T cells undergo metabolic reprogramming with an increased

preference for fatty acid oxidation and lipolysis over glycolysis,

which is known to be associated with effector-to-memory con-

version andmay explain the longevity of PD1+ T cells.34 Irrespec-

tive of the half-life of the individual PD1+CTLA4+ memory CD4+

T cell, long-term HIV persistence within these cells may also

result from homeostatic or antigen-driven proliferation of in-

fected cells.2,35 The key strengths of this study are the direct

quantification of measures of HIV persistence within purified

subsets of memory CD4+ T cells defined exclusively by their

expression of PD1 and CTLA4 from blood and LN tissue. Previ-

ous studies have addressed similar questions but did not

perform their investigations on sorted subsets,36 did not include

LN tissue,11,37 did not investigate human infection,17 or did not

sort for PD1 and CTLA4.12,16 Our study is fundamentally different



Figure 7. Clustering and differential gene expression in double-positive compared to double-negative memory CD4+ T cells

(A–D) Clustering by UMAP of double-positive and double-negative memory CD4+ T cells (A), number of double-negative and double-positive cells (B), gene

expression levels of the DEGs MAF, TIGIT, KLRB1, and FOS in double-positive compared with double-negative cells across cell clusters (C), and violin plots of

gene expression levels of MAF, KLRB1, and FOS in all double-positive compared with double-negative memory CD4+ T cells (D). The violin plot for TIGIT is not

shown because most cells displayed minimal expression. Double-negative cells from four donors and double-positive cells from five donors are analyzed.

Differential gene expression analysis was done in Seurat using non-parametric statistics with FDR-adjusted p values shown in (D). DN, double-negative; DP,

double-positive.
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because we specifically quantified HIV persistence within ex-

hausted memory CD4+ T cells as defined by expression of PD1

and CTLA4.

We unexpectedly found that cells co-expressing PD1 and

CTLA4, compared with double-negative cells, contained a lower

proportion of cells with inducible CA-MS HIV RNA despite

harboring total HIV DNA at a higher frequency. We hypothesized

that the reduced inducibility was caused by functional exhaus-

tion of cells expressing PD1 and CTLA4. Supporting this hypoth-

esis, we demonstrated reduced upregulation of T cell activation

and proliferation markers in double-positive compared with dou-

ble-negative cells after PMA/ionomycin stimulation. This was

done using peripheral blood cells, and it is possible that dou-

ble-positive and/or double-negative cells may behave differently

in the context of lymphoid tissue. Our findings contrast with pre-

vious data, where a higher proportion of memory CD4+ T cells

expressing TIGIT and/or LAG-3 and/or PD1 have been shown

to produce CA-MS HIV RNA upon stimulation compared with tri-

ple-negative cells.11 The divergent results may potentially be ex-

plained by the different T cell subsets investigated in the two

studies. In the study by Fromentin et al., the cellular subset for

this analysis contained a mix of cells expressing one, two, or

all three immune checkpoints, with more than 50% being single

positive, so it may have included a broader spectrum of func-

tional exhaustion compared with cells double positive for PD1

and CTLA4. It is also possible that inclusion of CTLA4+ cells

led to enrichment of cells with more extensive exhaustion.

Finally, the CTLA4+ subsets in our study were enriched for

Treg cells (Figure S2A), which may also have affected HIV induc-
ibility because Treg cells might suppress HIV expression in other

CD4+ T cells during co-culture.38 This could potentially occur

through interaction with the surface inhibitory receptors, PD1,

CTLA4, and glycoprotein A repetitions predominant (GARP) on

Treg cells, as shown previously.38 Also, in double-positive and

double-negative CD4+ T cells, HIV infection may differ with

respect to inducibility, integration sites, and frequency of defec-

tive virus. Further work is needed to understand these differ-

ences. We assessed T cell proliferation and activation after stim-

ulation with PMA/ionomycin, the same stimulus used in the

TILDA assay. PMA/ionomycin stimulation bypasses the initial

steps of T cell receptor (TCR) and co-stimulatory signaling.

These experiments (including TILDA) were performed in purified

T cell subsets in the absence of antigen-presenting cells, which

express PD-L1 (the ligand for PD1) and CD80 and CD86 (the li-

gands for CTLA4). We believe that our approach is valid for

several reasons. First, PD1/CTLA4 inhibitory signalingmay affect

T cell activation downstream of the TCR, potentially through

transcriptomic regulation, as indicated in other studies.39,40 Sec-

ond, CD4+ T cells themselves can express PD-L1, as demon-

strated in other settings.41,42 CD86 and CD80, the ligands for

CTLA4, have also been shown to be expressed on CD4+ and

CD8+ T cells.43,44

We found differential expression of key genes centrally

involved in regulating T cell activation, proliferation, and suscep-

tibility to apoptosis. MAF, KLRB1, and TIGIT were consistently

upregulated and FOS consistently downregulated in double-

positive compared with double-negative cells. Although MAF is

involved in increased CD4+ T cell susceptibility to apoptosis
Cell Reports Medicine 3, 100766, October 18, 2022 9
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through downregulation of Bcl-2,29 KLRB1 expression has been

