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Jiménez, Aviva

Geretz, Andrey

Tokarev, ...,

Alberto Bosque,

Rasmi Thomas,

Diane L. Bolton

rthomas@hivresearch.org (R.T.)

dbolton@hivresearch.org

(D.L.B.)

Highlights
SIV RNA+ T cells comprise

low and high viral RNA

subsets during acute

infection

SIV RNAhigh T cells express

decreased FOS, an AP-1

transcription factor subunit

AP-1mRNAand activity are

elevated in HIV DNA+ T

cells from ART-suppressed

PWH

Inhibiting c-Fos during HIV

infection increases

susceptibility to latency

reversal
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AP-1/c-Fos supports SIV and HIV-1 latency
in CD4 T cells infected in vivo

Viviana Cobos Jiménez,1,2,6 Aviva Geretz,1,2,6 Andrey Tokarev,1,2,6 Philip K. Ehrenberg,1 Selase Deletsu,3

Kawthar Machmach,1,2 Prakriti Mudvari,4 J. Natalie Howard,3 Amanda Zelkoski,1,2 Dominic Paquin-Proulx,1,2

Gregory Q. Del Prete,5 Caroline Subra,1,2 Eli A. Boritz,4 Alberto Bosque,3 Rasmi Thomas,1,7,*

and Diane L. Bolton1,2,7,8,*

SUMMARY

Persistent HIV-1 reservoirs of infected CD4 T cells are a major barrier to HIV-1 cure, although the mech-
anisms by which they are established and maintained in vivo remain poorly characterized. To elucidate
host cell gene expression patterns that govern virus gene expression, we analyzed viral RNA+ (vRNA)
CD4 T cells of untreated simian immunodeficiency virus (SIV)-infected macaques by single-cell RNA
sequencing. A subset of vRNA+ cells distinguished by spliced and high total vRNA (7–10% of reads) ex-
pressed diminished FOS, a component of the Activator protein 1 (AP-1) transcription factor, relative to
vRNA-low and -negative cells. Conversely, FOS and JUN, another AP-1 component, were upregulated
in HIV DNA+ infected cells compared to uninfected cells from people with HIV-1 on suppressive therapy.
Inhibiting c-Fos in latently infected primary cells augmented reactivatable HIV-1 infection. These findings
implicate AP-1 in latency establishment and maintenance and as a potential therapeutic target to limit
HIV-1 reservoirs.

INTRODUCTION

Effective HIV-1 cure strategies have proven elusive due to a persistent population of immune cells harboring integrated proviral DNA able to

withstand decades of antiretroviral therapy and support virus replication when therapy is interrupted.1 These infected cells, or reservoirs, are

establishedwithin days of infection and are difficult to target due to limited viral transcript and protein expression, rendering them invisible to

immune surveillance.2,3 To induce viral transcription and increase susceptibility of reservoirs to viral cytopathicity or immune-mediated

cytotoxicity, therapeutic approaches have heavily focused on the development of latency-reversal agents. However, clinical trials evaluating

these agents have largely failed to demonstrate biologically meaningful reductions in reservoirs,4–8 highlighting the need to better

understand the basic mechanisms regulating latent and active infection in vivo.

The process by which latent infection is established and maintained is complex and incompletely understood. Multiple conditions are

known to contribute to HIV-1 entry into transcriptional latency,9–11 herein defined as a cell state in which transcription of an integrated provirus

is minimal or absent. These include: (1) low levels of activating host transcription factors that promote proviral expression; (2) insufficient viral

transactivator of transcription factor protein (Tat); (3) repressive epigenetic modifications of the HIV-1 promoter; and (4) other chromatin

regulatory factors such as histone modifiers.12–19 Several host transcription factors (e.g., NF-kB, NFAT, STAT5, Sp1, and TATA binding pro-

tein) bind the HIV-1 genome and are particularly critical for efficient HIV-1 mRNA expression.20,21 However, many of the over 50 confirmed or

predicted transcription factor binding sites in the HIV-1 50 long terminal repeat (LTR) promoter were identified in cell line models of latency,22

and their function in primary cells of people with HIV-1 (PWH) is not well established.

Efforts to elucidate host factors involved in HIV-1 reservoir establishment and maintenance have increasingly turned to single-cell tran-

scriptomics and high-content phenotyping to identify signatures of infected cells.23–29 Isolation of infected cells directly from PWH has

historically been challenging due to their rarity and the lack of definitive markers displayed without manipulation.1,30–33 As a result, many

analyses rely on in vitro stimulation to induce viral protein or RNA expression from patient-derived cells,34–36 which may not faithfully reca-

pitulate host cell properties in vivo. However, recent technological advances have enabled direct detection of cells harboring HIV-1 DNA,
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RNA, or protein without stimulation. These analyses have culminated in novel revelations about the properties of infected cells in PWHon and

off suppressive ART, such as preferential infection of Th1-polarized, cytotoxic effector memory cells during early infection37; enrichment of

specific transcription factor motifs38; upregulation of pro-survival and immune checkpoint markers39; increased cell proliferation and HIV-1

silencing signatures40; phenotypically distinct T cell subsets targeted in blood and lymph nodes41; and differential expression of host restric-

tion factors.42 Despite these gains, a knowledge gap remains regarding the cellular environment conducive to latency establishment in vivo,

which requires detailed viral transcriptional activity information to distinguish productive versus non-productive infection combined with the

host transcriptome. This is supported by findings from in vitro models in which latently infected cells exhibit distinct transcriptomic profiles

from virus-expressing cells.43,44

Here, we report single-cell, full-lengthmRNA sequencing ofmemoryCD4T cells directly ex vivo to define the viralmRNA (vRNA) content of

infected cells and identify host factors associated with distinct stages of the viral life cycle in SIV-infected macaques, a model which recapit-

ulates most aspects of HIV-1 infection in people. Surface marker phenotyping and TCR clonotyping was used to further interrogate

immunologic properties of infected cells. To corroborate findings from SIV-infected cells, relevant host factors were evaluated for differential

expression in HIV-1DNA+humanCD4 T cells fromPWHon suppressive ART as well as for functional involvement in regulating latent infection

in a primary cell model of HIV-1 latency.40,45 Our results reveal a dueling role for the Activator protein (AP-1) transcription factor in both the

restriction and reactivation of HIV-1 replication that is context-dependent. AP-1may represent a target for therapeutic strategies to limit HIV-1

reservoirs.

RESULTS

Single-cell viral RNA profile of in vivo SIV-infected CD4 T cells

To identify and characterize CD4 T cells harboring SIV in vivo during the earliest stages of infection, we isolated CD4 T cells from two rhesus

macaques at 10 and 21 days post SIVmac251 and SIVmac239 infection, respectively (Table 1), when latent reservoirs are first seeded and

infected cells are abundant,2,3 including transcriptionally active populations.46 Memory CD4 T cells (CD95+) from a mesenteric lymph

node (animal AY69, n = 657 cells) and PBMC (animal T034, n = 941 cells; Figure S1A; Table 1) were single-cell index sorted by flow cytometry.

