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Summary

Understanding the drivers and markers of clonally expanding HIV-1-infected CD4+ T cells is 

essential for HIV-1 eradication. We used single-cell ECCITE-seq, which captures surface protein 

expression, cellular transcriptome, HIV-1 RNA, and TCR sequences within the same single cell 

to track clonal expansion dynamics in longitudinally archived samples from six HIV-1-infected 

individuals (during viremia and after suppressive antiretroviral therapy) and two uninfected 

individuals, in unstimulated conditions and after CMV and HIV-1 antigen stimulation. Despite 

antiretroviral therapy, persistent antigen and TNF responses shaped T cell clonal expansion. HIV-1 

resided in Th1 polarized, antigen-responding T cells expressing BCL2 and SERPINB9 that may 

resist cell death. HIV-1 RNA+ T cell clones were larger in clone size, established during viremia, 

persistent after viral suppression, and enriched in GZMB+ cytotoxic effector memory Th1 cells. 

Targeting HIV-1-infected cytotoxic CD4+ T cells and drivers of clonal expansion provides another 

direction for HIV-1 eradication.

Graphical Abstract
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eTOC blurb

Using single-cell ECCITE-seq, Collora et al. profiled 267 HIV-1 RNA+ cells and 68 expanded 

HIV-1 RNA+ T cell clones from 215,458 CD4+ T cells. HIV-1 resides in GZMB+ cytotoxic Th1 

effector memory CD4+ T cell clones that are large and persistent. HIV-1-infected cytotoxic CD4+ 

T cells may evade cytotoxic CD8+ T cell killing through Seprin B9 degradation of granzyme B.

Keywords

HIV-1 persistence; clonal expansion; cytotoxic CD4+ T lymphocytes; single-cell RNA-seq; T cell 
expansion dynamics; HIV-1-induced immune dysfunction; antigen stimulation; TNF response; 
Bcl-2 family anti-apoptotic genes; HIV-1 latent reservoir

Despite effective antiretroviral therapy (ART), the HIV-1 latent reservoir (Chun et al., 1997; 

Finzi et al., 1997; Wong et al., 1997) persists lifelong (Crooks et al., 2015; Siliciano et 

al., 2003). More than 50% of the HIV-1 latent reservoir is maintained by clonal expansion 

of infected cells (Bui et al., 2017; Hosmane et al., 2017; Lorenzi et al., 2016). Clonally 

expanding HIV-1-infected cells are established during acute viremia (Coffin et al., 2019) and 

persist under long-term suppressive ART (Maldarelli et al., 2014; Wagner et al., 2014). The 

clonal expansion of HIV-1-infected cells is a major barrier to cure. Understanding the drivers 

and markers of clonally expanding HIV-1-infected cells is essential for HIV-1 eradication.
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The clonal expansion of HIV-1-infected cells is driven by antigen stimulation, homeostatic 

proliferation (Chomont et al., 2009), and HIV-1-driven cancer gene expression (Liu et al., 

2020; Maldarelli et al., 2014; Wagner et al., 2014). Upon cognate antigen stimulation, 

T cells can proliferate into a T cell clone of many cells that share the same T cell 

receptor (TCR) sequence and antigen specificity. HIV-1 can reside in cytomegalovirus 

(CMV)-specific (Mendoza et al., 2020; Simonetti et al., 2021), HIV-1-specific (Douek et 

al., 2002; Mendoza et al., 2020; Simonetti et al., 2021), and cancer-specific CD4+ T cells 

(Simonetti et al., 2016) that are clonally expanding. Presumably, antigen stimulation and 

cytokines that drive the proliferation of a T cell clone would also drive the proliferation of 

HIV-1-infected cells within this T cell clone. Unlike homeostatic proliferation which does 

not induce HIV-1 reactivation (Bosque et al., 2011; Wang et al., 2018), antigen stimulation 

can induce HIV-1 reactivation and viral protein expression from the clonally expanding 

HIV-1-infected cells and cause persistent low-level viremia despite ART (Bailey et al., 2006; 

Halvas et al., 2020). However, upon antigen stimulation, cells harboring inducible HIV-1 

should presumably die of viral cytopathic effects or T cell activation. It remains unknown 

why HIV-1-infected cells can resist cell death upon reactivation and persist over time.

Antigen-specific CD4+ T cells are susceptible to HIV-1 infection (Douek et al., 2002; 

Mendoza et al., 2020; Simonetti et al., 2021). Among antigen-specific CD4+ T cells, 

cytotoxic CD4+ T cells are key effectors in cancer (Malandro et al., 2016; Oh et al., 2020) 

and viral infections, such as influenza (Brown et al., 2012), CMV (van Leeuwen et al., 

2004), and SARS-CoV-2 infections (Meckiff et al., 2020). In HIV-1-infected individuals, 

cytotoxic CD4+ T cells are substantially expanded during HIV-1 infection (Appay et 

al., 2002) and CMV infection (Zaunders et al., 2004). Cytotoxic CD4+ T cells have a 

high proliferative capacity and exhibit polyfunctional cytotoxic responses through release 

of cytolytic granules [such as granzyme B (GZMB), granzyme K (GZMK), granzyme 

H (GZMH), and perforin (PRF1)] and expression of Th1 cytokines [interferon (IFN)-γ, 

interleukin (IL)-2, and tumor necrosis factor (TNF)](Appay et al., 2002). Unlike cytotoxic 

CD8+ T cells which can control HIV-1 infection, the role of cytotoxic CD4+ T cells in HIV-1 

infection remains unclear.

ART suppresses HIV-1 plasma viral load to clinically undetectable levels. However, ART 

neither kills infected cells nor inhibits HIV-1 viral protein production from existing infected 

cells. Therefore, HIV-1-infected cells can continue to produce viral antigens (Halvas et al., 

2020; Pollack et al., 2017) and induce immune activation and exhaustion (Bengsch et al., 

2018; Pollack et al., 2017). Early ART initiated within 6 months of infection, as opposed 

to delayed ART initiated after 6 months of infection, substantially reduces chronic immune 

activation (Jain et al., 2013). Given that people treated with immediate ART have a shorter 

duration of HIV-1 viremia, shorter duration of overt HIV-1 antigen exposure, and lower 

levels of immune activation (Jain et al., 2013), comparing immune responses in people 

treated with short versus long duration of viremia may help to understand HIV-1-specific 

immune response under different magnitude of HIV-1 antigen stimulation in vivo.

Several challenges prevent mechanistic understanding of HIV-1 persistence in people with 

HIV-1. First, intact inducible HIV-1-infected cells in ART-treated individuals are extremely 

rare, accounting for <0.001% of CD4+ T cells in the peripheral blood (Bruner et al., 2016; 
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Bruner et al., 2019; Ho et al., 2013). Second, there are no known cellular markers that can 

exclusively differentiate HIV-1-infected cells from uninfected cells, given the heterogeneity 

(Neidleman et al., 2020) in polarization (Lee et al., 2017), activation state (Lee et al., 2019), 

memory differentiation (Gantner et al., 2020; Hiener et al., 2017; Venanzi Rullo et al., 

2020), and immune exhaustion states (Fromentin et al., 2016). Third, while HIV-1-infected 

cells can be isolated using viral markers such as HIV-1 RNA expression (Liu et al., 2020) or 

Env protein expression (Cohn et al., 2018), these methods require ex vivo activation and thus 

cannot depict the in vivo status of infected cells. Advancements in single-cell technologies 

enable high-dimensional immune profiling to dissect the heterogeneous states of immune 

cells, capture rare cells, map T cell clonality, and identify upstream drivers of immune 

dysregulation (Hoang et al.; Kazer et al., 2020; Nguyen et al., 2019; Shalek et al., 2013; 

Wilk et al., 2020; Yost et al., 2019). Further, computational techniques including supervised 

and unsupervised machine learning, network analysis, and statistical methodologies enable 

confident identification of higher-fidelity predictors of different cellular states from the 

sparse and highly complex single-cell multi-modal data (Hu et al., 2016; Langfelder and 

Horvath, 2008; Pappalardo et al., 2020; Park et al., 2020; Stuart et al., 2019; Torang et 

al., 2019). Single-cell genome-wide transcriptome profiling can resolve the heterogeneity 

of immune cells, identify the rare HIV-1-infected cells, and discover mechanisms of HIV-1 

persistence.

We hypothesize that HIV-1 persists by residing in CD4+ T cells that are proliferative, 

resistant to cell death, and persistent over time. We reasoned that immune drivers that 

determine the proliferation of T cell clones will also drive the proliferation of HIV-1-

infected cells within these T cell clones. Here we use a single-cell multiomic approach 

to track CD4+ T cell immune responses during acute HIV-1 infection and after viral 

suppression, both in unstimulated in vivo states and after ex vivo antigen stimulation. We 

examined the transcriptional landscape, immune regulators, and T cell clonal expansion 

dynamics of T cell clones and HIV-1 RNA+ cells. We identified HIV-1-induced immune 

dysfunction, CD4+ T cell responses to antigen stimulation, drivers of the clonal expansion 

of HIV-1 RNA+ T cell clones, and the survival programs that prevent cell death upon HIV-1 

reactivation and T cell activation.

Results

Single-cell ECCITE-seq captures immune phenotype, HIV-1 RNA expression, and T cell 
clonality in the same single cell

To understand the impact of HIV-1 infection on CD4+ T cell immune responses, T cell 

clonal expansion dynamics, and HIV-1 persistence, we examined the transcriptome, surface 

protein expression, T cell clonality, and HIV-1 expression in total CD4+ T cells from six 

HIV-1-infected individuals at the single cell level. We used single-cell ECCITE-seq, which 

captures surface protein expression, cellular transcriptome, HIV-1 RNA, and TCR sequence 

within the same single cell, allowing clonal expansion dynamics tracking in longitudinally 

archived samples. We used longitudinally archived blood samples from the Sabes study 

(Lama et al., 2018; Lama et al., 2020), a prospective study that tested HIV-1 status monthly 

to identify early infection. We profiled paired CD4+ T cells at two time points, during 
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viremia (<60 days within estimated date of detectable infection (EDDI) and after viral 

suppression (one year of suppressive ART, with >6 months of undetectable viral load), in 

six HIV-1-infected individuals (Figure 1A, Table S1, Figure S1). CD4+ T cells from two 

uninfected individuals served as controls. Notably, the uninfected individuals were recruited 

based on availability and matched with sex but not age or ethnicity. Our data would need to 

be cautiously interpretated as age and ethnicity may affect the immune profiles (Barreiro and 

Quintana-Murci, 2010; King Thomas et al., 2019).

We profiled 89,279 CD4+ T cells from six infected individuals, including 52,473 during 

viremia and 36,806 after viral suppression, and compared them to 33,406 cells from two 

uninfected individuals. Batch effects were removed using fastMNN (Haghverdi et al., 2018)

(Figure 1A, Figure S2). Cells were clustered and visualized based on their transcriptome 

profile using Uniform Manifold Approximation and Projection for Dimension Reduction 

(UMAP)(Becht et al., 2018). For each sample, we identified a median of 7,447 cells, with 

a median of 1,346 genes, and 4,138 unique molecular identifiers (UMI) in each cell (Table 

S2).