demonstrated recently to be enriched in peripheral memory

CD4+ T cells with high simultaneous production of interferon-g

(IFNg) and tumor necrosis factor alpha (TNF-a).30 TIGIT is a

well-described immune checkpoint protein involved in co-inhib-

itory signaling on T and natural killer (NK) cells and has been

shown previously to be associated with HIV persistence and

exhaustion of HIV-specific T cells.11,12 Expression of FOS has

been linked to control of cellular responses to stimuli that regu-

late cell proliferation, cell differentiation, and apoptosis.27,28

More recently, AP-1, the heterodimer of FOS and JUN, was iden-

tified as the transcription factor that principally directs the chro-

matin remodeling required for T cells to respond to activation

stimuli.26 In our dataset, JUN also showed significantly lower

expression in double-positive cells than in double-negative cells,

although less consistently across cell clusters compared with

FOS. Collectively, this suggests that downregulation of FOS

and, to a lesser extent, JUN and the reduced ability to mediate

the downstream chromatin relaxation that is essential for T cell

activation45 may help explain why memory CD4+ T cells co-ex-

pressing PD1 and CTLA4 respond less to activation stimuli and

why, when infected, virus is harder to induce.

Our findings suggest that combined targeting of PD1 and

CTLA4 may be superior to targeting either immune checkpoint

alone with respect to reversing latency and eliminating latently

infected cells. This is consistent with recent studies in SIV-in-

fected rhesus macaques46 and PWH and people with cancer,47

which showed a greater increase in latency reversal and reduc-

tion in reservoir size when antibodies to PD1 and CTLA4 were

co-administered compared with antibodies to PD-1 alone. The

frequency of immune-related toxicities associated with concur-

rent blockade of PD1 and CTLA4 using currently available mono-

clonal antibodies48 will limit their use as a strategy for an HIV

cure. Approaches with fewer adverse events will be needed to

interrupt the negative signaling from immune checkpoints.

In contrast to previous studies showing preferential infection

of PD1-expressing CD4+ T cells,2,11,49 we did not find a higher

level of HIV DNA in PD1� compared with PD1+ cells. This

discrepancy may be related to the relatively modest enrichment

of HIVwithin PD1-expressing cells in those studies and, in fact, is

only seen within Tcm and Ttm but not effector memory T (Tem)

CD4+ T cells.2,11 Because Tem cells express higher levels of

PD1 compared with other CD45RA� memory CD4+ T cells,11

the PD1+ subsets in our study were likely enriched for Tem cells

and therefore less likely to show enrichment of HIV. Other studies

have found an enrichment for HIV, including intact HIV, in Tem

cells, but these studies did not directly compare PD1� and

PD1+ Tem cells.49,50 Because we sorted cells based on expres-

sion of CTLA4 and PD1, we did not directly compare total PD1+

with total PD1� memory CD4+ T cells.

Although previous studies have described that CD8+ T cell

activation is associated with a higher frequency of latently in-

fected CD4+ T cells,9,37,51 these studies did not find an associa-

tion with CD8+ T cell count or percentages. Our observations of a

correlation between levels of HIV DNA and CD8+ T cell count are

different because they relate specifically to the frequency of HIV

DNA within subsets of exhausted CD4+ T cells. We found that a

higher CD8+ T cell count was correlated with a higher level of HIV
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DNA in double-negative cells but not in double-positive cells.

One interpretation of this finding is that less negative signaling

in double-negative cells leads to more antigens being ex-

pressed, which would stimulate HIV-specific CD8+ T cells, but

these are a very small proportion of total CD8+ T-cells.52

Limitations of the study
Some limitations of our study require consideration. First, of the

21 participants enrolled, we were only able to acquire LN mem-

ory CD4+ T cells from 8 individuals, which limited our ability to

detect minor differences in HIV persistence between PD1/

CTLA4 subsets in LN tissue and also precluded performing

scRNA-seq or additional stimulation experiments in LN cells

because not enough cells were available for these studies.