Single-cell RNA sequencing (scRNA-seq) was performed on sorted cells using cDNA generated by SMART-Seq technology to produce full-

length cDNA and maximize sensitivity for alternatively spliced viral transcripts.47 To limit alterations to their transcriptomic profile and best

capture their in vivo state, cells were analyzed without stimulation or any ex vivo manipulations. We focused our analysis on memory CD4

T cells due to negligible vRNA detected in naive CD4 T cells during acute SIV infection.46 Unsupervised clustering was used to identify

and filter potential contaminating cells exhibiting hallmarks of non-T cell lineages (Figures S1B and S1C). Reads from scRNA-seq for each

cell were mapped to the SIVmac251 reference genome and revealed broad coverage across the viral genome (Figure 1A), indicating intact

provirus. Well-characterized splice junctions present in transcripts encoding singly-spliced env andmulti-spliced tat/revmRNA (SD1-SA5 and

SD4-SA7, respectively) were readily observed, allowing identification of cells expressing spliced viral mRNA (svRNA) species as putative

markers of replication-active infection.46,48

To define the vRNA content of SIV-infected CD4 T cells, we determined the proportion of transcripts mapping to SIV within each cell. Of

the 657 and 941memoryCD4 T cells sorted from the two animals, 593 and 672 cells passedquality control filter, respectively, of which 38% and

15%were vRNA+ (Figure 1B, Table 1). The vRNA content of these cells varied from0.00001% to 41%of all reads.While there is the potential for

PCR amplification bias when generating cDNA libraries and subsequent inflation of vRNA abundance, similar values have been reported for

in vitro infected cells using other technologies.49,50 Notably, the vRNA content displayed a bimodal distribution, with the majority of cells

containing <1% vRNA and a smaller subset with >1% vRNA, suggesting two distinct populations of vRNA+ infected cells.

The infection status of vRNA+ cells was further assessed bymapping SIV reads to unspliced (gag) and spliced (tat/rev, env) vRNA, using the

splice junction regions described above. Strikingly, cells with <1% vRNA were largely positive for gag, but negative for svRNA, while vRNA-

high cells were positive for both spliced and unspliced vRNA. In the latter group, vRNA comprised a median of 10% and 8% of the transcrip-

tome in the LN and PBMC specimens, respectively (IQR 6–15%,maximum 41%; IQR 4–11%,maximum32%), indicating a substantial fraction of

transcription devoted to vRNA production. svRNA+ infected cells expressed not only the most total SIV RNA, but also abundant unspliced

Table 1. Characteristics of SIV-infected macaque specimens interrogated by combined CD4 T cell flow cytometry and single-cell gene expression

Animal Virus

Infection

Route Days PI

pVL

(x106) Tissue

Cells

sorted

QC

Cells

analyzed

vRNA-

cells

vRNA+,

svRNA- cells

vRNA+,

svRNA+ cells

Gene

expression

method

Estimated

svRNA+

cells (%)a

AY69 SIVmac251 IV 10 24 LNMC 657 593 364 132 95 scRNA-seq 15

T034 SIVmac239X IR 21 170 PBMC 941 672 543 64 55 scRNA-seq 7

12C174 SIVmac239X IV 14 44 PBMC 768 695 282 374 39 scRT-qPCR 4

TOTAL 1960 1189 570 189

IV, intravenous; IR, intrarectal; PI, post-infection.
aEstimated by Poisson distribution probability applied to SIV gene RT-qPCR analysis of cells sorted at serial limiting dilution (3–1000 cells/well, replicates of 6–30).

Poisson distribution experiments were performed separately from single-cell experiments.
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Figure 1. Single-cell RNA sequencing to reveal SIV mRNA profile of infected CD4 T cells

(A) RNA-seq reads mapping to SIV genome from a single vRNA+ CD4 T cell isolated from a mesenteric lymph node of SIVmac251-infected rhesus macaque

(AY69, day 10 p.i.). Histogram (top) depicts read counts aligning to corresponding position of the genome. Arch graph depicts spliced vRNA spanning

discontinuous regions of the genome. Vertical dotted lines represent relevant splice donor and acceptor sites.

(B) Distribution of SIV read content among CD4 T cells from two SIV-infectedmacaques (AY69) and (T034), displayed as percentage of total reads. Individual cells

are colored by vRNA content (top) as follows: vRNA-, gray; vRNA+ lacking svRNA, blue; vRNA+ and svRNA+, red; vRNA+ not encompassed by above categories,

pink (see also Figure S2); open symbols, positive for one of two vRNA splice junctions and SIV reads <1% of total. Bar chart depicts frequency of cells with the

indicated vRNA content.

(C) mRNA counts for single CD4 T cells (dots) classified by vRNA status (colored bars) for the indicated genes.

Bars depict mean G SD with significant differences indicated (****, p < 0.0001; Mann-Whitney test).

(D‒G) Relationship between unspliced (gag) vRNA reads and percentage of mRNA corresponding to SIV (D) or total vRNA reads (E); unspliced (gag) andmultiply

spliced (ms; tat/rev) reads (F); and multiply spliced and singly spliced (ss; env) reads (G). Spearman rank (rho) and p value are indicated. Neg., negative.
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gag (Figure 1C). gag vRNA represented �10% of the total SIV RNA while the spliced tat/rev and env vRNA each comprised �1%. Similar re-

sults were observed in both animals. In contrast, svRNA- cells contained approximately 100-fold less total SIV and gag vRNA than the svRNA+

cells and median vRNA content was 0.05% and 0.001%, respectively. Based on these results we considered cells as resembling three distinct

stages of the viral life cycle: 1) uninfected or transcriptionally silent infected cells lacking measurable vRNA; 2) infected cells harboring low

levels of vRNAwithout evidence of substantial viral transcription and therefore unlikely to be supporting viral replication; and 3) infected cells

expressing svRNA coincident with large quantities of vRNA (Figure S2). Of note, the frequency of cells positive for env and tat/rev transcripts,

14.9% in LN and 6.3% in PBMC, was comparable to estimates determined by orthogonal, qualified RT-qPCR methodology with single-cell

sensitivity (Table 1; Figure S3A),46,48,51 supporting the accuracy and sensitivity of vRNA detection by our scRNA-seq method.

We explored the relationship between viral transcript levels for each vRNA class within individual infected CD4 T cells. Unspliced gag tran-

scripts were highly correlated with total vRNA burden, as assessed by both the fraction of mRNA corresponding to SIV and the total SIV read

count (Figures 1D and 1E). Unspliced gag also correlated with multiply spliced tat/rev mRNA levels, though many gag+ cells lacked these

svRNAs (Figure 1F). And lastly, singly- (env) and multiply-spliced vRNA expression were highly correlated among svRNA+ cells (Figure 1G).

Again, both animals exhibited similar vRNA co-expression patterns.

To confirm the results obtained by scRNA-seq, memory CD4 T cells from peripheral blood of a third SIV-infected animal, 12C174 (SIV-

mac239, day 14 p.i.; Table 1), were analyzed by single-cell RT-qPCR (scRT-qPCR) for the unspliced gag and spliced tat/rev transcripts using

a targeted proteo-transcriptional evaluation method.48 Of 768 memory CD4 T cells sorted, 49% were positive for unspliced gag RNA and 5%

were positive for both unspliced and multiply spliced tat/rev RNA. Again, gag and tat/rev transcripts were positively correlated (Figure S3B).