We determined the memory phenotype of each cell based on their surface CD45RA and 

CCR7 protein expression and identified naive, central memory, effector memory, and 

effector CD4+ T cells (Figure 1B). Surface protein expression was determined as positive 

by >90th percentile of the expression level of isotype barcoded antibody controls. Based 

on cellular transcriptome and surface marker expression, we defined ten clusters including 

two of cytotoxic Th1 cells (GZMB Th1 and GZMK Th1), Th2, Th17, Treg, proliferating, 

two memory of cells, naive, and a high mitochondrial gene expression (MT)(Figure 1C, 1D, 

Figure S2, Table S2). In the proliferating cell cluster, there were more cells expressing the 

Th1 polarization transcription factor TBX21 than in suppressed and uninfected conditions, 

suggesting that proliferation of Th1 cells was most prominent during viremia (Figure 1E).

TNF responses persist despite ART and shape Th1 responses

To understand how HIV-1-induced immune dysfunction shapes the CD4+ T cell immune 

responses, we identified co-regulated genes that could distinguish the immune responses 

between viremia, viral suppression, and uninfected conditions using de novo gene set 

identification. Using weighted gene correlation network analysis (WGCNA)(Langfelder and 

Horvath, 2008), we identified nine consensus sets (modules) of genes that could distinguish 

gene expression differences between viremia, viral suppression, and uninfected conditions. 

We found that a proliferation module (Figure S2G–S2L), a GZMB-Treg module (Figure 

S2M–S2R), and a TNF signaling module (Figure 1F–1J) that distinguished viremia, viral 

suppression, and uninfected conditions (Figure S2). The proliferation module and GZMB-

Treg module increased gene expression during viremia but returned to normal levels after 

viral suppression (Figure S2), reflecting the peak of host immune responses to acute viral 

infection. We found that the TNF signaling module was induced during viremia (Figure 

1F) and persisted despite viral suppression (Figure 1G). Using Ingenuity Pathway Analysis 

(IPA), we found that genes in the TNF signaling module were enriched for pathways for 

signaling via TNF receptors, toll-like receptor, and CD40 (Figure 1H). The upstream drivers 

of the TNF signaling module included TGFβ, TNF, T cell activation, IL-1β, and IFNγ 
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(Figure 1I). When we examined the TNF signaling module score, the aggregate normalized 

expression levels of these genes, we found that TNF signaling gene expression in GZMK 

Th1 was significantly higher during viremia and remained elevated after viral suppression 

relative to uninfected individuals (Figure 1J).

We next examined the impact of immediate versus deferred ART on immune responses 

(Figure S3). We found that immediate versus deferred ART did not change memory cell 

phenotypes (Figure S3A) or T cell polarization (Figure S3B). Th1 proliferation were not 

significantly different after immediate versus deferred ART (Figure S3C). We identified a 

TNF-driven gene module that was expressed at significantly higher levels in the deferred 

ART group than the immediate ART group (Figure S3D–S3F), particularly in the Th2 

and CXCR5 memory cell populations but not in the GZMK Th1 population (Figure S3G–

S3O). Our results suggest ART can reduce but cannot fully block HIV-1-induced immune 

activation. Cytokines such as TNF and TGFβ continue to shape Th1 responses despite 

suppressive ART.

The clonal expansion dynamics of cytotoxic Th1 CD4+ T cells are shaped by antigen and 
TNF responses

We then investigated how cytokine responses impacted T cell clonal expansion dynamics 

during HIV-1 infection. Inflammatory cytokines impact clonal expansion and differentiation 

of antigen-specific CD4+ T cells (Pape et al., 1997). T cell clones can be identified based 

on their shared TCR sequences: cells having identical TCR sequences presumably originate 

from the same T cell that proliferated into a T cell clone in response to the same antigen 

stimulation (Figure 2A). We profiled the TCR repertoire using bulk TCR sequencing in 

addition to single-cell TCR sequences captured in ECCITE-seq to determine T cell clone 

size with greater precision. In all, we profiled 1,118,713 TCR sequences (median of 57,778 

TCR sequences per sample per time point) and identified 8,268 single cells in T cell clones 

(median of 575 cells per sample per time point).

We found that the most clonal clusters, as measured by the Gini index (Gillet et al., 2011), 

were proliferating cells and polarized effector memory cells, including GZMB Th1, GZMK 

Th1, Th2, Th17, and Treg clusters (Figure 2B). These T cell clusters were significantly more 

clonal than naive cells (Figure 2C). Among them, the most clonal T cell cluster was the 

GZMB Th1 cells (Figure 2C).

To identify cellular transcriptional programs that correlate with T cell clone size, we ranked 

genes based on their correlation with T cell clone size in each participant at each time point, 

from most correlated with a large clone size to the most correlated with a small clone size. 

From this ranking, we identified the immune pathways correlated with T cell clone size 

using gene set enrichment analysis (GSEA, Table S3). We identified three pathways that are 

positively associated with T cell clone size: antigen responses (Figure 2D), TNF signaling 

(Figure 2E), and Th1 cytotoxic responses (Figure 2F). Of note, these pathways were not 

different between immediate versus deferred ART (Figure S3K–M). Our finding suggests 

that despite suppressive ART, antigen responses and TNF signaling continue to shape T cell 

clonal size.
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To identify genes that predict T cell clone size, we used elastic net regression (Zhou, 2005) 

to analyze gene expression level and T cell clone size across participants in each condition. 

Elastic net regression is a machine learning method that weights each gene according to 

how efficiently it predicts clone size and eliminates genes that are weakly or not predictive 

of clone size. We identified 444, 672, and 283 genes that predicted T cell clone size in 

viremic, suppressed, and uninfected conditions, respectively. We found that genes involving 

Th1, Th2, and crosstalk with dendritic cells and NK cells predicted T cell clone size in 

HIV-1-infected individuals, both during viremia and after viral suppression (Figure 2G). 

Using Ingenuity Pathway Analysis, we found that the expression of these genes was driven 

by T cell polarization molecules (such as IL2, IL4, TNF, TGF, and IL21), T cell activation, 

and homeostatic cytokines (Figure 2H). Overall, we found that T cell polarization and 

activation predicted T cell clonality both in HIV-1-infected and in uninfected individuals. 

However, T cell polarization and cytokine signaling had substantially higher impacts on T 

cell clonal expansion during HIV-1 infection (Figure 2G).

TCR repertoire mapping revealed distinct transcriptome programs of CMV-specific versus 
HIV-1-specific cells in unstimulated states

We wanted to examine whether HIV-1-induced antigen responses and TNF signaling during 

viremia and after viral suppression changed the HIV-1 and CMV antigen responses. We 

identified antigen-specific cells using the activation induced marker (AIM) assay (Dan et 

al., 2016; Morou et al., 2019). We used flow cytometry to sort CD69 and CD154 double 

positive CD4+ T cells as CMV-specific or HIV-1-specific CD4+ T cells after 9 hours of 

antigen stimulation (Figure 3A, Figure S4A). Memory cells (CD45RO+) that were double 

negative for CD69 and CD154 were sorted for comparison. We profiled CD4+ T cells from 

the same six HIV-1 infected individuals during viremia and suppression using blood samples 

from the same time point. Using ECCITE-seq, we examined a total of 78,193 CD4+ T 

cells, with 6,091 from CMV-specific cells, 12,183 from HIV-1-specific cells, and 59,919 

from memory cells. The frequency of CMV-specific and HIV-1-specific cells (Figure S4B) 

was not significantly different between conditions and was comparable to the frequency in 

previous reports (Morou et al., 2019; Simonetti et al., 2020). We used fastMNN to correct 

for batch effects (Figure S1). Antigen stimulated cells were mainly effector memory CD4+ T 

cells (Figure 3B). We identified 15 clusters based on transcriptome differences (Figure 3C, 

Figure S2, Figure S4C).

While not mutually exclusive, antigen-specific cells clustered distinctly from memory cells 

(Figure 3D). Antigen-specific cells were over-represented in 5 clusters: GZMB Th1, IL2 

Th1, activated Th1, lymphotoxin Th1, and CD45RA clusters (Figure 3E). In particular, the 

GZMB Th1 cells were mainly comprised of CMV-specific cells, while few HIV-1-specific 

cells were polarized into the GZMB Th1 phenotype. Although both CMV-specific and 

HIV-1-specific CD4+ T cells were activated upon antigen stimulation, fewer HIV-1-specific 

cells upregulated Th1 and cytotoxic effector molecules (such as IL2, TNF, IFNG, LTA, LTB, 
GZMB, and GNLY) in the polarized Th1 clusters GZMB Th1 and IL2 Th1 (Figure 3F). This 

suggests that Th1 polarized HIV-1-specific cells have less robust cytotoxic T cell responses 

compared with CMV-specific CD4+ T cells. We found that the GZMB Th1 cells (mostly 
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CMV-specific CD4+ T cells) and the GZMB/H Th1 cells (mostly memory cells) were the 

most clonal cells both during viremia and after viral suppression (Figure 3G).

By identifying the TCR sequence of antigen-specific cells and tracking back to CD4+ T 

cells having the same TCR sequence in unstimulated conditions (T cell repertoire overlap), 

we identified the unstimulated states of antigen-specific CD4+ T cells. We found that 

GZMB/H cells during antigen stimulation, which were mainly memory cells not responding 

to CMV and HIV-1 antigen stimulation, were GZMB Th1 cells in the unstimulated condition 

(Figure 3H). CMV-specific cells, mainly GZMB Th1 cells during antigen stimulation, 

were also GZMB Th1 cells in the unstimulated condition (Figure 3I). These cells had 

the highest T cell clonality. This suggests that CMV-specific cells and a subset of memory 

cells (with unknown antigen specificity) are polarized as GZMB Th1 cells in large clones 

both in unstimulated and stimulated conditions. In contrast, few HIV-1-specific CD4+ T 

cells polarized as GZMB Th1 cells – HIV-1-specific CD4+ T cells were mainly Th17 and 

proliferating T cells in unstimulated conditions (Figure 3I) and were less clonal (Figure 2C). 

Our results suggests that different antigen stimulation triggers different T cell polarization 

and proliferation.

TNF responses and cytotoxic T cell responses shape the clonal expansion of HIV-1-
specific CD4+ T cells after viral suppression

We examined the genes of which the expression levels correlate with T cell clone size in 

the antigen-stimulated cells. We found that antigen responses, TNF signaling, and cytotoxic 

T cell responses determine T cell clone size (Figure 3J–3L, Figure S3J–S3O) as observed 

in the unstimulated condition (Figure 2D–2F). However, these responses varied depending 

on the antigen and the participant: (Figure 3J–3L). Overall, we found that while antigen 

stimulation remains the major determinant of T cell clone size, T cell clonal expansion 

of HIV-1-specific cells is significantly affected by TNF signaling and cytotoxic T cell 

responses, particularly after viral suppression.