However, although analyzing sorted LN subsets in a larger

cohort would be favorable, our current findings did not suggest

a trend toward enrichment in any of the cellular subsets

analyzed here. Second, memory CD4+ T cells expressing

CTLA4 were relatively rare. Therefore, there was a limited num-

ber of memory CD4+ T cells that could be acquired from a single

LN, and, as a result, we were not able to analyze as many

CTLA4+ as CTLA4� cells in this tissue. This limitation specifically

meant that we could only perform TILDA on memory CD4+

T cells from blood, and we only sorted enough cells across all

four subsets in 10 individuals. Third, the cross-sectional study

design meant that our correlative analyses of HIV persistence

and immunological and clinical parameters cannot infer causal-

ity. Studies in non-human primates, where timing of infection,

initiation of ART, and extensive tissue sampling can be closely

controlled, provide an enhanced opportunity for tracking these

dynamics but for a different retroviral infection. Fourth, PMA/

ionomycin is a potent T cell activator and has a latency-

reversing capacity that is currently not achievable with any clin-

ically available compounds. It is therefore uncertain whether the

differences in PMA/ionomycin-induced activation of latent HIV

will also be present in vivo using clinically safe latency-reversing

agents. Fifth, because the majority of proviral HIV DNA is known

to be defective or mutated,24 identifying cells that contain full-

length intact HIV DNA53 and addressing whether specific muta-

tions or deletions are enriched in any PD1/CTLA4 subset would

be highly desirable. This is the focus of ongoing analyses.

Finally, because of the exploratory nature of the study, we did

not adjust the significance level for multiple comparisons. Our

findings therefore require subsequent confirmation in a separate

cohort.

In conclusion, we show that the frequency of infected cells is

higher in blood memory CD4+ T cells that co-express PD1 and

CTLA4 compared with their double-negative counterparts, but

despite being enriched for HIV, double-positive cells displayed

a reduced capacity to respond to stimulation, including reduced

induction of latent HIV. Single-cell transcriptomics analyses

identified differential expression of key genes regulating T cell

activation and proliferation, which may explain why double-pos-

itive cells respond less to activation stimuli. These observations

indicate that, as HIV persistence is established and maintained

preferentially in CD4+ T cells co-expressing PD1 and CTLA4,

combined targeting of these pathways may be superior in terms

of reversing latency and eliminating latently infected cells.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD3 BV711 BD Biosciences Cat# 563725

Clone UCHT1; RRID:AB_2744392

Anti-CD4 FITC BD Biosciences Cat# 561842

Clone RPA-T4; RRID:AB_10892821

Anti-CD45RA PE-Cy7 BD Bioscineces Cat# 337167

Clone L48; RRID:AB_647424

Anti-PD1 BV421 BD Biosciences Cat# 562516

Clone EH12.1; RRID:AB_11153482

Anti-CTLA4 PE BD Biosciences Cat# 557301

Clone BNI3; RRID:AB_396628

MojoSort Human CD4 memory T cell isolation kit Biolegend Cat# 480064

Anti-Foxp3 FITC Biolegend Cat# 320106

Clone 206D; RRID:AB_439752

Anti-CD45RA PerCP-Cy5.5 Biolegend Cat# 304122

Clone HI100; RRID:AB_893357

Anti-PD1 APC Biolegend Cat# 329907

Clone EH12; RRID:AB_940473

Anti CD4 BUV 395 BD Biosciences Cat# 564550

Clone SK3; RRID:AB_2738273

Anti-CD3 Alexa Fluor 700 Biolegend Cat# 561027

Clone UCH1; RRID:AB_10561682

Anti-CCR7 APC-Cy7 Biolegend Cat# 353211

Clone G043H7; RRID:AB_10915272

Anti CD27 BUV737 BD Biosciences Cat# 564302

Clone L128; RRID:AB_2744350

Anti-CD8 BUV805 BD Biosciences Cat#564912

Clone SK1; RRID:AB_2744465

Anti-CD127 BV421 BD Biosciences Cat# 562436

Clone HIL-7R-M21; RRID:AB_11151911

Anti-CD25 PE-Cy7 Biolegend Cat# 356107

Clone M-A251; RRID:AB_2561974

Anti-CD69 Alexa Fluor 647 Biolegend Cat#310918

Clone FN50; RRID:AB_528871

Anti-HLA-DR APC-Fire 750 Biolegend Cat# 307658

Clone L243; RRID:AB_2572101

Anti-CD38 V450 BD Biosciences Cat# 561378

Clone HIT2; RRID:AB_10689627

Anti-Ki-67 PE BD Biosciences Cat# 556027

Clone B56; RRID:AB_2266296

Biological samples

Fetal Bovine Serum Bovogen Cat# SFBSNZ

Leukapheresis Alfred Hospital and University

of San Francisco

N/A

Lymph node biopsy The Avenue Hospital N/A

Chemicals, peptides, and recombinant proteins

RPMI 1640 media Life Technologies Cat# 21870092

HEPES buffer Life Technologies Cat# 15630080

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Penicillin Streptomycin Glutamine Life Technologies Cat# 10378016