Overall, these results from three independent animals analyzedby either scRNA-seqor scRT-qPCR show that SIV RNA+ infectedCD4memory

T cells comprise two subpopulations distinguished bymarkedly different vRNA content: either low levels of unspliced vRNA in the absence of

spliced vRNA or abundant levels of both spliced and unspliced vRNA. The latter phenotype is consistent with cells supporting active viral

replication.

Down-regulation of CD3 and CD4 protein on svRNA+ CD4 T cell surface

Both HIV-1 and SIV proteins are well-characterized for their ability to down-modulate specific host proteins from the surface of in vitro infected

CD4 T cells, properties which are believed to promote immune evasion and viral release, for example.52–54 To assess the vRNA+ T cells for

surface protein down-modulation as evidence of viral protein expression and independently confirm viral transcription, we analyzed CD3 and

CD4protein expression on the cell surfacemeasured by flow cytometrywhen cells were single-cell index sorted for sequencing. BothCD3 and

CD4 surface expression varied with the proportion of the cellular transcriptome devoted to SIV. Cells with higher vRNA content (>�1%) dis-

played diminished CD3 and CD4 staining (Figures 2A and 2B), while cells with < �1% vRNA maintained high expression of both proteins.

Further, these proteins were downmodulated in a coordinated fashion, whereby loss of expression of bothmarkers wasmost apparent in cells

with the greatest vRNA content (Figure 2C). Using the cell grouping strategy described above to classify cells by vRNA status, we quantified

the average staining fluorescence intensity for cells in each group and observed significant reductions in both CD3 and CD4 expression

among the svRNA+ cells relative to both the vRNA- and svRNA- cells (Figure 2D). These markers were also downregulated in animal

12C174. MHC class I and CD28, additional host proteins downmodulated from the cell surface by both SIV and HIV-1 Nef, were also

diminished on svRNA+ cells in animal T034. These data provide strong evidence of viral protein expression in the svRNA+ cells, further

supporting our classification scheme for cellular infection status and confirming that these post-translational host protein modulations occur

in vivo in macaques.

Host surface protein expression profile of vRNA+ CD4 T cells

Surface expression of protein markers on memory T cells is useful for defining the activation, memory, and effector profile of infected cells to

elucidate preferred host cell targets and properties. To study the detailed phenotype of the vRNA+ cells, we analyzed a panel of 10 surface

markers by cell staining and flow cytometric detection during cell sorting (Figure S1A). The cellular activationmarker, HLA-DR, was expressed

at higher levels on svRNA+ cells compared to vRNA- and vRNA+sVRNA- cells in all animals (Figures 3A and S4A). Increased CD69 and CD38,

additional activationmarkers, were also apparent in AY69. Of the homing receptors assessed, SIV replicationwas biased toward cells express-

ing higher levels of CCR6 in AY69 LNMC and decreased CCR6 in T034 PBMC, the former consistent with a viral preference for Th17 cells.55 In

general, neither CXCR3 nor CXCR5 differed by cellular infection status, with the exception of increased CXCR5, a LN homing and T follicular

helper marker, among vRNA+svRNA- cells relative to vRNA- cells. svRNA+ cells expressed higher levels of CD95, a marker of T cell memory

and receptor for programmed cell death signaling. Expression of PD-1 and TIGIT, activation and/or exhaustion markers, were also upregu-

lated in svRNA+ cells from animals AY69 and T034. IFITM1, an interferon-induced HIV-1 restriction factor that inhibits viral infectivity and pro-

tein synthesis,56 was elevated on svRNA+ infected cells compared to vRNA- cells in these animals. Finally, neither ICOS nor integrin b7 pref-

erentially marked vRNA+ cells in a consistent way; rather, b7 expression was diminished on svRNA+ cells relative to vRNA- cells in T034 PBMC

and a similar trend in AY69 LNMC (p = 0.09). These findings indicate infection of heterogeneous T cell subsets, with increased activation

among a subset of svRNA+ cells.

To examine the combinedprotein profile of infected cells incorporatingmultiplemarkers, we performedmultivariate clustering analysis by

unsupervised hierarchical clustering using a Self-Organizing Map visualization technique, FlowSOM.57 Eight clusters were identified among

thememory CD4 T cells pooled from the three animals, with evidence of specific subset enrichment among svRNA+ cells in animals AY69 and

T034 (Figures 3B, 3C, and S4B). In AY69 LNMC, clusters 6 and 7 together comprised nearly 50% of all svRNA+ cells, compared to �10% and
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20% of vRNA- and vRNA+svRNA- cells, respectively (Figure 3D). These clusters were defined by high expression of CD69 alone (cluster 7) or in

combination with elevated CD38, TIGIT, PD-1, CXCR5, CXCR3, IFITM1, ICOS, HLA-DR, CD95, MHC class I and CD28 (cluster 6), indicating

preferential viral transcription in recently activated cells, some of which co-express additional activation markers as well as hallmarks of

both Th1 and T follicular helper cells. In contrast, T034 PBMC svRNA+cells were enriched for cluster 2, characterized by diminished expression

of most of these proteins, including activation markers. Increased expression of IFITM1, HLA-DR, PD-1, TIGIT, and IFITM1 by T034 svRNA+

cells relative to vRNA- cells at the univariate level (Figure 3A) suggests that these proteins are not elevated on a discrete subset of cells.

vRNA+svRNA- cells comprise similar clusters as vRNA- cells for all three animals, as were 12C174 svRNA+ cells. UMAP clusters were distinct

between PBMC and LNMC specimens but did not differ between the PBMC samples interrogated by different gene expression methods

(Figure S4C).

Host cell genes differentially expressed in SIV-replicating T cells

To determine host factors involved in regulating viral transcription and infected cell persistence, we compared host gene expression among

SIV-infected cells and vRNA- cells by analyzing the transcriptomes obtained by scRNA-seq. Exploring host gene profiles that distinguish in-

fected cells, we performed multivariate clustering analysis of sorted single cells. We did not observe specific sub-clustering of memory CD4

T cells by infection status (replication-active or -inactive cells) in either AY69 or T034 (Figure 4A), indicating that these vRNA+cell subsets fail to

exhibit major substantial shifts in gene expression patterns that readily differentiate them from their vRNA- counterparts.