Prolonged viremia decreases GZMB Th1 effector cells

Comparing HIV-1-specific immune responses in individuals having shorter duration of 

viremia (in the immediate ART cohort, receiving ART in 30.3 days on average) versus 

longer duration of viremia (in the deferred ART cohort, receiving ART in 197.3 days on 

average, Figure S1, Table S1) allows us to examine the impact of HIV-1 antigen stimulation 

on HIV-1-specific CD4+ T cells in vivo. Previous reports have shown that HIV-1-specific 

T cells display a different phenotype based on the time of ART initiation (Ndhlovu et al., 

2019). We found that in HIV-1-spcific CD4+ T cells, deferred ART decreased the proportion 

of GZMB/H Th1 cells (Figure S4C) and effector cells (Figure S4D). When we examined 

whether the gene expression profiles were different in each cluster between immediate 

versus deferred ART (Figure S4E–S4J), we found that in people receiving deferred ART, 

lymphotoxin Th1 cells had significantly lower levels of IFNG and GZMB expression 

(Figure S4G). Overall, prolonged viremia impairs HIV-1-specific CD4+ T cells function 

by decreasing GZMB effector cell proportion and Th1 effector function.
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HIV-1 RNA+ cells are heterogeneous

We next wanted to examine the differences between HIV-1 RNA+ cells and HIV-1 RNA− 

cells (Figure 4A). We mapped single-cell transcriptome reads to autologous HIV-1 proviral 

sequences and HXB2 reference. Mapping the transcriptome to autologous HIV-1 sequences 

increased mapping rate by approximately 20% and increased spliced HIV-1 RNA capture 

(Figure S5). Due to the 5’-biased RNA capture by ECCITE-seq, most HIV-1 RNA captured 

were near the 5’ LTR. We identified spliced HIV-1 RNA, mostly spliced from the major 

splice donor site. To guard against potential sequencing artifacts generated by index 

hopping, HIV-1 RNA+ cells were defined by the presence of HIV-1 RNA having at least 

2 UMIs (representing two unique reverse transcription events in the same single cell) or at 

least 4 reads of a single UMI. This threshold yielded no HIV-1 RNA+ cells in samples from 

uninfected individuals. In unstimulated and virally suppressed conditions, HIV-1 RNA+ cells 

indicated latency reversal in vivo. In the antigen-stimulated conditions, HIV-1 RNA+ cells 

indicated HIV-1 latency reversal ex vivo. Of note, we found that the normalized expression 

levels of HIV-1 RNA in viremic, suppressed, unstimulated, and stimulated conditions were 

not significantly different (Figure S5C–D), suggesting comparable levels of HIV-1 RNA 

transcriptional burst during in vivo and ex vivo latency reversal. Of note, HIV-1-infected 

cells that remained latent or had transcriptional defects might not be captured because of the 

lack of detectable HIV-1 RNA expression.

In the unstimulated samples, we identified 90 HIV-1 RNA+ cells, including 81 from 

the viremic time point and 9 from the suppressed time point (Figure 4B). In the antigen-

stimulated conditions, we identified 177 HIV-1 RNA+ cells, including 134 during viremia 

and 43 during suppression (Figure 4C). Among them, 21 were CMV-specific cells, 28 

were HIV-1-specific cells, and 128 were memory cells (Figure 4D). The majority of HIV-1 

RNA+ cells resided in memory cells, likely because more memory cells were profiled than 

antigen-specific cells. These memory cells would likely respond to antigens other than CMV 

and HIV-1. Despite transcriptome and clonal expansion differences in CMV-specific and 

HIV-1-specific cells, there was no enrichment or proportional differences of HIV-1-RNA+ 

cells in CMV-specific or HIV-1-specific cells (Wilcoxon rank-sum test).

When we examined the distribution of HIV-1 RNA+ cells in memory cell subsets, we found 

that HIV-1 RNA+ cells were enriched in effector memory in unstimulated viremic (P < 2.2 

x 10−16, Fisher’s exact test) conditions Figure 4E) but not in stimulated conditions (Figure 

4F), generally consistent with previous studies of HIV-1 enrichment in effector memory 

cells (Cole et al., 2021; Duette et al., 2022; Hiener et al., 2017). When we examined the 

distribution of HIV-1 RNA+ cells in transcriptome defined clusters, HI V-1 RNA+ cells 

were identified from 9 out 10 different clusters in the unstimulated condition, highlighting 

the heterogeneity of HIV-1 RNA+ cells in vivo. By comparing the proportion of HIV-1 

RNA+ cells and HIV-1 RNA− cells in these clusters, we found that there was enrichment 

of HIV-1 RNA+ cells during viremia in GZMK Th1 (P = 0.049) and proliferating cells 

(P = 0.00000001) and dis-enrichment of HIV-1 RNA+ cells in naive cells (P = 0.00006) 

and non-polarized memory cells (P = 0.02) in the unstimulated condition (Figure 4G). In 

antigen-stimulated conditions, HIV-1 RNA+ cells were identified from 14 out of 15 different 

clusters. We found that there was no enrichment of HIV-1 RNA+ cells in specific clusters 
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and there was dis-enrichment of HIV-1 RNA+ cells in non-polarized IFN (P = 0.009) and 

memory-1 (P = 0.0001) clusters (Figure 4H). Due to their limited number, we avoided 

statistical analysis of HIV-1 RNA+ cells during viral suppression. Overall, we found that 

HIV-1 RNA+ cells were heterogeneous.

Antigen, IFN, and cytotoxic T cell response shapes the transcriptional landscape of HIV-1 
RNA+ cells during viremia

We compared the transcriptional landscape of HIV-1 RNA+ cells versus HIV-1 RNA− cells 

only during viremia, as the 9 cells captured during viral suppression were too few for robust 

analysis. We found that HIV-1 RNA+ cells upregulated cytotoxicity genes (GZMK, GZMA, 
PRF1, CEP78, CCL5), MHC II genes (HLA-DRB1, HLA-DPB1, CD74), and exhaustion 

markers (PDCD1, TIGIT, LAG3, CTLA4)(Figure 4I, Table S3). These genes were enriched 

in antigen presentation and IFNγ responses (Figure 4J), reflecting antiviral responses during 

viremia.

To compare the transcriptional landscape of HIV-1 RNA+ cells versus HIV-1 RNA− cells 

across different conditions we ranked genes using expression fold change and conducted 

gene set enrichment analysis (GSEA) on predefined gene expression signatures. First, when 

we compared HIV-1 RNA+ cells versus HIV-1 RNA− cells in unstimulated conditions during 

viremia, we found that HIV-1 RNA+ cells upregulated IFNα response (Figure 4K) and 

viral infection response genes (Figure 4L) (P < 0.05), reflecting innate immune responses 

to acute viral infections. When we compared CMV-specific cells versus HIV-1-specific 

cells during viremia, we found that CMV-specific cells upregulated cytokine and cytokine 

receptor genes, both in HIV-1 RNA+ cells (Figure 4M) and HIV-1 RNA− cells (Figure 4N). 

This suggests that CMV-specific cells have more robust cytokine responses upon antigen 

stimulation compared with HIV-1-specific cells.

GZMB Th1 cells express genes encoding anti-apoptotic protein Bcl-xL and cytotoxic CD8+ 

T cell resistant gene Serpin B9

We wanted to understand why HIV-1 RNA+ cells survived despite HIV-1 expression and 

antigen stimulation. We examined the expression levels of Bcl-2 family proteins (Ren et 

al., 2020), particularly the anti-apoptotic BCL2 (encoding Bcl-2), BCL2L1 (encoding Bcl-

xL), and BCL2A1 (an NF-κB target gene upregulated by TNF that promotes cell survival 

(Vogler, 2012)). In unstimulated CD4+ T cells, we found that BCL2 expression was not 

significantly different between CD4+ T cells from viremic, suppressed, and uninfected 

individuals (Figure 4O). When we examined HIV-1 RNA+ cells in the unstimulated 

condition, BCL2L1 (Bcl-xL) expression in Th1 polarized clusters (GZMB Th1, Th2, 

Th17, and proliferating cells) trended higher in HIV-1 RNA+ cells than in HIV-1 RNA− 

cells, although this did not reach statistical significance (Figure 4O, Wilcoxon rank-sum 

test). Upon antigen stimulation, antigen responding cells expressed BCL2, BCL2L1, and 

BCL2A1 in Th1 polarized clusters (GZMB Th1, IL2 Th1, and Lymphotoxin Th1)(Figure 

4P). When we examined HIV-1 RNA+ cells in the stimulated condition, BCL2L1 and 

BCL2A1 expression was comparable with that in HIV-1 RNA− cells.
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In addition to Bcl2-family genes, we examined SERPINB9 gene expression. Granzyme 

secreting immune effectors such as cytotoxic CD8+ T cells and natural killer cells express 

serpin protease inhibitor 9 (Serpin B9) to protect themselves from self-inflicted granule-

mediated apoptosis (Bird et al., 1998; Stout-Delgado et al., 2007; Zhang et al., 2006). We 

reasoned that Serpin B9 expression in cytotoxic CD4+ T cells, while protecting themselves 

from their own granzyme B-mediated killing, can also make HIV-1-infected cells resistant 

to cytotoxic CD8+ T cell killing (proposed by R. Brad Jones in personal communications). 

We found that SERPINB9 expression was higher in HIV-1 RNA+ GZMB Th1 cells in the 

unstimulated condition, although this trend did not reach statistical significance (Figure 4O). 

We also found SERPINB9 expression in GZMB Th1 cells was higher in CMV-specific 

cells and HIV-1-specific cells than memory cells, but this trend did not reach statistical 

significance (Figure 4P). Our finding suggests a reason why HIV-1 RNA+ cells may resist 

cytotoxic CD8+ T cell killing by residing in cytotoxic CD4+ T cells which naturally resist 

granzyme B-mediated killing through Serpin B9 expression. Given the low number of cells 

examined, further studies involving more single cell analyses and in vitro testing are still 

required.