ACK lysing buffer Life Technologies Cat# A1049201

DNase I Sigma Aldrich Cat# DN25-100mg

Ficoll-Paque PLUS density gradient media Cytiva Cat# 17144003

Fixable live/Dead aqua cell viability dye ThermoFisher Cat# L34957

True-NuclearTM Transcription Factor Buffer Set Biolgend Cat# 424401

Dimethyl sulfoxide (DMSO) Sigma Aldrich Cat# D2650-5X10ML

PMA Sigma Aldrich Cat# P1585-1MG

Ionomycin Sigma Aldrich Cat# I3909-1ML

BD Cytofix/Cytoperm Buffer BD Biosciences Cat# 554714

Qiagen All-prep kit Qiagen Cat# 80204

Zidovudine (AZT) NIH HIV Reagent Program,

Division of AIDS, NIAID, NIH:

contributed by DAIDS/NIAID

ARP-3485

Efavirenz Selleckchem Cat# S4685

Raltegravir Selleckchem Cat# S2005

TaqMan Fast Advanced Master Mix Applied Biosystems Cat# 4444557

Critical commercial assays

18S TaqMan gene expression assay Applied Biosystems Cat# 4331182

Chromium Next GEM Single Cell 30 Reagent Kits v3.1 10x Genomics Cat#PN-1000128, PN-1000127, PN-120262

High Sensitivity D5000 Tapestation Reagents Agilent Cat#5067–5592, 5067-5593

Deposited data

Raw and analyzed scRNAseq data This paper ArrayExpress, Accession number E-MTAB-12039

Oligonucleotides

MH535 (1st Rd US HIV RNA forward)

5-AACTAGGGAACCCACTGCTTAAG-30
Lewin et al. 1999, Pasternak

et al. 2013

N/A

SL19 (2ND Rd US HIV RNA forward and total HIV

DNA forward)

5’ – TCTCTAGCAGTGGCGCCCGAACA

Lewin et al. 1999, Pasternak

et al. 2013

N/A

SL20 (1st and 2ND Rd US HIV RNA Reverse and

total HIV reverse)

5’-TCTCCTTCTAGCCTCCGCTAGTC-30

Lewin et al. 1999, Pasternak

et al. 2013

N/A

SL28 (1st and 2ND Rd MS HIV RNA forward)

5’-CTTAGGCATCTCCTATGGCAGGAA-30
Zerbato et al., 2021 N/A

SL29 (2ND Rd MS HIV RNA Forward)

5’-TTCCTTCGGGCCTGTCGGGTCCC-30
Zerbato et al., 2021 N/A

TM1 (1st Rd MS HIV RNA Reverse)

50-TCAAGCGGTGGTAGCTGAAGAGG-30
Zerbato et al., 2021 N/A

LK46(forward CCR5)

5’-GCTGTGTTTGCGTCTCTCCCAGGA-30
Lewin et al., 1999 N/A

LK47 (Reverse CCR5)

5’-CTCACAGCCCTGTGCCTCTTCTTC-30
Lewin et al., 1999 N/A

tat1.4 (TILDA forward)

50-TGGCAGGAAGAAGCGGAGA-30
Procopio et al., 2015 N/A

Reverse (TILDA Reverse 1st and 2ND Rd)

50-GGATCTGTCTCTGTCTCTCTCTCCACC-30
Procopio et al., 2015 N/A

tat2 (TILDA Reverse)

50-ACAGTCAGACTCATCAAGTTTCTCTATCAA

AGCA-30

Procopio et al., 2015 N/A

MS-HIV-FAMZEN (TILDA probe)

5’-/56-FAM/TTC CTT CGG/ZEN/GCC TGT CGG

GTC CC/3IABkFQ/-30

Procopio et al., 2015 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MxPro qPCR Software, for the Mx3005P

qPCR System

Agilent Technologies https://www.agilent.com/en/product/real-time-

pcr-(qpcr)/real-time-pcr-(qpcr)-instruments/

mx3000-mx3005p-real-time-pcr-system-

software/mxpro-qpcr-software-232751;

RRID:SCR_016375

ELDA: Extreme Limiting Dilution Analysis, WEHI

Bioinformatics

Hu, Y, and Smyth, GK (2009) https://bioinf.wehi.edu.au/software/elda/

BD FACSDiva BD Biosciences RRID:SCR_001456

FlowJo Version 10 Tree Star https://www.flowjo.com/; RRID: SCR_008520

GrahPad Prism Version 8.4.2 Graphpad https://www.graphpad.com/; RRID: SCR_002798

Cell Ranger Version 3.1.0 10x Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/downloads/3.1