Using a univariate approach to identify individual differentially expressed genes (DEG) in the context of active viral transcription, we

compared the transcriptome of svRNA+ (n = 95) and vRNA- (n = 364) cells in animal AY69. The large number of svRNA+ cells in this animal

enabled a well-powered analysis. Nine genes were differentially expressed in the svRNA+ cells (Figure 4B, Bonferroni p < 0.05), including

elevated expression of the viral coreceptor, CCR5. As validation, expression of these 9 genes was assessed in animal T034 (svRNA+, n =

55; vRNA-, n = 543). One gene, FOS, was differentially expressed in the same direction in both animals. FOS was downregulated in svRNA+

cells compared to vRNA- cells 2.1- and 4.4-fold in the two animals, respectively (Bonferroni p < 0.05, after multiple testing correction). FOS

encodes c-Fos, a component of the AP-1 transcription factor. We further validated this finding using a more stringent cell exclusion criteria to

A B C

D

Figure 2. Cell surface CD3 and CD4 protein expression varies with vRNA burden

(A and B) CD3 and CD4 (B) protein expression on the surface of T cells isolated from SIV-infected macaque mesenteric lymph node (top, AY69) and PBMC

(bottom, T034) is plotted against SIV reads (percent of total reads) for each cell, represented as individual dots. Protein expression measured by surface

staining and flow cytometric detection is reported as the fluorescence intensity (FI).

(C) Co-expression of surface CD3 and CD4 protein. (A-C) Fluorescence values within the autofluorescence range (<100, ‘‘negative’’) are distributed randomly

between 25 and 100 for visualization. Neg., negative.

(D) Single-cell surface CD3, CD4, MHC class I, and CD28 protein expression on cells grouped by vRNA content for each animal. vRNA- cells lacking surface CD4

expression (CD4 fluorescence intensity <500) were excluded to limit analyses to cells most likely to represent CD4 T cells. Lines connect medians; significant

nonparametric Wilcoxon comparison differences between groups are indicated: ****, p < 0.0001; ***, p = 0.001–0.0001.
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limit any additional potential non-CD4 T cell contaminants by filtering clusters enriched for surface CD4-negative cells for animal AY69 (Fig-

ure S1D). FOS remained the top differentially expressed gene (Bonferroni p = 1.4E-06).

Of the differentially expressed genes in svRNA+ cells, FOSwas themost pronounced in animal AY69 (p = 2.39E-06). In addition, the reduc-

tion in FOS expression relative to vRNA+svRNA- cells was nominally significant in both AY69 and T034 (Figure 4C; unadjusted p < 0.05). To

verify these findings using an orthogonal approach, we assessed differential host gene expression by high-throughput scRT-qPCR on 695

memory CD4 T cells from animal 12C174 (PBMC). Again, FOS expression was lower in svRNA+ cells compared to both vRNA- and vRNA+-

svRNA- cells by 2.2-fold and 2.3-fold, respectively (p = 0.01 and 0.003; Figure 4C). These data indicate that high levels of FOS within a cell

coincide with reduced likelihood of viral transcription, a potentially surprising result given extensive literature on AP-1 as an activator of

HIV-1 transcription.

SIV-infected CD4 T cell clonal diversity

Reservoirs of HIV-1-infectedmemory CD4 T cells are maintained in PWHon antiretroviral therapy bymultiple mechanisms, including antigen-

driven proliferation, general immune activation, homeostatic proliferation, and provirus-driven expansion.58–62 Early provirus clonal expan-

sion of SIV-infected cells has been reported in untreated acute infection in macaques by integration site analysis, with evidence of one early

A

B C D

Figure 3. Activation, homing, and exhaustion surface marker profiling of SIV RNA+ cells CD4 T cells

(A) Surface protein expression measured by flow cytometry for SIV-infected macaque mesenteric lymph node (AY69) and PBMC (T034, 12C174). Single-cell

fluorescence intensity is displayed; lines connect median values. ****, p < 0.0001; ***, p = 0.001–0.0001; **, p = 0.01–0.001; nonparametric Wilcoxon

comparisons between groups.

(B) Multivariate surface marker expression clustering displayed for each vRNA cell group. vRNA+ cells are overlaid upon the vRNA- cells (gray).

(C) Relative protein expression among the eight cell clusters identified by FlowSOM (see Figure S4).

(D) Proportion of each vRNA cell grouping comprised of the eight FlowSOM clusters.
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clone persisting for at least one year on ART.63 To build on these findings, we investigated the extent to which expanded T cell clones

contribute to the pool of infected cells during early acute infection by T cell receptor (TCR) repertoire analysis. TCR clonotyping was

performed by paired TCRa and TCRb CDR3 nucleotide analysis of the scRNAseq memory CD4 T cell data. TCR sequence information was

obtained for at least TCRa or TCRb for a total of 562 and 568 cells in animals AY69 (LN) and T034 (PBMC), respectively; the TCR clonotypes

comprised 559 and 327 unique sequences (Figure 5A). In both samples, unique clonotypes (present in one cell only) predominated: repre-

senting 99% and 50% of cells in the LN and PBMC specimens. Clonal expansion was more apparent in T034 (21 days p.i.), with 34% of cells

among highly frequent clonotypes (R6 cells) and the remaining 15% comprised smaller expanded clones (2–5 cells). These data indicate

extensive T cell expansion in one of two animals during acute SIV infection, with a substantial proportion of memory CD4 T cells among highly

expanded clones.

To determine whether expanded clones harbor vRNA and are enriched for viral transcription, we assessed TCR clonality among vRNA+

and vRNA- cells in animal T034, where clonal expansion was prevalent. Unique clones were the most frequent in each T cell subset regardless

of vRNA status, ranging from 50 to 60% of cells (Figure 5B).We examined TCR sharing by comparing the predominant TCR sequences among

the vRNA+ and vRNA- cells. Consistent with the limited clonal expansion observed in AY69, clonotype sharing was minimal among cells

across the vRNA groupings (Figure 5C). In T034, by contrast, TCR clones were shared among cells in each of the three vRNA groups. Analysis

of the three most abundant clonotypes revealed identical clonotypes present at similar cell frequencies among vRNA-, vRNA+svRNA- and

vRNA+svRNA+ cells (Figures 5D and 5E). Of note, these three clonotypes combined comprised approximately 20–30% of each cell group,

and shared the same TCRb sequence, indicating a widely used TCRb sequence in this animal’s TCR repertoire. Furthermore, the size of the

two largest clonotypes may be an underestimate, as the TCRa chain sequence was undetermined for a substantial number of cells with this

common TCRb. Predominance of the same shared clonotypes across all three cell groups distinguished by vRNA status indicates that the

B

C

A

Figure 4. Single-cell RNA-seq analysis of SIV-infected macaques identifies host genes associated with productive infection

(A) UMAP clustering of CD4 T cells frommacaque AY69 and T034 displaying the distribution of vRNA-, vRNA+svRNA- and svRNA+ cells. Cells (dots) are colored

by vRNA status.

(B) Differentially expressed genes (Bonferroni p < 0.05) between vRNA- and svRNA+ cells in AY69 and their corresponding values in T034. Genes with differential

expression in the same direction in both animals. Natural log fold-change is indicated (FC; vRNA-/svRNA+).

(C) FOS expression in cells grouped by vRNA status. Significant (p < 0.05) nonparametric Wilcoxon comparisons are indicated for 12C174 (scRT-qPCR).
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same large clones were present among cells independent of their vRNA status, suggesting limited if any infection bias toward specific

clonotypes.