The majority of HIV-1 RNA+ T cell clones are GZMB effector memory Th1 cells with 
unknown antigen specificity but robust antigen responses

We next examined the immune phenotype of T cell clones harboring HIV-1 RNA+ cells 

(termed HIV-1 RNA+ T cell clones) versus T cell clones not harboring HIV-1 RNA+ cells 

(termed HIV-1 RNA− T cell clones). Of note, in a HIV-1 RNA+ T cell clone, only a subset 

of cells are HIV-1 infected, while the remaining are uninfected. These are T cells responding 

to the same antigen (having the same TCR sequence), with one or a few of these T cells 

within the clone having detectable HIV-1 RNA+. Unlike the heterogeneity of HIV-1 RNA+ T 

cells, HIV-1 RNA+ T cell clones were enriched in specific clusters, mainly GZMB Th1 cells 

in unstimulated samples (Figure 5B) and in GZMB/H Th1 cells in the antigen-stimulated 

condition (Figure 5C). When we examined the antigen specificity of the largest 100 T cell 

clones in each individual, we found that CMV-specific and HIV-specific T cell clones are 

frequently captured in these 100 largest clones (Figure 5D). We found that significantly 

more HIV-1 RNA+ T cell clones are memory T cells that did not respond to CMV and 

HIV-1 antigen stimulation (Fisher’s exact test, P<0.001, both viremia and viral suppression), 

and there was no enrichment of HIV-1 RNA+ T cell clones in CMV or HIV-1-specific cells 

(Figure 5E). When we examined the memory cell phenotype, we found that more HIV-1 

RNA+ T cell clones were in enriched in effector memory cells relative to HIV-1 RNA− T 

cell clones in unstimulated (P<0.001, both viremia and viral suppression) but not stimulated 

conditions (Figure 5F–5G). When we examined the transcriptome-defined cell clusters, we 

found that cells in HIV-1 RNA+ T cell clones were enriched in the GZMB Th1 cluster in 

unstimulated conditions (Figure 5H, P<0.001, both viremia and viral suppression) and the 

GZMB/H Th1 cluster in stimulated conditions (Figure 5I, P<0.001, both viremia and viral 

suppression). We found that within single T cell clones, there were limited transcriptional, 

cluster, or memory phenotype differences between viremia and after viral suppression (Table 

S4, Figure S6A–F). Our results indicate that HIV-1 takes the advantage of the immune 

system by infecting and persisting in GZMB+ effector memory T cell clones that are 

hardwired with strong antigen responses and robust clonal expansion capacity.
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HIV-1 RNA+ T cell clones are larger in clone size, stable, and persist over time, mainly 
GZMB+ Th1

We examined the T cell clone size and clonal expansion dynamics of HIV-1 RNA+ T 

cell clones over time, during viremia and after viral suppression. We found that HIV-1 

RNA+ T cell clones were significantly larger in clone size than HIV-1 RNA− T cell clones 

both during viremia and after viral suppression, in unstimulated CD4+ T cells (Figure 

6A) and after antigen stimulation in CMV-specific cells (Figure 6B), HIV-1-specific cells 

(Figure 6C), and memory cells (Figure 6D). The enrichment of HIV-1 in larger T cell 

clones may be because larger T cell clones are more likely to be infected or detected by 

chance. To test this possibility, we conducted a permutation-based approach. We found 

that in HIV-1 and CMV-specific T cell clones, both during viremia and viral suppression 

(Figure S6G–N), the permutation test did not reach statistical significance. This result 

suggests that HIV-1-specific or CMV-specific T cell clones were larger in size and therefore 

more likely to harbor HIV-1 RNA+ cells by chance. After viral suppression, these large 

HIV-1-specific or CMV-specific T cell clones were maintained at larger clone size due 

to chronic antigen stimulation or robust proliferation. In contrast, in memory cells and in 

unstimulated conditions, HIV-1 RNA+ T cell clones were larger than HIV-1 RNA− T cell 

clones (significantly larger than all 10,000 permutations, Wilcoxon rank-sum test). This 

result suggests that HIV-1 RNA+ T cell clones (with unknown antigen specificity) have 

preferential survival or proliferation over HIV-1 RNA− T cell clones.

We next examined T cell clonal expansion dynamics by measuring the fold change of T 

cell clone size between viremia and viral suppression. We found that the majority of HIV-1 

RNA+ T cell clones remained at the same clone size between viremia and viral suppression, 

particularly HIV-1-specific cells and CMV-specific cells (Figure 6E). HIV-1 RNA− T cell 

clones had a greater diversity of fold changes in T cell clone size (Figure 6E). To measure T 

cell clone persistence, we counted T cell clones that were captured both during viremia and 

after viral suppression versus those that were captured at only one timepoint. We found that 

HIV-1 RNA+ clones were more persistent in both unstimulated and stimulated conditions in 

CMV-specific cells, HIV-1-specific cells, and memory cells (Figure 6F). When we examined 

the immune phenotype of T cell clones that persisted over time, we found that they were 

GZMB Th1 cells in the unstimulated condition (Figure 6G, 6H) and GZMB/H Th1 cells in 

the antigen stimulated condition (Figure 6I, 6J). Overall, we found that HIV-1 RNA+ T cell 

clones are larger in clone size, stable, and persistent over time.

HIV-1 RNA+ T cell clones upregulate cytotoxic T cell genes

We next wanted to identify transcriptional differences between HIV-1 RNA+ versus HIV-1 

RNA− T cell clones. Using GSEA, we found that HIV-1 RNA+ T cell clones upregulated 

cytotoxic T cell genes (such as GZMB, GZMH, GZMA, PFN1, CCL5, CST7, NKG7) and 

IL2RG (Figure 7A, 7B). To identify predictors that can differentiate HIV-1 RNA+ T cell 

clones from HIV-1 RNA− T cell clones, we used the machine learning tool single-cell 

identity definition using random forests and recursive feature elimination (scRFE) to identify 

a subset of genes that were necessary and sufficient to differentiate HIV-1 RNA+ from HIV-1 

RNA− T cell clones. We completed scRFE with 10,000 replicates and selected the top 200 

genes which maximized model specificity and sensitivity (Figure S7A–C, Table S4). These 
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200 genes included both differentially expressed genes and nondifferentially expressed 

genes, highlighting this model’s ability to identify key genes that define populations beyond 

simple differential gene expression (Figure 7C). Upregulated genes identified by scRFE 

were enriched for pathways related to IFN responses, viral infection, IL12 signaling, and T 

cell signaling (Figure 7D).

A significantly higher proportion of HIV-1 p24 effector memory CD4+ T cells are granzyme 
B positive

To validate our findings, we tested whether granzyme B+ effector memory cells were 

enriched for HIV-1-infected cells. Using flow cytometry, we examined granzyme B 

protein expression in HIV-1-infected cells that expressed p24 protein upon PMA/ionomycin 

activation (Figure 7E, Figure S7C). We first used CD4+ T cells from the Sabes cohort 

during viremia and after viral suppression. We found that in effector memory cells, HIV-1 

p24+ cells are granzyme B+ particularly during viral suppression (Figure 7F). CTLA4, a 

cellular marker known to enrich for HIV-1 RNA+ cells (Figure 4I)(McGary et al., 2017), was 

enriched in HIV-1 p24+ cells in the Sabes cohort, both during viremia and viral suppression 

(Figure 7G). We examined other Th1 effector proteins such as IFNγ and TNF expression to 

examine whether HIV-1 p24+ cells were simply enriched in polarized Th1 cells. We found 

that IFNγ and TNF expressing cells were not enriched in HIV-1 p24+ cells (Figure 7H, 7I).

To examine whether the enrichment of HIV-1 p24+ cells in granzyme B+ population is 

generalizable to other infected individuals, we recruited study participants from a separate 

cohort from the Wistar Institute. Study participants recruited at the Wistar cohort had a 

longer duration of undetectable viral load (mean 75 months in the Wistar cohort versus 8 

months in the Sabes cohort, P = 0.006, two-tailed Student’s t-test), different ages (mean 

44.1 years versus 24.5 years, P = 0.0004), different ethnicity (non-Hispanic versus Hispanic) 

from different geographic locations (Philadelphia versus Lima). We found that granzyme B+ 

effector memory T cells were enriched in HIV-1 p24+ cells compared with HIV-1 p24− cells 

(Figure 7J), while CTLA4, IFNγ, and TNF expression were not significantly enriched in 

HIV-1 p24+ cells (Figure 7K, 7L, 7M). Overall, we found that GZMB+ cytotoxic effector 

memory CD4+ T cells were enriched for inducible HIV-1-infected cells.

Discussion

HIV-1 persists in proliferating CD4+ T cells despite suppressive ART. To reach a cure, 

key questions need to be answered: which cell subsets harbor HIV-1, what drives the 

proliferation and persistence of HIV-1-infected cells, and how do HIV-1-infected cells 

resist cell death despite HIV-1 reactivation? By combining single-cell profiling methods, 

bioinformatic analysis, and machine learning algorithms on longitudinally collected blood 

samples from the prospective Sabes study, we tracked HIV-1 RNA+ T cell clones from 

viremia to viral suppression. We found that antigen response and TNF response persisted 

despite suppressive ART, indicating ongoing antigen stimulation from existing HIV-1-

infected cells and other co-infections as a cause of chronic immune activation. Antigen, 

TNF, and cytotoxic T cell responses determined T cell clone size. By comparing cells 

sharing the same TCR between unstimulated conditions and after antigen stimulation, we 
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found that CMV-specific cells were primed as GZMB Th1 in unstimulated conditions, while 

HIV-1-specific cells were primed as Th17 and proliferating cells in unstimulated conditions. 

We identified HIV-1 RNA+ cells without ex vivo stimulation and found that HIV-1 RNA+ 

cells were heterogeneous, that no single marker could exclusively distinguish HIV-1 RNA+ 

cells from HIV-1 RNA− cells. By tracking T cell clonal expansion dynamics – namely T 

cell clone size, stability, persistence, and transcriptional phenotype – both in unstimulated 

conditions (reflecting the in vivo status of the cells) and after CMV and HIV-1 antigen 

stimulation (reflecting antigen responses), we found that HIV-1 RNA+ T cell clones had 

unique signatures as cytotoxic effector memory CD4+ T cells expressing granzyme B). 

Using machine learning algorithms, we identified key genes that could distinguish HIV-1 

RNA+ T cell clones from HIV-1 RNA− T cell clones. By testing our transcriptome-based 

findings with protein-based validations using flow cytometry, both from the Sabes study and 

an independent Wistar cohort, we validated our result and confirmed that HIV-1-infected 

cells resided in granzyme B+ Th1 effector memory CD4+ T cells after suppressive ART. It is 

plausible that these cells resist cell death by Bcl-2 family gene expression and are shielded 

from cytotoxic CD8+ T cell killing because of Serpin B9 expression, but further studies are 

needed to test this possibility. Our study indicates that HIV-1 persists by residing in cells 

having robust antigen responses, proliferation potential, and long-term clonal stability. The 

maintenance of these HIV-1 RNA+ T cell clones can be further fueled by HIV-1-induced 

chronic immune activation through TNF signaling.

The dose and duration of antigen stimulation determines the activation, proliferation 

capacity, and fate of T cells (Iezzi et al., 1998). We found that CMV-specific cells 

were highly polarized GZMB+ cytotoxic CD4+ T cells while HIV-1-specific cells, likely 

responding to heterogeneous HIV-1 antigen stimulation, were polarized into different 

effector phenotypes but were not able to polarize into GZMB+ cytotoxic T cells. Further, 

different memory T cells may have different proliferation rate: the estimated proliferation 

rate is highest in effector memory CD4+ T cells (0.042/day), followed by central memory 

CD4+ T cells (0.01/day) and naïve CD4+ T cells (0.004/day)(Macallan et al., 2019). Our 

finding suggests that by residing in T cells that have robust proliferative capacity, such as 

cytotoxic effector memory CD4+ T cells, the clonally expanding HIV-1-infected cells can 

be maintained by chronic antigen stimulation. Although CMV-specific and HIV-1-specific 

CD4+ T cells only account for a small proportion of antigen-specific cells, eliminating 

immune drivers of clonal expansion, such as by controlling CMV infection (Hunt et al., 

2011), inhibiting HIV-1 expression (Yeh et al., 2020), and reducing TNF-induced chronic 

immune activation, may halt the clonal expansion of HIV-1-infected cells and accelerate 

HIV-1 eradication.