R R Development Core Team, 2008 https://www.r-project.org/

R Studio N/A https://www.rstudio.com/

CellSNP Huang 2021 https://pypi.org/project/cellSNP/

Vireo Huang 2019 https://vireosnp.readthedocs.io/en/latest/

index.html

R R Development Core Team, 2008 https://www.r-project.org/

R Studio N/A https://www.rstudio.com/

Seurat Version 3.1.5 Stuart *, Butler* et al. 2019 http://satijalab.org/seurat/

DoubletDecon DePasquale 2019 https://github.com/EDePasquale/DoubletDecon/

scVI Version 0.7.0 Lopez 2018 https://github.com/scverse/scvi-tools/

Harmony Version 0.1.0 Korsunsky 2019 https://github.com/immunogenomics/harmony

Other

Chromium Controller & Next GEM Accessory Kit 10x Genomics Cat# PN-1000202
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Sharon Lewin (Sharon.lewin@

unimelb.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Single-cell RNA-seq data have been deposited at ArrayExpress (Accession number E-MTAB-12039) and are publicly available

as of the date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code

d Any additional information required to re-analyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study participants and sample collection
We enrolled 21 PWH receiving suppressive ART (see clinical characteristics in Table S1) at The Alfred Hospital, Melbourne, Australia

(n = 11) and University of California San Francisco (UCSF), California, USA (n = 10). Participants provided written informed consent

before inclusion in the study. As per study protocol inclusion criteria, we enrolled individuals with documented HIV infection aged 18

years or older and receiving combination ART with plasma HIV RNA <50 copies/mL for at least 3 years. Due to leukapheresis and LN

biopsy procedures, we excluded individuals with skin infection at inguinal area; current lower extremity, gastrointestinal or genito-

urinary infection; chronic venous stasis or lymphedema of lower extremities; blood coagulation disorder or conditions requiring anti-

coagulant therapy; liver cirrhosis; weight <50 kg or BMI >35; blood pressure >160/100 mmHg or <100/70 mmHg; pregnant or breast
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feeding; or anywith clinically significant cardiac or cerebrovascular disease. Leukapheresis procedures were performed at The Alfred

Hospital (n = 11) or UCSF (n = 10) and excisional LN biopsies were performed at The Avenue Hospital, Melbourne, Australia. The time

between the two procedures ranged from 6 to 50 days. LN biopsies were performed by an experienced surgeon using general (n = 9)

or local (n = 1) anesthesia.

Study approvals
The study was approved by Human Research Ethics Committees at The Alfred and Avenue Hospitals in Melbourne and the Institu-

tional Review Board at UCSF. The study was also registered at and approved by the University of Melbourne Ethics Committee. The

study was conducted in accordance with the principles of the Declaration of Helsinki (1996) and the principles described in the Food

and Drug Administration regulations and the Department of Health and Human Services regulations for the protection of human par-

ticipants. Each participant provided written informed consent.

METHOD DETAILS

Processing of LNs and sorting of LNMCs
To disaggregate LNMCs from LN biopsy tissue, we initially stored LN samples in RPMI 1640media (Life Technologies, Carlsbad, CA,

USA) supplemented with 15%heat-inactivated Fetal Bovine Serum (FBS, Bovogen, Keilor East, VIC, AUS), 10mMHEPES buffer (Life

Technologies, Cat no 15630-080), 1X Penicillin-Streptomycin-Glutamine (Life Technologies, Cat no 10378016) on ice in a 4�C cold

room overnight for processing the following day. Using sterile disposable scalpels and forceps, LN tissue was torn apart and minced

to obtain small fragments. Minced node tissue was transferred to a 70-micron nylon cell strainer (Bio-Strategy Laboratory Products

PTY LTD, Tullamarine, VIC, AUS, Cat no 352350) and inserted into a 50 mL collection tube. Remaining tissue within the cell strainer

was further grinded to allow cells to pass through and then passed through a second strainer with a 40-micron filter (Bio-Strategy

Laboratory Products PTY LTD, Cat no 352340). Cells were then transferred to conical tubes and centrifuged at 400g for 10 min.

In case of significant presence of red blood cells, these were lysed with ACK lysing buffer (Life Technologies). Cells were then resus-

pended in warm media containing DNase (RPMI with 1% FBS and 100 ug/mL DNase I [Sigma Aldrich, St. Louis, MO, USA, Cat no

DN25-100mg]) at 10 million cells/mL, centrifuged at 400g for 10 min and resuspended at desired concentration for sorting or immu-

nophenotyping. Following isolation of LNMCs from LN biopsies, unfrozen cells were labeled with the following antibodies and fluo-

rophores all from BD Biosciences (Franklin Lakes, NJ, USA), according to the staining protocol outlined below for blood memory

CD4+ T cells: anti-CD3 BV711 (Cat no 563725, clone UCHT1), CD4 FITC (Cat no 561842, clone RPA-T4), CD45RA PE-Cy7 (Cat

no 337167, clone L48), PD1 BV421 (Cat no 562516, clone EH12.1) and CTLA4 PE (Cat no 557301, clone BNI3) and sorted

on a BD FACS Aria cell sorter. We collected 4 different subsets of LN memory CD4+ T cells defined as double-positive

(CD3+CD4+CD45RA-PD1+CTLA4+), PD1 single positive (CD3+CD4+CD45RA-PD1+CTLA4-), CTLA4 single positive (CD3+CD4+

CD45RA-PD1-CTLA4+) and double-negative (CD3+CD4+CD45RA-PD1-CTLA4-).