Differential FOS expression in HIV-1 latently infected T cells from PWH

To further explore the relationship between FOS expression and virus transcription in vivo, we reanalyzed public transcriptome data from

HIV-1 DNA+ memory CD4 T cells obtained from people receiving long-term antiretroviral therapy (ART) initiated during chronic infection.

In a previous study,40 HIV DNA+ cells from these individuals showed transcriptomic signatures of HIV silencing, indicating quiescence of infec-

tion enforced by distinctive host gene expression patterns in some of these cells. These cells were found to harbor minimal HIV-1 RNA

(<0.05%), consistent with latent infection or defective HIV-1 provirus. In a DEG analysis, we found that FOS and JUN, which encodes

c-Jun, another major component of AP-1, were elevated in HIV DNA+ memory infected T cells compared to uninfected cells (2- and

3-fold, respectively; n = 72–300 HIV DNA+ cells per person; Figure 6A). In addition, genes with known activating or inhibitory relationships

with FOS were differentially expressed in a manner consistent with increased AP-1 activity (p = 1.12E-02, Z score 2.164; Figures 6B and

S5), providing further evidence of elevated FOS activity in HIV DNA+ cells. These findings suggest that increased expression and transcrip-

tional activity of FOS and JUN in infected cells from PWH might be consistent with virus latency, rather than active virus expression.

c-Fos inhibition during HIV-1 infection increases susceptibility to reactivation

Since FOS expression was diminished in productive T cell infection (SIV) and upregulated in latent infection (HIV-1), we sought to directly test

the hypothesis that c-Fos participates in latency establishment and maintenance. T-5224 is a c-Fos-specific small molecule AP-1 inhibitor that

A B

C D

E

Figure 5. Expansion of T cell receptor clonotypes in memory CD4 T cells during acute SIV infection

(A) TCR clonotype analysis of two macaques infected with SIV is shown for lymph node (animal AY69) and PBMC (T034) specimens. Pie charts depict the

proportion of cells with unique (light blue) or shared (other colors) clonotypes (CTs). Other colors represent cells with clonotypes shared by 2, 3, 4, or 5 cells

or by 6 or more cells. The total number of cells analyzed is indicated in center of pie chart and percentage at bottom represents the proportion of cells in

each slice.

(B) Shared clonotype distribution among T cells separated by vRNA status for animal T034 PBMC.

(C) Bar graph depicts clonotypes occurring in >1 cell in T034 or AY69 and clonotype overlap among cells in the different vRNA cell groupings. Unique clonotypes

are indicated along the x axis for each animal (1–42 for T034; 1–3 for AY69).

(D) Frequency of cells with the three most abundant clonotypes (CT) observed within each vRNA-defined group of animal T034.

(E) TCR nucleotide sequence and prevalence of most common clonotypes in animal T034. NA, not available due to lack of sequence obtained.
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targets DNA-binding activity.64 Human CD4 T cells were cultured with T-5224 during in vitro HIV-1NL4-3 infection in a primary cell model of

latency reactivation using replication-competent virus.65 After inoculation and infection spreading, the frequency of infected cells did not

differ between T-5224-treated and untreated cultures, indicating that c-Fos inhibition does not alter productive HIV-1 infection efficiency

in activated CD4 T cells (Figure 6C). However, upon HIV-1 reactivation by anti-CD3/CD28 stimulation following four days of latency establish-

ment, T-5224 pre-treatment increased reactivation by an average of 23% relative to untreated cells (p = 0.03). The small sample size limited

statistical power to identify potential sex effects on T-5224 treatment susceptibility, though stratification by sex revealed stronger trends in

females (p = 0.12; n = 4) than males (p = 0.44, n = 5). No drug toxicity was observed, with comparable cell viability across conditions. These

data suggest that inhibiting c-Fos at the time of HIV-1 infection increases cell susceptibility to viral reactivation, supporting a role for c-Fos/

AP-1 in establishing and maintaining latency.

AP-1 has been extensively characterized for its ability to activate HIV-1 transcription,66,67 a property that seems at odds with promoting

latency. We therefore sought to determine whether c-Fos inhibition at the time of latency reversal would have the opposite effect. Previously,

AP-1 was implicated in HIV-1 latency reversal by synergizing with NF-kB upon TCR stimulation in Jurkat cells using a MAPK inhibitor that

blocked c-Fos nuclear localization.68 To determine whether c-Fos/AP-1 exerts an activating function in the setting of HIV-1 reactivation,

we evaluated latency reversal in the presence of T-5224 using the J-Lat latent HIV-1 cell line model.69 T-5224 was added to cells just prior

to stimulation with either PMA or TNFa. c-Fos inhibition decreased HIV-1 reactivation, as assessed by the frequency of GFP+ cells, in a

dose-dependent manner with both reactivating agents (Figure 6D). HIV-1 transcription per cell (GFP fluorescence intensity) was also reduced

A B

C

D E

Figure 6. AP-1 activity in latently HIV-1 infected T cells and c-Fos inhibition in vitro

(A) RNA sequencing of HIV DNA+ and DNA-memory CD4 T cells from PBMC of PWH on suppressive ART (n = 3). FOS and JUN mRNA expression levels are

depicted as counts per million (CPM). Each dot represents a 100-cell aliquot. Red bars depict median values. FDR p value for Wald’s test between two

groups is reported.

(B) c-Fos target genes with known relationships to c-Fos activity and differential expression in HIV DNA+ compared to HIV DNA-cells. Genes predicted to be up-

and down-regulated by c-Fos are indicated at top (orange bar) and bottom (green bar), respectively.

(C) c-Fos inhibition during infection increases HIV-1 reactivation. Human primary CD4 T cells (n = 9 donors) were cultured with or without T-5224 for 3 days during

NL4-3 infection (left; d10-13, culture days 10–13), followed by 4 days of ART and then anti-CD3/CD28 stimulation (right, culture day 17). HIV-1 expression is plotted

as p24+ (CD4�) cell frequency. Bars depict mean values. Wilcoxon matched-pairs signed rank test p value is indicated.

(D) c-Fos inhibition during latency reactivation in J-Lat cells stimulated with either PMA or TNFa following pre-treatment with either DMSO (vehicle) or T-5224 at

the indicated concentration. HIV-1 reactivation was measured by flow cytometry as the frequency of HIV-expressing cells (GFP+, left) or the median GFP

fluorescence (MFI, right). Data are represented as mean G SD.

(E) c-Fos inhibition during latency reactivation in primary memory CD4 T cells stimulated with anti-CD3/CD28 (n = 7 donors; d17, culture day 17).
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by T-5224. Again, no toxicity was observed (Figure S6). Similar experiments in the primary cell model described above did not demonstrate

HIV-1 reactivation inhibition by T-5224 (Figure 6E), which may be due to the crucial role of NFAT rather than NF-kB in HIV-1 reactivation in

primary memory CD4 T cells.70,71 Taken together, these data provide direct evidence that c-Fos/AP-1 participates in HIV-1 reactivation

from latency in some contexts and indicate a dueling function in the early stages of the viral life cycle by which c-Fos promotes latency

(Figure S7).

Gene co-expression networks differentially expressed in SIV-infected cells

Since few genes were identified by DEG analysis of SIV RNA+ using our statistical significance criteria, we sought exploratory analyses to

identify larger groups of genes that might differ between cell types but for which individual genes lacked independent statistical support.