Limitations of the study

A major limitation of this study is that this method does not capture HIV-1 latently infected 

cells that do not express HIV-1 RNA. Methods that can capture HIV-1 DNA, HIV-1 RNA, 

and cellular transcriptome within the same cell are needed to examine the immune profile 

of the transcriptionally silent latently infected cells, which can potentially be achieved by 

advanced technologies. Still, recent studies have demonstrated that up to 30% of the HIV-1-

infected cells actively express HIV-1 RNA and persist over time despite ART (Einkauf et al., 
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2022). The result highlights the importance of understanding both transcriptionally active 

and latent HIV-1-infected cells.

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact Ya-Chi Ho (ya-chi.ho@yale.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Single-cell RNA-seq, and bulk TCR sequencing data have 

been deposited at GEO and are publicly available. Accession numbers are listed in the key 

resources table. All original code has been deposited at Github and is publicly available. 

DOIs are listed in the key resources table. Any additional information required to reanalyze 

the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study participants—The demographics of the study participants are listed in Table S1. 

The Sabes and MERLIN studies were reviewed and approved by the Institutional Review 

Board (IRB) at the Fred Hutchinson Cancer Research Center and the non-government 

organization Asociación Civil Impacta Salud y Educación, Lima, Perú (Impacta) as well as 

by the ethics committee of Impacta and the Peruvian National Institute of Health. Specimen 

collection from Yale University and Wistar Institute was reviewed and approved by the 

IRB at Yale University and Wistar Institute, respectively. All participants provided written 

informed consent, including consent for storage and future use of specimens.

For paired blood samples during viremia and after viral suppression, participants were 

recruited under the Sabes study protocol and viably frozen peripheral blood mononuclear 

cells (PBMC) were obtained under the MERLIN study protocol (Lama et al., 2018; Lama 

et al., 2020). Briefly, uninfected study participants were prospectively tested monthly by 

third-generation HIV-1 antibody immunoassays. Seronegative samples were tested for HIV-1 

RNA with pooled nucleic acid amplification (NAAT) tests. Participants with incident HIV-1 

infection were rapidly linked to the next phase of the study. After specimen collection 

during viremia (viremic samples with a documented viral load), participants were randomly 

assigned to immediate and deferred ART initiation arms. In the immediate ART arm, 

participants initiated ART (either EFV/FTC/TDF or EGV/COBI/FTC/TDF) at the baseline 

visit (<2 months of estimated date of infection (Lama et al., 2020)). In the deferred ART 

arm, participants initiated ART 24 weeks after the baseline visit (6–8 months after estimated 

date of infection). After one year of suppressive ART (documented by a plasma viral load 

<200 copies/mL at 6 months prior to blood sampling), the virally suppressed specimens 

were taken. We obtained blood samples from 3 individuals from the immediate ART arm 

and three individuals from the deferred ART arm to ensure our results are generalizable to 

different treatment conditions.
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For uninfected controls, two sex-matched HIV-1-uninfected individuals were recruited at 

Yale University. For flow cytometry validation studies, eight sex-matched HIV-1-infected 

individuals under long-term suppressive ART (mean 75 months, range 41–182 months) were 

recruited at Wistar institute.

METHOD DETAILS

Isolation of unstimulated and antigen-specific CD4+ T cells—For unstimulated 

CD4+ T cells, aliquots of 20 million PBMCs were thawed. Dead cells were removed by 

magnetic depletion (STEMCELL Technologies). CD4+ T cells were purified with magnetic 

negative selection (Miltenyi Biotec) and stained with Total-Seq C antibodies (BioLegend). 

Antigen-specific CD4+ T cells were isolated from cryopreserved PBMC following activation 

induced marker (AIM) protocols previously described (Morou et al., 2019). CD8+ T cells 

were depleted (using CD8 Dynabeads, Thermo Fisher) to prevent CD8 killing of HIV-1-

infected CD4+ T cells during activation. CD8-depleted PBMCs were aliquoted as 15 million 

cells per well in 24-well plates in RPMI media supplemented with 10% human serum 

(Sigma-Aldrich). Cells were rested at 37 °C incubator for 3h. 15 min before stimulation, 

0.5 μg/ml CD40 antibody (Miltenyi Biotec) was added to reduce CD40L internalization. 

Cells were stimulated with an overlapping peptide pool corresponding to HIV-1 group 

B Gag, Pol, Env, and Nef (1 μg/ml per peptide, NIH HIV Reagent Program) for HIV-1 

antigen stimulation. For CMV antigen stimulation, cells were stimulated with CMV lysate 

(1 μg/ml, ZeptoMetrix) and an overlapping peptide pool corresponding to HCMV pp65 

(1 μg/ml per peptide, NIH HIV Reagent Program). 10 μM enfuvirtide (T20) was added 

to each well to prevent new infection events in vitro. For each assay, aliquots of PBMC 

were stimulated with DMSO as a negative control and with Staphylococcal enterotoxin 

type B (SEB) toxin (1 μg/ml, List Biological Laboratories) as a positive control. After 9 

h stimulation, cells were stained for viability using LIVE/DEAD Fixable Aqua Dead Cell 

Stain Kit (Thermo Fisher) and a panel of antibodies against CD8 (BV510, BioLegend, clone 

SK1), CD14 (BV510, BioLegend, clone M5E2), CD19 (BV510, BioLegend, clone HIB19), 

CD56 (BV510, BioLegend, clone NCAM), CD3 (BV421, BioLegend, clone SK7), CD69 

(BV650, BioLegend, clone FN50), CD154 (PE, BioLegend, clone 24-31), and CD45RO 

(APC/Fire750, BioLegend, clone UCHL1) in Brilliant Stain Buffer (BD Biosciences). CD69 

and CD154 double positive CD4+ T cells were sorted by flow cytometry as antigen-specific 

cells. CD69 and CD154 double negative, CD45RO positive cells were sorted as memory 

CD4+ T cells that did not respond to HIV-1 or CMV antigen stimulations. All cells were 

sorted on a BD FACSAria Flow Cytometer (BD Biosciences) into tubes containing RPMI 

media with 20% fetal bovine serum, 25 mM HEPES, 50 U/ml penicillin, and 50 μg/ml 

streptomycin (Thermo Fisher). Sorted cells were pelleted and stained with Total-Seq C 

antibodies (BioLegend).

DNA-barcoded surface protein staining—CD4+ T cells from four participants (236, 

829, 739, and 799) in unstimulated conditions and all participants in the antigen stimulated 

conditions were stained with a full panel of 24 surface protein markers [IL7RA (clone 

A019D5), CCR7 (clone G043H7), CD25 (clone BC96), CD27 (clone O323), CD3 (clone 

UCHT1), CD4 (clone RPA-T4), CD8 (clone RPA-T8), CD45RA (clone HI100), CD45RO 

(clone UCHL1), CD62L (clone DREG-56), CD69 (clone FN50), HLA-DR clone (L243), 
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CD47 (clone CC2C6), CCR5 (clone J418F1), CXCR3 (clone G025H7), CCR6 (clone 

G034E3), CCR4 (clone L291H4), CXCR5 (clone J252D4), CD40L (clone 24-31), 4-1BB 

(clone 4B4-1), OX40 (clone ACT35), PD-1 (clone EH12.2H7), CTLA-4 (clone BNI3), 

and TIGIT (clone A15153G)] and three isotype control staining antibodies [mouse IgG1 

(clone MOPC-21), mouse IgG2a (clone MOPC-173), and mouse IgG2b (clone MPC-11)]. 

CD4+ T cells from antigen stimulated conditions were additionally stained with anti-human 

Hashtag antibodies (BioLegend Total-seq C) for sample pooling. CD4+ T cells from four 

individuals (M2, M3, 640, and 910) in the unstimulated condition were stained with a 

panel of 13 antibodies [IL7RA (clone A019D5), CCR7 (clone G043H7), CD25 (clone 

BC96), CD27 (clone O323), CD3 (clone UCHT1), CD4 (clone RPA-T4), CD45RA (clone 

HI100), CD45RO (clone UCHL1), CD62L (clone DREG-56), CD69 (clone FN50), HLA-

DR (clone L243), PD-1 (clone EH12.2H7), and TIGIT (clone A15153G)] and the same 

three isotype control staining antibodies [mouse IgG1 (clone MOPC-21), mouse IgG2a 

(clone MOPC-173), and mouse IgG2b (clone MPC-11)].

ECCITE-seq library preparation and sequencing—Cells were loaded into the 10x 

Genomics Chromium Controller with a target capture of 10,000 single cells per sample. 

Library preparation for the single cell immune profiling with feature barcoding were 

performed according to manufacturer instructions (10x document CG000186 Rev D). 

Briefly, polyadenylated mRNA was reverse transcribed using poly(dT) primers and captured 

by template switch oligos. DNA barcodes on the surface protein staining and hashing 

antibodies were captured by annealing the reverse complement template switch oligo to 

the template switch oligo. After cDNA amplification, high molecular weight DNA was 

isolated for separate T cell receptor (TCR) and transcriptome library preparation, while 

low molecular weight DNA was used for surface antibody barcode library preparation. 

Libraries were then sequenced on either HiSeq 4000 or NovaSeq 6000 in appropriate read 

configurations.

Bulk T cell receptor library preparation and sequencing—Total RNA from 

aliquots of ~2 million CD4+ T cells were used to capture a broader CD4+ TCR 

repertoire using NEBNext Immune Sequencing Kit (New England Biolabs) according 

to manufacturer’s instruction. Briefly, RNA underwent reverse transcription using a UMI-

labeled oligonucleotide. cDNA was universally amplified and then enriched for TCRβ chain 

by targeted amplification. Resulting libraries were sequenced on a MiSeq in 2x300 bp read 

mode.