Isolation of CD4+ T cells and cell sorting
Following leukapheresis PBMCs and plasmawere isolated using standard Ficoll procedures. To isolatememoryCD4+ T cells from fresh

PBMCs obtained by leukapheresis, we used a magnetic bead negative selection kit from BioLegend that depleted non-CD4+ memory

T cells with a biotin antibody cocktail consisting of anti-CD8a, anti-CD11b, anti-CD14, anti-CD16, anti-CD19, anti-CD20, anti-CD36,

anti-CD45RA, anti-CD56, anti-CD123, anti-CD235ab and TC g/d (MojoSort Human CD4 memory T cell isolation kit, BioLegend, San

Diego, CA, USA, Cat no 480064). Memory CD4+ T cells were first stained with live/dead aqua cell viability dye (ThermoFisher, Waltham,

MA,USA, Cat no L34957) followedby labelingwith the following antibodies and fluorophores, all fromBDBiosciences: anti-CD3BV711,

CD4 FITC, CD45RAPE-Cy7, PD1 BV421 and CTLA4 PE and sorted on a BDFACSAria Fusion. CTLA4-positive cells are often identified

using intracellular staining for CTLA4; however, this was not feasible given the need for live cells in the subsequent TILDA assay. Due

to intracellular expression and re-cycling of CTLA4, accurately detecting its surface expression is known to be challenging. In a previous

study, 3-h stimulation with PMA/ionomycin was shown to enhance detection of CTLA4-positive cells.17 To avoid activation of cellular

subsets or latent HIV, we did not employ T cell activation to enhance CTLA4 detection but instead stained cells with the CTLA4

antibody for 3 h at 37�C before incubation with the remaining antibodies for an additional 30 min at 37�C. This strategy yielded similar

surface detection as compared to PMA/ionomycin stimulation and staining at room temperature, and with lower variability compared

to PMA/ionomycin stimulation and staining at 37�C (Figure S9). During cell sorting we collected 4 different subsets defined as double-

positive (CD3+CD4+CD45RA-PD1+CTLA4+), PD1 single positive (CD3+CD4+CD45RA-PD1+CTLA4-), CTLA4 single positive

(CD3+CD4+CD45RA-PD1-CTLA4+) and double-negative (CD3+CD4+CD45RA-PD1-CTLA4-) (gating strategy shown in Figure S1). To

reduce cross-contamination for each of the 4 populations sorted, individual gateswere generated rather than a quadrant gatewith slight

gap between the gates to prevent overlap. This meant that a small percentage of each of the 4 populations would have been discarded

during the sort. Purity check was performed on a subset of samples with a median purity of 90.1% and an IQR of 76.95–97.3%.

Immunophenotyping
Before sorting cells, we used flow cytometry to assess the distribution of the 4 subsets ofmemory CD4+ T cells in blood and LN based

on their expression of PD1 andCTLA4. For this we used the same antibodies as described for cell sorting and fluorescenceminus one
Cell Reports Medicine 3, 100766, October 18, 2022 e4
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(FMO) controls and ran samples on a BD LSR Fortessa flow cytometer. Gates were set using both the FMOs and then adjusted based

on expression of PD1 and CTLA4 against CD45RA as this was found to be amore accurate way of determining the populations. Flow

Jo version 10 (FlowJo, Ashland, OR, USA) was used for analysing acquired data. Surface and intracellular staining was performed on

13 10e6 PBMCof three uninfected donors and three PWHon suppressive ART to determine the relationship of CTLA4+ andPD1 and

Tregs using the following reagents and antibodies: anti-Foxp3 FITC (Biolegend, Cat no 320106, clone 206D), anti-CD45RA Percp-

Cy5.5 (Biolegend, Cat no 304122, clone HI100), anti-PD1 APC (Biolegend, Cat no 329907, clone EH12), anti-CD3 Alexa Fluor 700

(Biolegend, Cat no 561027, clone UCH1), anti-CCR7 APC-Cy7 (Biolegend, Cat no 353211, clone G043H7), anti-CD4 BUV 395

(BD Biosciences, Cat no 563550, clone SK3), anti-CD27 BUV737 (BD Biosciences, Cat no 564302, clone L128), anti-CD8

BUV805 (BD Biosciences, Cat no 564912, clone SK1), anti-CD127 BV421 (BD Biosciences, Cat no 562436, clone HIL-7R-M21),

fixable dead/live stain Aqua, anti-CTLA-4 PE (Biolegend, Cat no 557301, clone BNI3), anti-CD25 PE-Cy7 (Cat no 356107, clone

M-A251), True-NuclearTM Transcription Factor Buffer Set (Biolegend, Cat no 424401).