We performed weighted gene co-expression network analysis (WGCNA),72 which identifies networks of co-expressed genes. Using cells

from the two RNA sequenced animals, five modules were generated after network construction (Figure 7A). Modules 4 and 5 were

elevated in vRNA- cells relative to svRNA+ cells in both animals (Figure 7B). Enrichment analysis showed similar gene pathways

represented in these two modules, including processes involved in viral infection, RNA metabolism, peptide metabolism, and ribonu-

cleoprotein complex biogenesis (Figure 7C). Of note, FOS was the second highest ranked gene within module 5 for intramodular

gene connectivity (Table S1), indicating a prominent role for FOS as a module 5 hub gene highly co-expressed with other module mem-

bers. Further, greater expression of module 5 among vRNA- cells relative to svRNA+ cells is consistent with diminished FOS in svRNA+

cells (Figures 4B and 4C).

Expression of two modules, 1 and 2, were increased in svRNA+ cells relative to vRNA- cells in AY69 and T034, respectively. Numerous

infection and antiviral pathways were represented in module 1, including genes involved in HIV-1 infection, interferon responses, DNA

damage and chromatin remodeling, as well as the module 4 and 5 enriched pathways. Among the top hub genes in module 1 were inter-

feron-induced protein family members, IFITM1, IFIT1, IFIT2, IFIT3, MX1 and RSAD2, and ribosomal proteins, such as RPS18, RPLP1, RPL31,

RPL18A, and RPL21. While module 1 was not elevated in svRNA+ cells of animal T034, lower cell numbers limited statistical power. Module

2 comprised a subset of the pathways found in module 1. These data indicate svRNA+ cells exhibit increased expression of multiple

pathways associated with pathogen infection, interferon and cytokine antiviral responses, nucleic acid metabolism, and proteolytic

processes, while networks enriched among vRNA- cells were limited to a discrete subset of these pathways. These profiles may reflect

distinct processes triggered by active viral replication within svRNA+ cells versus more generalized systemic pro-inflammatory innate

A

B C

Figure 7. Gene co-expression network analyses identifies that FOS belongs to a module strongly related to metabolism and viral infection

(A) Five modules (M) consisting of co-expressed genes identified from combined scRNA-seq data from animals AY69 and T034.

(B) Differential expression of network modules between vRNA- and svRNA+ cells in animal AY69 (top) and T034 (bottom) is depicted as log2 fold-change.

Differences >0 indicate increased expression in vRNA- cells; <0 are elevated in svRNA+ cells. Significant differences in module expression are indicated

(Padjusted <0.05); X, nonsignificant. Circle size reflects the number of genes in each module.

(C) Gene ontology of pathways enriched in each module.
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responses among vRNA- cells caused by acute SIV infection. Taken together our data show differential expression of FOS among infected

cells and implicate AP-1/c-Fos in the regulation of active and latent infection in vivo, highlighting the importance of cellular factors as

potential targets for therapeutic intervention.

DISCUSSION

Defining the events that contribute to the establishment and persistence of infected CD4 T cells able to support HIV-1 replication remain key

targets in HIV-1 prevention and cure strategies. We phenotyped over 2,000 memory CD4 T cells from three acutely SIV-infected macaques

directly ex vivo, i.e., without any in vitro stimulation, by single-cell transcriptomic and cell surface protein expression, identifying�800 vRNA+

cells. Well-powered analyses of viral and host factors distinguished vRNA+ cell subsets from one another and from their vRNA- counterparts,

leading to several key findings. First, vRNA+ cells exhibited a striking bimodal vRNA content distribution, which coincidedwith svRNA expres-

sion, supporting vRNA+ cell classification into cells either actively expressing vRNA and proteins or cells lacking evidence of viral replication.

Second, CD4 T cell clonal expansion was observed in one of two animals and across vRNA+ and -negative cell groupings, supporting early

T cell expansion during acute infection as amechanismof infected cell oligoclonality. Third, host factors discriminated svRNA+cells, including

decreased expression of FOS, a component of the AP-1 transcription factor. Further investigation of AP-1 activity in the setting of HIV-1

revealed upregulation of FOS and JUN in HIV-1 DNA+ CD4 T cells from PWH on ART, while inhibiting c-Fos activity during HIV-1 infection

increased TCR-induced viral reactivation from latency. These results reveal a new mechanism that may determine cell fate with respect to

establishment of latent versus productive infection and identify c-Fos/AP-1 as an important modulator of viral transcription (Figure S7).

The identification of two distinct subsets of cells harboring vRNA in primary cells likely reflects different stages of the viral life cycle. The

svRNA- group harbored�100-fold lower total and unspliced vRNAwithout evidence of major spliced transcripts. This population is therefore

consistent with early, abortive, or latent stages of infection. Future analyses incorporatingmeasurement of integrated provirus are warranted.

Given the dynamic nature of acute infection with abundant free virions and frequent cell-virion interactions, unspliced vRNA in these cells may

represent virion-derived genomic mRNA rather than de novo transcription. The low vRNA content may also reflect early transcription events

with inefficient elongation or multiple splicing, as observed in latently infected cells.73 Of note, we cannot exclude the possibility that cells

lacking vRNA are also infected, harboring integrated proviral DNA that is not transcribed.

The transcriptionally active subset was characterized by the presence of svRNA, high levels of unspliced vRNA, >1% of the cellular tran-

scriptome devoted to SIV (median 8–10%), and surface CD4 and CD3 downregulation, indicating robust viral transcription and viral protein

synthesis.30,46,74,75 In cells with the largest viral burden, SIV reads constituted a remarkable 30–40% of mRNA while total mRNA per cell was

unchanged, implicating substantial replacement of host-cell mRNA with viral mRNA. Previous studies of synchronized, bulk HIV-infected cell

lines obtained similar values, reporting 18%, 30% and 38% viral transcripts with increasing time post-infection.49,50 The heterogeneity in vRNA

content observed in the svRNA+ subset may therefore reflect cells spanning early to later stages of productive infection. The similar extent to

which viral transcription usurps host-cell transcription in these in vitromodel systems indicates that SIV infection in rhesus cells recapitulates

aspects of HIV-1 infection in human cells. vRNA content heterogeneity may also stem from variation in cellular activation status, as activated

CD4 T cells produce more virus than resting cells.76 While a subset of cells displaying an activated phenotype (CD69+) was enriched among

svRNA+ in the AY69 LN specimen, many svRNA- cells expressed similar levels of these canonical markers and only �50% of svRNA+ cells

exhibited this phenotype. Thus, we deem activation status as unlikely to be the primary determinant of cell infection fate with respect to pro-

gressing to active infection. Discordant infected-cell phenotypes between the AY69 and T034 specimens may be due to either differences in

the duration of infection or the compartment, both of which influence infected cell dynamics during acute HIV-1 infection in people.41

Homeostatic proliferation of infected T cells is onemechanismbelieved to contribute tomaintenance of HIV-1 reservoirs in PWHonART.77

Our TCR repertoire analysis showed T cell expansion in one of two animals studied. Again, this may reflect duration of infection, with longer

infection (21 versus 10 days) allowing more time for clonal expansion. Alternatively, peripheral blood and lymph node may exhibit varying

T cell clonal diversity, with blood characterized by a recirculating representation of cells stemming from all secondary lymphoid tissue and

thus more oligoclonal. However, greater infected cell clonal expansion in blood versus lymph node was not observed in people with acute

HIV-1.41 The trend of less TCR clonal diversity among infected cells may be due to preferential infection of proliferating T cell clones respond-

ing to either viral antigen or innate inflammatory cytokines. Shared TCRs among vRNA+ and vRNA- T cells suggests that clonal expansion is

independent of cellular infection status during acute infection. Analysis of the specificity of the expanded clones among vRNA+ cells will

elucidate potential mechanisms driving enrichment of T cell clones among the infected pool.