Autologous HIV-1 sequencing—RNA transcripts from ECCITE-seq were mapped to 

HIV-1 genome. To increase mapping efficiency, autologous HIV-1 RNA sequences were 

used for mapping in addition to the HXB2 reference sequence. Autologous HIV-1 sequences 

from study participants were identified from the supernatant of p24 positive viral outgrowth 

culture wells and from near-full length limiting-dilution PCR from DNA of CD4+ T cells 

(Ho et al., 2013). Sequences from both methods were assembled into contigs and aligned to 

HXB2 using CodonCode (version 7). Gaps were filled with HXB2 sequence.
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Flow cytometric validation—Aliquots of 100 million (Sabes samples) or 200 million 

(Wistar samples) cryopreserved PBMC were thawed. CD4+ T cells were isolated by negative 

selection (Miltenyi Biotec). Cells were cultured for 24 h in 1 μg/mL PMA, 1 μM lonomycin, 

30 U/mL IL-2 2, 3 μg/mL brefeldin A, and 2 μM monensin. 10 μM enfuvirtide (T20) 

was added to each well to prevent new infection events in vitro. Cells were then stained 

with viability dye (LIVE/DEAD Fixable Near-IR Dead cell stain kit, Thermo Fisher) 

and surface protein antibodies [CD45RA (BUV737, BD Biosciences, clone HI100), CCR7 

(BUV395, BD Biosciences, clone 3D12), CTLA4 (PEDazzel594, BioLegend, clone L3D10] 

for 30 minutes at 4 °C in 1 mL with Brilliant Stain Buffer Plus (BD Biosciences). Cells 

were washed twice with wash media and fixed in 1 mL of Foxp3 Transcription Factor 

Staining Buffer Set (Thermo Fisher) for 45 minutes at room temperature according to 

manufacturer instructions. Cells were washed twice with permeabilization buffer and then 

stained with intracellular protein antibodies [IFNγ (BV711, BD Biosciences, clone 4S.B3), 

TNF (BV605, BioLegend, clone Mab11), p24 (PE, Beckman Coulter, clone KC57), p24 

(APC, Medimabs, clone 28B7), granzyme B (AF700, BD Biosciences, GB11)] for 45 

minutes at room temperature. Cells were washed twice with permeabilization buffer and 

resuspended in wash media for analysis using BD FACSAria. Flow cytometry results were 

analyzed using FlowJo (BD Biosciences, version 10.8.0).

Single-cell multi-omic analysis

Sequence alignment: Reads from gene expression and surface protein antibody barcode 

were aligned using cellranger count (10x Genomics, version 3.0.2). Reads from TCR 

sequencing were assembled and aligned using cellranger vdj (10x Genomics, version 3.1). 

Unfiltered count matrices and TCR assignments were output for downstream analysis.

Doublet discrimination: TCR sequences were used first to identify doublets as defined 

by >3 productive TCR chain contigs assigned to a single cell barcode. Cells identified as 

doublets were removed from count matrices.

Quality control: To prevent downstream identification of T cell variable gene fragments 

were removed from consideration for variable genes. Count matrices were then used to 

initialize Seurat Objects (Stuart et al., 2019), with TCR data added as metadata. Cells were 

filtered to remove cells with greater than 10% mitochondrial gene expression or fewer than 

500 genes.

Hashing antibody demultiplexing: To separate individual samples from pooled antigen 

specific single cell libraries, we utilized the Seurat function HTODemux on each individual 

library. Hashing antibody-defined doublets and barcodes without hashing assignment were 

discarded.

Batch effect correction by integration: Following this rough filtering, for unstimulated 

data two rounds of integration were performed. In the first integration step, each sample was 

normalized using SCTransform and integrated using fastMNN (Haghverdi et al., 2018). We 

chose fastMNN (as opposed to reciprocal principal component analysis in Seurat3 (Stuart et 

al., 2019) or Harmony (Korsunsky et al., 2019)) because this integration method preserves 
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the biological differences between sorted CD69+CD154+ cells versus CD69−CD154−cells 

without over integration. Twenty nearest neighbors in the mutual nearest neighbor space 

were identified and used to generate clusters with a resolution parameter of 0.4. Uniform 

Manifold Approximation and Projection (UMAP) was used to visualize cells in a low 

dimensional space (version 3)(McInnes and Melville, 2018). Clusters without >50% CD3 

barcoded surface antibody staining were discarded as non-T cells. Clusters with expression 

of CD8A, KLRC1, or KLRC3 in more than 20% of cells were discarded as CD8+ T cells 

or NKT cells. In the second integration step, the remaining cells were reintegrated using the 

same workflow without contaminating cells. Since the stimulated data was generated from 

sorted CD4+ T cell populations, only a single round of integration was required with the 

same parameters as above.

Surface protein expression analysis: Similar to flow cytometry-based antibody staining 

and measurement of surface protein expression, cells having higher normalized read counts 

of barcoded surface antibody staining, as measured by >90th percentile of the expression 

level of isotype barcoded antibody controls, were defined as positive for the respective 

surface protein expression.

Cell type identification: Following cluster identification in the mutual nearest neighbor 

space with a resolution parameter of 0.4, the single-cell transcriptional landscape was 

plotted by UMAP (Mclnnes and MeIville, 2018). Genes having >0.25 log2 fold change 

difference were used in conjunction with protein expression to annotate the CD4+ T cell 

immune phenotype of individual clusters. By examining the expression level of two surface 

protein expression in the same single cell, memory cell phenotype can be defined as naive 

(CD45RA+, CCR7+), central memory (CD45RA−, CCR7+), effector memory (CD45RA−, 

CCR7−), and effector (CD45RA+, CCR7−) CD4+ T cells.

HIV-1 RNA+ cell identification: Transcriptome reads were aligned to a compendium of 

autologous viruses using STAR (version 2.5.3)(Dobin et al., 2012). STAR was run in two 

passes, first to identify and annotate splice sites in the input HIV-1 genomes, and second to 

realign to the annotated genomes. No multiple mapping reads were discarded at this stage. 

Barcodes and UMIs were extracted from the associated reads and filtered in an R script to 

identify HIV-1 RNA+ cells. To guard against artifacts generated by potential index hopping, 

cells with a minimum of 2 HIV-1-related UMI or 4 reads of a single UMI were considered 

positive.

Gene expression module analysis and scoring: Gene expression modules were identified 

as previously described (Kazer et al., 2020). Briefly, objects were subset by cell types of 

interest, the first 3–10 principal components were used to identify the 50 most significant 

genes positively and negatively associated with those components (Kazer et al., 2020). 

The expression matrix of those identified genes was used as input for weighted correlation 

network analysis (WGCNA, version 1.70-3)(Langfelder and Horvath, 2008). A soft power 

was selected per author’s recommendations where possible and reduced if fewer than 

3 modules of a minimum size 10 were identified. Module significance was determined 

by bootstrapped sampling as previously described (Kazer et al., 2020) Modules were 
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clustered using the R function hclust to merge similar modules with a cutoff of 2.2. 

Modules were scored as previously described (Tirosh et al., 2016) using the Seurat function 

AddModuleScore. Differences between groups were identified using Wilcoxon rank-sum 

test.

T cell clone analysis: Reads from bulk TCR sequencing were trimmed, merged, and 

assembled into consensus contigs based on UMI using pRESTO (version 0.6.1)(Vander 

Heiden et al., 2014). Resulting contigs were aligned to a database of IGMT TCR 

segment genes and annotated by ChangeO (version 1.0.0)(Gupta et al., 2015). TCRs were 

then filtered for productive contigs. Clones were defined based on the complementarity-

determining region 3 (CDR3) nucleotide junction on TCRβ by individual. Bulk frequencies 

were quantified, normalized to the total captured TCRs, and used to annotate the size of 

single TCR clones. TCRs captured by 10x Genomics TCR sequencing in single cells but 

not in bulk sequencing were set to singleton frequency for each individual. Cells with >1 

captured TCR from the same individuals at any time point were defined as clonal (from 

595,014 unique TCRs 115,478 clones were identified in bulk. 15,004, 1,152, 1,394, and 

9,285 of those clones had single cell RNA-seq derived transcriptomes in unstimulated, 

CMV-specific, HIV-1-specific, and sorted memory conditions respectively). Each clone was 

tested for significant changes between time points using Fisher’s exact test comparing 

viremia and suppression. Clones with at least one cell that was HIV-1 RNA+ were 

considered as HIV-1 RNA+ T cell clone.

Permutation testing of observed HIV-1 RNA+ clone size relative to overall 
clone size distribution.—To determine if the observed increased HIV-1 RNA+ clone 

size was due to the increased chance of observing an HIV-1 RNA+ cell in a large clone as 

opposed to an increased size intrinsic to HIV-1 RNA+ clones we implemented a permutation 

test. First, we determined the number of HIV-1 RNA+ cells in clones detected in a given 

group “HIV N”. We then subset all our observed cells to exclusively cells in clones (the 

same TCR sequence detected twice) “clonal pool”. We then randomly sampled “HIV N” 

cells from the “clonal pool” without replacement. Cells in both the HIV group and the 

sampled cells were collapsed into independent clones so that no clone frequency was 

counted multiple times. Finally, this subset of sampled clone frequency was compared to the 

observed HIV-1 RNA+ clone sizes using a one-tailed Wilcoxon Rank-sum to determine 

if HIV-1 RNA+ clones were larger than the sampled clone sizes. This procedure was 

completed 10,000 times for each comparison. We considered a given relationship significant 

if greater than 95% of permutation comparisons were significant.

Elastic net clonal regression—To identify gene expression profile that correlate with 

T cell clone size, we used elastic net, a regression method that utilizes Lasso feature 

elimination and the coefficient reduction of Ridge regression (Zhou, 2005). Data were split 

by condition. A matrix of the gene expression and clone sizes were output for from Seurat 

for elastic net regression in scikit-learn (Pedregosa et al., 2011) (version 0.23). Data were 

split 80-20 with genes serving as candidate predictive features and clone size as target 

data. A parameter search was used to identify and alpha value maximizing accuracy with 

the initial 80 split, yielding values ranging from 0.1 to 0.001. Optimal alphas were then 
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averaged (resulting in 0.0285) and used to train final models. This resulted in accuracy 

scores between 0.54 and 0.83 (median 0.68) in the test set. Coefficients and gene names 

were output for further analysis using ingenuity pathway analysis (IPA)(Krämer et al., 

2014).

Single-cell recursive feature elimination and random forest validation (scRFE)
—To identify key features that differentiate clones containing an HIV-1 RNA+ cell and 

clones without an HIV-1 RNA+ cell, we employed single-cell identity definition using 

random forests and recursive feature elimination (scRFE, version 1.5.6)(Park et al., 2020) 

with a bootstrapping modification. Briefly, this method trained a binary random forest 

classifier between two groups. These groups were artificially set to be of equivalent size 

prior to model training. After each training, features were ranked by importance and the 

least important features were removed. After several iterations, a core set of markers was 

identified that is necessary and sufficient to differentiate the two groups. Due to the extreme 

imbalance of our dataset, we additionally performed 10,000 replicates of scRFE. Results 

of all replicates were then aggregated to select the 200 features consistently selected by 

scRFE. This process was completed independently for all cells, cells only from the viremic 

time point, and cells only from the suppressed time point. These 100 features identified 

from all cells were validated in a subsequent model on the whole dataset. First, data were 

split into training and test sets (80–20), then Synthetic Minority Oversampling Technique 

(SMOTE (Chawla et al., 2002), Imbalanced-learn (Lemaître et al., 2017)) was used to 

generate artificial samples for the minority class in only the training dataset. A random 

forest classifier was then trained with default parameters except for a min_samples_leaf 

parameter of 16, oob_score set to true, and an nEstimators parameter of 100. Model 

performance was evaluated using the test set for both area under the receiver operating 

characteristic (AUROC) and F1-score weighted towards recall.