T cell stimulation
To quantify the level of activation, proliferation and cell death, cryopreserved CD4 subsets remaining from the sort were thawed.

Approximately 2million cells were stimulated with either DMSO (Sigma Aldrich, Cat no D2650-5X10ML) or PMA/ionomycin (final con-

centration of 10nM PMA and 0.5mM ionomycin) for 72 h. After the stimulation, 1.5 million cells were washed and surface stained for

live/dead aqua, CD69 Alexa Fluor 647 (Biolegend, Cat no 310918, clone FN50), HLA-DR APC-Fire750 (Biolegend, Cat no 307658,

clone L243), and CD38 V450 (BD biosciences, Cat no 561378, clone HIT2). Cells were then permeabilized using BD Cytofix/

Cytoperm buffer (BD Biosciences, Cat no 554714) and stained intracellularly with Ki-67 PE (BD biosciences, Cat no 556027, clone

B56). Samples were run within 2 h of staining completion on BD LSR Fortessa flow cytometer and the data was analyzed using

FlowJo version 10.

Cell-associated HIV DNA and RNA and TILDA
To quantify levels of cell-associated HIV RNA and DNA, memory CD4+ T cells sorted based on their expression of PD1 and CTLA4

subsets were lysed and lysates stored at�80�C until analysis. We extracted RNA from lysates using the Qiagen All-prep kit (Qiagen,

Hilden, Germany, Cat no 80204). CA-US HIV RNA was then quantified in four replicates using a semi-nested real-time qPCR (rt-PCR)

as previously described.54 Primers used for first and second round amplified HIV RNA copy numbers, which were standardized to

cellular input using the 18S TaqMan gene Expression Assay (Applied Biosystems, Foster City, CA USA). For all samples, a non-RT

control was included. If this control was positive, results for this sample were excluded from the analysis. CA-MS HIV RNA was

measured using rt-PCR with primers and probes as described previously.54 The number of input cells for quantifying US CA-US

HIV RNA and CA-MS HIV RNA were 5 3 104 – 105 for peripheral blood and 104–105 for LN cells. Cell-associated total HIV DNA

was analyzed in triplicate with cell lysates using primers and probes as previously described.55 HIV DNA copy numbers were stan-

dardized to cellular equivalents through quantification of CCR5. The lower limit of detection of the HIV DNA assay was one copy per

well and given the increasing variation in threshold cycles at this low level, we included values down to 0.1 copies. Any value < 0.1

copy per well was included as zero. The number of input cells for quantifying HIV DNA were 105–1.253 105 for peripheral blood and

1.73 104 – 105 for LN cells. To estimate the percentage contribution of each PD1/CTLA4 subset to the total pool of HIV DNA and CA-

US HIV RNA within memory CD4+ T cells, we adjusted for the frequency of each subset in blood and LN as determined by flow

cytometry by using the formula A = (A/A + B + C + D) X 100, where A = (% of subset A/100) X (HIV DNA copies/106 cells for

subset A); B = (% of subset B/100) X (HIV DNA copies/106 cells for subset B), etc. To measure the frequency of cells with inducible

MSHIV RNA, we performed the tat/rev Induced Limiting Dilution Assay (TILDA) adapted from (Procopio et al., 2015). The isolated four

memory CD4+ T cell subsets were stimulated with PMA (100 ng/mL) and ionomycin (1 mg/mL) for 12–18 h in the presence of antire-

troviral drugs (180nMAZT, 300 nM efavirenz, 200 nM raltegravir), and the frequency of cells producingMSHIV RNAwasmeasured at

various dilutions. Limiting dilutions, oligonucleotide and probe sequences, and the pre-amplification PCR reaction was performed as

described by (Procopio et al., 2015). 1 mL of the pre-amplified PCR product was used as template in the tat/rev real-time PCR reac-

tion, added to 10 uL TaqMan Fast AdvancedMasterMix (Applied Biosystems), 0.4 mL of each primer (tat2 and rev, at 20 mM), 0.4 mL of

the probe FamZen (at 5 mM) and 7.8 mL H20. The real-time PCR reaction was carried out on the Stratagene Mx3005P (Agilent Tech-

nologies) using the following program: pre-incubation at 95�C for 20 s, and 45 cycles of amplification (95�C 1 s, 60�C 20 s). TILDAwas

performed in 22 replicates per dilution, and the frequency of cells with inducible HIV MS HIV RNA was calculated with the maximum

likelihood method using the online software http://bioinf.wehi.edu.au/software/elda/. For each cellular subset from each participant

18,000, 9,000, 3,000 and 1,000 cells were seeded in a limiting dilution format, where 22 wells were seeded for each of the cell

numbers.