The AP-1 heterodimer of c-Fos and c-Jun regulates chromatin remodeling induced by co-stimulation during T cell activation and has been

implicated primarily in HIV-1 transcriptional activation.78 SIV and HIV-1 share many promoter elements, including one AP-1 binding site in the

enhancer region of the LTR U3 (�105 to �78)79 and three AP-1 binding sites downstream of the transcriptional start site in the R/U5 region.

Several lines of evidence support an activating role for the latter AP-1 sites.80 This includes substantially decreased HIV-1 expression upon

deletion of these sites and increased LTR transactivation upon c-Fos and c-Jun overexpression.66,67,81–83 c-Fos nuclear localization is also

temporally associated with HIV-1 reactivation by TCR stimulation in latently infected cells.68

Our finding of diminished FOS among svRNA+CD4T cells and increased FOS and JUN among latently infected cells in PWH suggests that

AP-1 can also repress viral transcription. These data are consistent with less appreciated evidence that AP-1 negatively regulates HIV-1

transcription in some contexts. There is precedent for dueling regulatory activities by AP-1, as AP-1 is well-documented to exert contrasting

functions in cancer settings, acting as either an activator or a repressor of transcription depending on the components of the AP-1 dimer or

other context-dependent variables.84,85 In prior HIV-1 studies, while c-Jun overexpression enhanced Tat-mediated HIV-1 transcription, it
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inhibited basal HIV-1 LTR promoter activity in the absence of Tat.83 Further, the AP-1 motif in the U3 enhancer element was required for

latency establishment in a cell line model.86 Of note, among the AP-1 factors expressed in T cells, c-Fos was the most active as well as the

predominant factor bound to the U3 AP-1 site in primary human CD4 T cells, followed by c-Jun. Reduced FOS expression in svRNA+ infected

cells reported here strongly suggests c-Fos participates in viral transcription suppression upon infection. Conversely, increased FOS in

transcriptionally quiescent HIV-1 DNA+ cells indicates that persistent elevated AP-1 may actively maintain transcriptional repression.

In vitro experiments inhibiting c-Fos/AP-1 activity also indicated opposing roles of c-Fos dependent on the stage of infection: blockade dur-

ing HIV-1 infection increased T cell susceptibility to subsequent reactivation, while blockade at the time of latency reversal inhibited HIV-1

reactivation. Taken together, these data support amodel of HIV-1/SIV latency through LTR suppression determinedby AP-1 levels (or compo-

sition) within a cell at the time of infection, whereby c-Fos/AP-1 restricts productive infection during initial viral exposure through promoting

latency establishment and its maintenance (Figure S7). This function appears to be distinct from AP-1-mediated HIV-1 transcription activation

upon subsequent TCR stimulation reactivation in cells with established latent infection. Other mechanisms of latency, including epigenetic

transcriptional silencing by a restrictive chromatin environment,87–91 are not excluded by this model.

Several prior studies interrogating the transcriptome of HIV-1-infected cells identified FOS and AP-1-related genes among differentially ex-

pressed host factors. First, FOS or AP-1 activity was elevated in in vitro infected CD4 T cells supporting active viral replication relative to unin-

fected cells or relative to latently infected cells.43,44,92 Of note, these in vitromodel systems employed TCR stimulation to activate T cells, which

is known to induce AP-1 and therefore generates a transcription factor profile distinct from the unstimulated, direct ex vivo analysis performed

here. In this context, AP-1 would most likely exert its HIV-1 activating function.68 Second, blood cells from PWH on suppressive ART identified

FOSdownregulation among a subset ofmemory CD4 T cells with reduced susceptibility toHIV-1 reactivation,93 though this cell population was

not enriched for HIV-1 DNA or RNA. And third, ATACseq epigenetic analysis of infected memory CD4 T cells from PWH indicated increased

accessibility of AP-1-relatedmotifs, includingFOS and JUN familymembers, inHIV-1DNA+cells compared to their DNA- counterparts.38 Here,

we provide direct evidence of elevated FOS and JUN transcription in HIV-1 DNA+ cells from ART-suppressed PWH.

Future studies evaluatingAP-1 expression levels in HIV-1-infected cells fromPWH in untreated acute infectionwill extend our understanding

of the role AP-1 plays in establishing HIV-1 latent infection in CD4 T cells in vivo. Non-memory CD4 T cell reservoir populations governed by

different mechanisms of latency also warrant investigation.94–96 Similarly, transcriptomic analyses of HIV-1 mRNA quantity and splicing with sin-

gle-cell resolution will be important to corroborate and define HIV-1-infected cell life cycle stages that occur in vivo, including identification of

additional host factors that modulate HIV-1 transcription. Leveraging host regulatory factors such as AP-1 to prevent HIV-1 latency establish-

ment and reservoirmaintenance represents a potential therapeutic approach to limit the size andpersistence of long-lived infectedCD4 T cells.

Limitations of the study

The sample size of our study included single-cell gene expression analysis of three rhesus macaques (n = 1960 CD4 T cells) and bulk

sequencing analysis for three PWH (n = 72–300 cells per person). Future studies confirming our findings in larger datasets will be valuable.

An additional caveat to our study is that the HIV-1 DNA+ cells interrogated from PWH cannot be definitively classified as latently infected.