Pathway enrichment analysis—Genes were ranked using average log fold change 

in gene expression comparisons between groups. Genes were ranked using Pearson 

correlations with clone size. The resulting gene ranks were used to run pre-ranked gene 

set enrichment analysis as implemented by fGSEA (version 1.16.0)(Korotkevich et al., 

2019). Human gene sets H (“hallmark”), C2 (“curated”), C6 (“oncogenic”), and C7 

(“immunologic”) were used, version 7.4 (Liberzon et al., 2011). Gene sets were considered 

significantly enriched with an adjusted P value less than 0.05. To identify gene ontology 

pathways with a specific set of genes, we utilized Enrichr (Chen et al., 2013).

To identify differentially expressed gene sets and the upstream regulators of the transcription 

profile, ingenuity pathway analysis (IPA, Summer 2021 release, Qiagen)(Krämer et al., 

2014) was performed using gene expression log fold change cutoff of 0.25 or a non-zero 

coefficient where applicable. Analysis was performed with default settings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise noted, statistical analysis was performed using R (version 4.0.3). Multiple 

hypothesis correction was applied where applicable using the method described by 

Benjamini-Hochberg (Benjamini and Hochberg, 1995).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Most HIV-1 RNA+ T cell clones are large, stable, GZMB+ cytotoxic effector memory 

Th1s

Some HIV-1 RNA+ cells express SERPINB9 and may be shielded from CD8+ T cell 

killing

Antigen stimulation, TNF, and cytotoxic T cell responses determine T cell clone size

Early ART cannot fully reduce chronic immune activation, and TNF responses persist

Collora et al. Page 29

Immunity. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Paired CD4+ T cell profiling during viremia and after viral suppression by single-cell 
multiomic ECCITE-seq reveals persistent TNF responses despite suppressive ART.
A, Study design. Participants enrolled in the Sabes study were prospectively tested monthly 

for HIV-1 infection using HIV-1 antibody detection, antigen detection, and viral RNA 

quantification. We profiled paired CD4+ T cells during acute viremia (<60 days after 

estimated date of detectable infection) and after one year of suppressive ART (with 

documented undetectable viral load 6 months prior to the viral suppression time point) 

from six HIV-1-infected individuals enrolled in Sabes and subsequently followed in the 

Collora et al. Page 30

Immunity. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Merlin study. CD4+ T cells from two sex-matched uninfected individuals were used as 

controls. B, UMAP plot of memory phenotypes of cells (n = 52,473, 36,806, and 33,406 

cells in the viremic, virally suppressed, and uninfected conditions, respectively) defined 

by surface CD45RA and CCR7 expression. C, UMAP of 10 clusters of CD4+ T cells 

defined by transcriptome. D, Dot plot depicting key cluster marker expression in viremic, 

suppressed, and uninfected conditions. E, The proportion of proliferating cells expressing 

TBX21, the key transcription factor for Th1 polarization. P values were determined by 

Wilcoxon rank-sum test. F and G, Pearson’s correlation coefficient heatmaps of TNF-driven 

gene expression module of viremia versus uninfected conditions (F) and suppressed versus 

uninfected conditions (G). H and I, Ingenuity pathway analysis (IPA) heatmaps of enriched 

immune pathways (H) and predicted upstream regulators (I) of the TNF-driven gene 

expression module. P values were defined by Fisher’s exact test. J, Module score of TNF-

driven gene expression module in viremia, viral suppression, and uninfected conditions in 

the Th1 polarized GZMK cluster. P values were determined by Wilcoxon rank-sum test 

comparing HIV-1-infected conditions and uninfected conditions. *, P <0.05; ***, P <0.0001. 

P values were corrected for multiple comparisons using the Benjamini-Hochberg procedure. 

See also Figure S1, Figure S2, Figure S3, Table S1, and Table S2.
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Figure 2. T cell clone size is determined by antigen response, TNF signaling, and Th1 cytotoxic 
response.
A, T cells sharing the same TCR in the same individual are identified as a T cell clone. 

T cell clone size is the frequency of T cells sharing the same TCR sequence out of all 

cells with detected TCR sequences. By calculating the correlation between T cell clone size 

and gene expression levels in individual cells, we can identify the determinants of T cell 

clone size. B, UMAP plot indicating the log2 bulk clone size of each cell based on TCRβ 
nucleotide CDR3 junction sequence per 10,000 CD4+ T cells. C, The level of clonality (as 
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measured by Gini index) in each cluster in viremic, suppressed, and uninfected conditions. 

P values were determined by Wilcoxon rank-sum test comparing each cluster to naive cells. 

D–F, To identify pathways correlating with T cell clone size, we first ranked genes based 

on their correlation with clones size and then used Gene Set Enrichment Analysis (GSEA). 

We identified pathways including Goldrath antigen response (D), Hallmark TNF signaling 

via NFκB (E), and Bosco Th1 cytotoxic module (F). Representative leading-edge genes 

(the top genes enriched in each pathway) were shown in each panel. Thick lines indicate 

the mean enrichment score for each condition and thin lines indicate the enrichment score 

for each individual. G–H, Genes that were predictive of T cell clone size across cells in 

each condition were identified by elastic net regression. These genes were then examined by 

Ingenuity Pathway Analysis to determine the immune pathways (G) and upstream regulators 

(H). P values were defined by Fisher’s exact test. P values were corrected for multiple 

comparisons using the Benjamini-Hochberg procedure. *, P < 0.05. See also Figure S3 and 

Table S3.

Collora et al. Page 33

Immunity. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. TCR repertoire mappings revealed the different transcriptome program of CMV-
specific versus HIV-1-specific cells in unstimulated states.
A, CMV-specific and HIV-1-specific CD4+ T cells were identified as cells expressing 

activation inducible markers (AIM)(CD69 and CD154) after 9 hours of antigen stimulation 

in the presence of autologous CD8-depleted PBMC. CMV-specific cells, HIV-1-specific 

cells, and CD45RO+ memory cells were sorted by flow cytometry for single-cell ECCITE-

seq. B, UMAP plot of memory phenotypes of cells (n =3 3,805, 44,388, and 14,580 cells 

in the viremic (from 6 individuals), viral suppression (from 6 individuals), and uninfected 
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conditions (from two individuals), respectively) defined by surface CD45RA and CCR7 

expression. These samples came from the same infected study participants and same 

timepoints as profiled in the unstimulated conditions. CD45RA and CCR7 positivity was 

determined by barcoded surface protein staining. C, UMAP plot of 15 transcriptionally 

defined clusters identified in the viremic, virally suppressed, and uninfected conditions. D, 
UMAP plots of cells split across CMV-specific (n = 6,091), HIV-1-specific (n = 12,183), 

and sorted memory cell populations (n = 59,919). E, Proportion of each cluster grouped 

by antigen specificity, with 5 clusters predominantly antigen responsive. F, Dot plot of 

key effector gene expression across antigen-specific conditions in antigen-specific clusters. 

G, UMAP plot indicating the T cell clone size of each cell based on TCRβ nucleotide 

CDR3 junction sequence per 10,000 CD4+ T cells. H, Heatmap indicating the proportion 

of TCR sequence overlap between unstimulated and stimulated conditions. The majority 

of unstimulated cells were neither CMV-specific nor HIV-1-specific cells. I, Heatmap 

indicating the proportion of TCR sequence overlap between unstimulated CD4+ T cells 

and antigen-specific CD4+ T cells. J–L, Genes ranked by correlation with T cell clone 

size were analyzed by Gene Set Enrichment Analysis (GSEA) to determine whether the 

gene expression profile is enriched in specific immune pathways, such as Goldrath antigen 

response (J), Hallmark TNF signaling via NFκB (K), and Bosco Th1 cytotoxic module (L). 

Representative leading-edge genes are shown in each panel. Thick lines indicate the mean 

enrichment score for each condition and think lines indicate the enrichment score for each 

individual. See also Figure S3, Figure S4.

Collora et al. Page 35

Immunity. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. The heterogeneous transcriptional landscape of HIV-1 RNA+ cells demonstrated 
antigen responses, cytokine responses, and anti-apoptotic programs.
A, Cells expressing HIV-1 RNA were identified by mapping reads to autologous HIV-1 

sequences in addition to HXB2 reference sequence in unstimulated conditions and 

stimulated conditions (including CMV-specific, and HIV-specific, and memory cells). HIV-1 

RNA+ cells were defined by having at least 2 HIV-1-related UMI or at least 4 reads of a 

single UMI to guard against index hopping and sequencing artifacts. B–C, UMAP plots 

showing HIV-1 RNA+ cells in unstimulated (B), antigen-specific, and memory cells (C). 
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D–H, Pie charts indicating the distribution of antigen specificity (D), memory phenotype in 

unstimulated (E) and in antigen stimulated conditions (F), transcriptionally defined clusters 

in unstimulated conditions (G) and in antigen stimulated conditions (H). The inner chart 

represents HIV-1 RNA+ cells and the outer chart represents HIV-1 RNA− cells. I, Volcano 

plot indicating differentially expressed genes between HIV-1 RNA+ and HIV-1 RNA− cells 

in the unstimulated condition during viremia. J, Gene ontology enrichment of immune 

pathways from upregulated genes. K–N, GSEA plots indicating the enrichment of gene sets 

in specific immune pathways, including IFNα response (K), viral response (L), cytokine 

and cytokine receptor interaction (M–N). Representative leading-edge genes are shown 

in each panel. O–P, Dot plots showing expression of anti-apoptotic Bcl-2 family genes 

BCL2 (encoding Bcl-2), BCL2L1 (encoding Bcl-xL), and BCL2A1 in unstimulated (O) and 

antigen stimulated conditions (P). See also Figure S5, Figure S6, and Table S3.
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Figure 5. HIV-1 RNA+ T cell clones are enriched in effector memory and GZMB+ Th1 cells.
A, T cell clones were defined by at least two cells sharing the same TCR sequence. HIV-1 

RNA+ T cell clones were defined by T cell clones having at least one HIV-1 RNA+ cells. 