Single-cell RNA sequencing
To characterise and compare the transcriptomic program in PD1/CTLA4 double-positive and double-negative memory CD4+ T cells,

we used sorted cryopreserved cells from five study participants, where freshly isolated cells had been sorted as described above. For

one study participant the double-negative cell population showed poor viability andwas excluded, i.e. we used double-negative cells

from four donors and double-positive cells from five donors. To analyze an equal number of cells from each subset, we loaded 10,000

double-negative cells per donor but 8,000 double-positive cells per donor. Gel bead-in emulsions were generated using the
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Chromium controller and 30 gene expression kits (v3.1, 10x Genomics). We superloaded lanes with 40,000 double-positive and

40,000 double-negative cells originating from five/four different study participants, respectively. cDNA libraries were generated

following the manufacturer’s guidelines (10x Genomics) and sequenced using MGISEQ instruments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
As robust preliminary data were unavailable for specific power calculations for this type of study, we instead calculated standardised

effect sizes and estimated that a sample size of 20 participants would provide 80% statistical power for a standardized effect size of

0.7 (mean difference divided by the SD of the differences). We assessed data distribution through visual inspection of frequency his-

tograms and quantile-quantile plots and also used the Shapiro-Wilk normality test. We explored logarithmic transformation to

achieve normal distribution whenever possible. We tested for differences across all 4 subsets using mixed-effect analysis with

the Geisser-Greenhouse correction or Friedman test depending on data distribution. We also performed pairwise comparisons

across the individual subsets using paired t-test or Wilcoxon matched-pairs signed rank test, depending on data distribution. We

investigated associations of HIV persistence measures and baseline characteristics using Spearman or Pearson correlation depend-

ing on data distribution. We did not adjust p values or significance level for multiple testing, given the exploratory nature of these

studies.56 All statistical analyses were performed in Prism 8 for macOS (version 8.4.2, GraphPad Software, San Diego, CA, USA).

Single-cell RNA sequencing analysis
FASTQ files were processed via Cell Ranger v3.1.0 (10x Genomics) using ‘‘cellranger count’’ pipeline with 10x human genome 3.0.0

release as a reference. Superloaded samples were de-multiplexed into donors by modeling expressed alleles using Vireo v0.3.257

with doublets further removed using DoubletDecon. Seurat v3.1.5 was used for downstream analysis. Quality control of scRNA-

seq data included removal of genes expressed in less than 3 cells, removal of cells outside threshold of 200-4000 expressed genes,

and removal of cells with more than 15% mitochondrial content. Seurat’s ‘‘SCTransform’’ function was used to normalise, identify

highly variable genes, and scale scRNA-seq data. Principal component analysis (PCA) was performed using Seurat’s ‘‘RunPCA’’

function. Top 30 PCs was used as input to generate 2-dimensional Uniform Manifold Approximation Projection (UMAP) projection

of the data using Seurat’s ‘‘RunUMAP’’ function. To place PD1/CTLA4 double-positive and double-negative cells from HIV-infected

donors in context of similar subsets from uninfected donors, we initially integrated data with those generated in similarly performed

experiment using sorted PD1-CTLA4-, PD1+CTLA4-and PD1+CTLA4+ cells from four uninfected controls. Because data from un-

infected donors were generated in a separate experiment, we observed substantial batch effects requiring data integration (Fig-

ure S10). Seurat’s ‘‘IntegrateData’’ function was used to integrate with scRNA-seq data generated from memory CD4+ T cells of

healthy controls to remove any batch effect. Validation of the integration was carried out using scVI v0.7.0 and Harmony v0.1.0.

To determine consistency across the three integration approaches (Seurat, Harmony, and scVI), we overlaid the unsupervised clus-

tering of cells from HIV-infected donors onto the UMAPs, as shown in Figure S5A. In all three integration approaches, we noted that

clusters 0, 1 and 2 were located close to each other on the UMAP and overlapped substantially with cells from uninfected donors,

whereas clusters 6 and 12 were located close to each other but did not overlap with cells from uninfected donors (Figure S11). Over-

all, we observed similarities and differences between cells from HIV-infected and uninfected donors, but as a detailed comparison

between these was beyond the scope of this study, all subsequent analyses were conducted on double-positive cells vs double-

negative cells from HIV-infected donors only. Harmony was run using Seurat normalised, scaled and PCA embedded data. The

UMAP was generated using the Harmony embeddings as input. scVI was run using the top 3000 genes as input and with latent

variables set to default. The model was trained with all parameters kept at default except using 200 epochs and 50 iterations. The

UMAP was generated using scVI embeddings as input. Combined dataset was projected onto UMAP and healthy cells were then

removed from downstream analysis. Unsupervised clustering was performed using Seurat’s ‘‘FindClusters’’ function. Differential

gene expression analysis (DGEA) to identify marker genes for each cell cluster and compare cells from double-positive and dou-

ble-negative samples were performed using ‘‘FindMarkers’’ function from Seurat.
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