HIV-1 RNA− T cell clones were defined by T cell clones not having any HIV-1 RNA+ 

cells. B–C, UMAP plots indicating HIV-1 RNA+ T cell clone in unstimulated (B) and 

antigen stimulated conditions (C). D, The largest 100 T cell clones, as measured by bulk 

TCR sequencing in each participant at each time point. * in D, HIV-1 RNA+ clones. E–
I, Pie charts indicating the distribution of antigen specificity (E), memory phenotype in 
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unstimulated (F) and in antigen stimulated conditions (G) transcriptionally defined clusters 

in unstimulated conditions (H) and in antigen stimulated conditions (I). * in E–I, P < 0.05, 

Fisher’s exact test. See also Table S4, Figure S5 and Figure S6.
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Figure 6. HIV-1 RNA+ T cell clones are large and persistent in GZMB and GZMB/H Th1 cells.
A–D, T cell clone size, as measured by the frequency of T cells sharing the same TCR 

sequence, in unstimulated (A) and antigen stimulated conditions in CMV-specific (B), 

HIV-1-specific (C), and memory cells (D). P values were determined by the Wilcoxon 

rank-sum test. E, T cell clonal expansion dynamics, as measured by the fold change of T 

cell clone size from viremia to viral suppression. F, T cell clonal persistence, as measured 

by the proportion of T cell clones that can be captured both during viremia and after 

viral suppression versus those that can be captured at one time point. G and I, UMAP 
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plots showing T cell clones that persisted both during viremia and after viral suppression 

in unstimulated (G) and antigen-stimulated conditions (L). H and J, the proportion of 

transcriptionally defined T cell clusters in T cell clones that persisted both during viremia 

and after viral suppression in unstimulated (H) and antigen-stimulated (J) conditions. In F, 
H, and J, P values were determined by Fisher’s exact test. ***, P <0.001. See also Figure 

S6.
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Figure 7. HIV-1 RNA+ T cell clones are enriched in effector memory CD4+ T cells and express 
cytotoxic T cell genes.
A, GSEA plot and example leading-edge genes (the top genes enriched in this pathway) 

showing enrichment of gene expression in T cell activation genes (GSE45739 unstimulated 

versus anti-CD3/CD28 stimulated CD4 T cell upregulated) in HIV-1 RNA+ T cell clones. B, 
Expression level of cytotoxic T cell response genes. P values were derived from Wilcoxon 

rank-sum test. C, The 200 genes necessary and sufficient to differentiate HIV-1 RNA+ 

T cell clone from HIV-1 RNA−T cell clone were identified using single-cell identity 
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definition using random forests and recursive feature elimination (scRFE). The volcano 

plot showed differential expression of the 200 scRFE defined genes. P values were derived 

from Wilcoxon rank-sum test. D, Enriched immune pathways of upregulated genes among 

the 200 genes necessary and sufficient to differentiate HIV-1 RNA+ T cell clone from HIV-1 

RNA−T cell clones. P values were calculated by Fisher’s exact test. E, To validate whether 

the enrichment of HIV-1 RNA+ cells in GZMB+, CTLA4+, and effector memory populations 

at the protein level, we stimulated CD4+ T cells with PMA and ionomycin in the presence of 

ART (T20) and Golgi transport inhibitors for 24 hours. We then measured HIV-1 p24 protein 

expression, memory markers, granzyme B, CTLA4, IFNγ, and TNF protein expression 

in the Sabes cohort (F–I) and the Wistar cohort (J–M). Study participants in these two 

cohorts were significantly different in the duration of viral suppression, age, ethnicity, and 

geographic locations. P values were derived from Wilcoxon rank-sum test. *, P <0.05; ***, 

P <0.001. See also Figure S7 and Table S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD8-BV510 clone SK1 BioLegend CAT# 344731

CD14-BV510 clone M5E2 BioLegend CAT# 301841

CD19-BV510 clone HIB19 BioLegend CAT# 302241

CD56-BV510 clone 5.1H11 BioLegend CAT# 362533

CD3-BV421 clone SK7 BioLegend CAT# 344833

CD69-BV650 clone FN50 BioLegend CAT# 310933

CD154-PE clone 24-31 BioLegend CAT# 310805

CD45RO-APC/Fire750 clone UCHL1 BioLegend CAT# 304249

TotalSeq-C IL7RA clone A019D5 BioLegend CAT# 351356

TotalSeq-C CCR7 clone G043H7 BioLegend CAT# 353251

TotalSeq-C CD25 clone BC96 BioLegend CAT# 302649

TotalSeq-C CD27 clone O323 BioLegend CAT# 302853

TotalSeq-C CD3 clone UCHT1 BioLegend CAT# 300479

TotalSeq-C CD4 clone RPA-T4 BioLegend CAT# 300567

TotalSeq-C CD8 clone RPA-T8 BioLegend CAT# 301071

TotalSeq-C CD45RA clone HI100 BioLegend CAT# 304163

TotalSeq-C CD45RO clone UCHL1 BioLegend CAT# 304259

TotalSeq-C CD62L clone DREG-56 BioLegend CAT# 304851

TotalSeq-C CD69 clone FN50 BioLegend CAT# 310951

TotalSeq-C HLA-DR clone L243 BioLegend CAT# 307663

TotalSeq-C CD47 clone CC2C6 BioLegend CAT# 323131

TotalSeq-C CCR5 clone J418F1 BioLegend CAT# 359137

TotalSeq-C CXCR3 clone G025H7 BioLegend CAT# 353747

TotalSeq-C CCR6 clone G034E3 BioLegend CAT# 353440

TotalSeq-C CCR4 clone L291H4 BioLegend CAT# 359425

TotalSeq-C CXCR5 clone J252D4 BioLegend CAT# 356939

TotalSeq-C CD40L clone 24-31 BioLegend CAT# 310849

TotalSeq-C 4-1BB clone 4B4-1 BioLegend CAT# 309839

TotalSeq-C OX40 clone ACT35 BioLegend CAT# 350035

TotalSeq-C PD-1 clone EH12.2H7 BioLegend CAT# 329963

TotalSeq-C CTLA-4 clone BNI3 BioLegend CAT# 369621

TotalSeq-C TIGIT clone A15153G BioLegend CAT# 372729

TotalSeq-C mouse IgG1 clone MOPC-21 BioLegend CAT# 400187

TotalSeq-C mouse IgG2a clone MOPC-173 BioLegend CAT# 400293

TotalSeq-C mouse IgG2b clone MPC-11 BioLegend CAT# 400381

TotalSeq-C human hashing antibody 1 BioLegend CAT# 394661
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REAGENT or RESOURCE SOURCE IDENTIFIER

TotalSeq-C human hashing antibody 2 BioLegend CAT# 394663

TotalSeq-C human hashing antibody 3 BioLegend CAT# 394665

TotalSeq-C human hashing antibody 4 BioLegend CAT# 394667

TotalSeq-C human hashing antibody 5 BioLegend CAT# 394669

TotalSeq-C human hashing antibody 6 BioLegend CAT# 394671

TotalSeq-C human hashing antibody 7 BioLegend CAT# 394673

TotalSeq-C human hashing antibody 8 BioLegend CAT# 394675

TotalSeq-C human hashing antibody 9 BioLegend CAT# 394677

TotalSeq-C human hashing antibody 10 BioLegend CAT# 394679

CD45RA-BUV737 clone HI100 BD Biosciences CAT# 612846

CCR7-BUV395 clone 3D12 BD Biosciences CAT# 740267

CTLA4-PE-Dazzel594 clone L3D10 Bioledgend CAT# 349921

IFNG-BV711 clone 4S.B3 BD Biosciences CAT# 564793

TNF-BV605 clone Mab11 Biolegend CAT# 502935

p24-PE clone KC57 Beckman Coulter CAT# 6604667

p24-APC clone 28B7 Medimabs CAT# MM-0289-APC

GZMB-AF700 GB11 BD Biosciences CAT# 561016

Biological samples

Demographics of study participants, see Table S1 This paper N/A

Human serum Sigma Aldrich CAT# H4522-20ML

Chemicals, peptides, and recombinant proteins

Staphylococcal enterotoxin type B (SEB) toxin List Biological Laboratories CAT# 122

HIV-1 group B Gag, Pol, Env, and Nef peptide pools NIH HIV Reagent Program CAT# 12425, 12438, 12540, 12545

CMV lysate, strain AD-169 ZeptoMetrix CAT# 810003

HCMV pp65 peptide pool NIH HIV Reagent Program CAT# 11549

enfuvirtide NIH HIV Reagent Program CAT# 12732

Ionomycin Millipore CAT# 407950-1MG

PMA Millipore CAT# 5.00582.0001

Brefeldin A Thermo Fisher Scientific CAT# 00-4506-51

Monensin Thermo Fisher Scientific CAT# 00-4505-51

CD40 antibody Miltenyi Biotech CAT# 130-094-133

Critical commercial assays

Chromium Next GEM Single Cell 5’ Library & Gel 
Bead Kit v1.1 10x Genomics PN-1000165

Chromium Single Cell V(D)J Enrichment Kit, Human T 
Cell 10x Genomics PN-1000005

Chromium Single Cell 5’ Feature Barcode Library Kit 10x Genomics PN-1000080

NEBNext Immune Sequencing Kit New England Biolabs CAT# E6320S

EasySep Direct Human CD4+ T cell kit STEMCELL 19662

CD4 T cell isolation kit, human Miltenyi Biotech 130-096-533
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REAGENT or RESOURCE SOURCE IDENTIFIER

EasySep Dead Cell Removal (Annexin V) Kit STEMCELL 17899

Dynabead CD8 Thermo Fisher 11147D

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Thermo Fisher L34957

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit Thermo Fisher L10119

Deposited data

ECCITE-seq unstimulated CD4+ T cells This study GSE187515

ECCITE-seq stimulated CD4+ T cells This study GSE187515

Bulk TCR repertoire profiling from HIV-1 infected and 
uninfected individuals This study GSE187515

Software and algorithms

cellranger count version 3.0.2 10X Genomics https://support.10xgenomics.com/single-cell-
gene-expression/software/downloads/3.0/

cellranger vdj version 3.1 10X Genomics https://support.10xgenomics.com/single-cell-
gene-expression/software/downloads/3.1/

Seurat version 4.0.3 Stuart et al. 2018 https://cran.r-project.org/web/packages/Seurat/
index.html

batchelor version 1.6.3 Haghverdi et al., 2018 https://www.bioconductor.org/packages/release/
bioc/html/batchelor.html

uwot version 0.1.10 NA https://cran.r-project.org/web/packages/uwot/
index.html

STAR version 2.5.3 Dobin et al., 2012 https://github.com/alexdobin/STAR

WGCNA version 1.70-3 Langfelder and Horvath, 
2008

https://cran.r-project.org/web/packages/WGCNA/
index.html

pRESTO version 0.6.1 Vander Heiden et al., 2014 https://presto.readthedocs.io/en/stable/

ChangeO version 1.0.0 Gupta et al., 2015 https://changeo.readthedocs.io/en/stable/

scikit-learn version 0.23 Pedregosa et al., 2011) https://scikit-learn.org/stable/

IPA summer 2021 release Krämer et al., 2014
https://digitalinsights.qiagen.com/products-
overview/discovery-insights-portfolio/analysis-
and-visualization/qiagen-ipa/

scRFE, version 1.5.6 Park et al., 2020) https://github.com/czbiohub/scRFE

Imbalanced-learn version 0.7.0 Lemaître et al., 2017 https://imbalanced-learn.org/stable/

fGSEA version 1.16.0 Korotkevich et al., 2019) http://bioconductor.org/packages/release/bioc/
html/fgsea.html

R version 4.0.3 R Core Team (2021) https://www.r-project.org/

CodonCode version 7 CodonCode Corporation https://www.codoncode.com/aligner/

Analysis scripts This paper https://github.com/Ya-ChiHo/Collora-and-Liu-et-
al-2022
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