Though these cells harboredHIV-1 read percentages 100-fold less than that reported for HIV-1-expressing cells stimulated in vitro,36,40 limited

HIV-1 RNA content may be due to proviral defects. We are unable to comment on the influence of sex on the gene expression analyses as all

infected macaques and PWH were male. While in vitro c-Fos inhibition experiments included PBMC from both sexes, larger studies are

required to determine potential sex effects on these results.
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Antibodies

CD4-BV786 BD Biosciences Cat#563914, clone L200, lot 8099675; RRID: AB_2738485

CD8-BUV496 BD Biosciences Cat#564804, clone RPA-T8, lot 7193592; RRID: AB_2744460

CD3-BV650 BD Biosciences Cat#563918, clone SP34-2, lot 7018763; RRID: AB_2738487

CD95-BUV737 BD Biosciences Cat#564710, clone DX2, lot 8072740; RRID: AB_2738907

CD28-BV711 BioLegend Cat#302948, clone CD28.2, lot 236771; RRID: AB_2616857

CD14-BV510 BioLegend Cat#301842, clone M5E2, lot 237626; RRID: AB_2561379

CD16-BV510 BioLegend Cat# 302048, clone 3G8, lot 238638; RRID: AB_2561380

CD20-BV510 BioLegend Cat#302340, clone 2H7, lot 244953; RRID: AB_2561941

CXCR3-PE-Cy5 BD Biosciences Cat#551128, clone 1C6, lot 7040790; RRID: AB_394061

CD38-PE NHP Reagent Resource clone OKT10, lot 060816CK

CD69-BUV395 BD Biosciences Cat#564364, clone FN50, lot 7108931; RRID: AB_2738770

ICOS-Alex Fluor 700 BioLegend Cat#313531, clone C398.4A, lot 227702; RRID: AB_2566130

HLA-DR-APC-H7 BD Biosciences Cat#641393, clone L243, lot 9051562; RRID: AB_1645739

HLA-ABC BioLegend Cat#311431, clone W6/32, lot 256257; RRID: AB_2566150

TIGIT-PerCP-eFluor 710 eBioscience Cat#S469500-41, clone MBSA43, lot 4290851

CXCR5-FITC ThermoFisher Cat#11-9185-42, clone MU5UBEE, lot 4325074; RRID: AB_2572526

PD-1-PE-eFluor 610 eBioscience Cat#61279942, clone eBioJ105, lot 4323887; RRID: AB_2574598

Integrin b7-BV421 BD Biosciences Cat#564283, clone FIB 504, lot 6270954; RRID: AB_2738728

CCR6-PE-Cy7 BD Biosciences Cat#564659, clone 11A9, lot 8152573; RRID: AB_2738881

IFITM1 AB Biosciences Cat#224063, rabbit polyclonal, lot GR110366-1

Goat-anti-rabbit-APC Jackson Immuno Research Cat# 111-136-144; RRID:AB_233798, lot 126640

Aqua Live/Dead stain ThermoFisher Cat#L34957, lot 1596087

Bacterial and virus strains

SIVmac251 NIH HIV Reagent Program Cat#ARP-253

SIVmac239X Del Prete et al.97 GenBank M33262.1

Biological samples

Peripheral blood of people

without HIV-1

Homo sapiens

Lymph Node Mononuclear Cell Macaca mulatta

Chemicals, peptides, and recombinant proteins

Raltegravir NIH HIV Reagent Program Cat#HRP-11680

Nelfinavir NIH HIV Reagent Program Cat#ARP-4621

T-5224 APExBIO Technology Cat#B4664

CD3/CD28 Dynabeads� ThermoFisher Scientific Cat#11141D

TNF-a Peprotech Cat# 300-01A

DMSO Sigma D5879

Phorbol-myristate-acetate (PMA) Invitrogen J63916.MCR
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

SMART-Seq Ultra Low

Input RNA kit

Takara Cat# 634891

CellsDirect One-Step

qRT-PCR kit

ThermoFisher Scientific Cat#11753100

EasySep� Human Naive CD4+

T cell Isolation Kit

Stem Cell Tech Cat#19555RF 19555

Deposited data

Raw scRNA-seq data from SIV-

infected m. mulatta

This paper GEO: GSE232998

RNA sequencing data from people

with HIV-1 on suppressive ART

Clark et al.40 dbGaP; phs003095.v1.p1

Experimental models: Cell lines

J-Lat 10.6 cells NIH HIV Reagent

Program

Cat#ARP-9849

Experimental models: Organisms/strains

Macaca mulatta

Homo sapiens

Oligonucleotides

FOS TaqMan assay ThermoFisher Hs01119267_g1

SIV gag primers and probe Bolton et al.46 N/A

SIV D1-A5 splice junction

primers and probe

Bolton et al.46 N/A

SIV D4-A7 splice junction

primers and probe

Bolton et al.46 N/A

Software and algorithms

GraphPad Prism (v.8)

and (v.9.3.1)

N/A https://www.graphpad.com/features

JMP (v.12) N/A https://www.jmp.com/en_us/home.html

FlowJo (v10.8.1) N/A https://www.flowjo.com/

Python N/A https://www.python.org/

R Bioconductor package (v3.6) McCarthy et al.98 https://smorabit.github.io/hdWGCNA/

Seurat packages (v3.1.5) N/A https://satijalab.org/seurat/

HISAT2 (v2.1.0) Kim et al.99 Nat Biotechnol 37, 907–915.

https://doi.org/10.1038/s41587-019-0201-4

htseq-count (v0.9.1) Anders et al.100 Bioinformatics 31, 166–169.

https://doi.org/10.1093/bioinformatics/btu638

BLAT (v36 3 1) Kent et al.101 Genome Res 12, 656664.

https://doi.org/10.1101/gr.229202

Harmony Korsunsky et al.102 https://portals.broadinstitute.org/harmony/

articles/quickstart.html

Metascape Zhou et al.103 Nat Commun 10, 1523. https://doi.org/

10.1038/s41467-019-09234-6

Trimmomatic (v0.36) Bolger et al.104 Bioinformatics 30, 2114–2120.

https://doi.org/10.1093/bioinformatics/btu170

scater/scran (v1.12.2) McCarthy et al.98 https://bioconductor.org/packages/

release/bioc/html/scater.html

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Diane Bolton (DBolton@

hivresearch.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Single-cell RNA-seq data have been deposited at GEO. Bulk human RNA-seq data were previously deposited at dbGaP. All data are

publicly available as of the date of publication. Accession numbers are listed in the key resources table.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and SIV infection

All work involving research animals was conducted under NIH Institute & Center Animal Care & Use Committee (ACUC)-approved animal use

protocols of the NIHNational Cancer Institute or the NIH Vaccine Research Center in AAALAC International-accredited facilities with a Public

Health Services Animal Welfare Assurance and in compliance with the Animal Welfare Act and other federal statutes and regulations relating

to laboratory animals (Animal Welfare Assurance number D16-00602). Macaques were housed at the NIH-Bethesda or NIH-Poolesville

facilities and cared for in accordance with the NIH ‘‘Guide for the Care and Use of Animals’’ (National Research Council; 2011; National Acad-

emies Press; Washington, D.C.). Prior to study initiation, all animals were free of cercopithecine herpesvirus 1, SIV, simian type-D retrovirus,

and simian T lymphotropic virus type 1.

Three colony-bred Indian-origin male rhesus macaques (age 3-10 years old) infected with SIV were analyzed in this study (Table 1). AY69

was inoculated intravenously with 100 MID50 of SIVmac251 (VRC animal protocol 356) with a virus preparation of 1.0 ml via the saphenous vein.

T034 was inoculated intrarectally with 300 IU of SIVmac239X97 (ACUC protocol AVP-051); 12C174 was intravenously inoculated daily for 5

consecutive days with single SIVmac239X clonotypes, 20 IU each (ACUC protocol AVP-059). Infection duration ranged from 10-21days.

LNMCwere prepared bymincingwith scissors followed by grinding through a 70 mmcell strainer.Whole bloodwas collected by venipuncture

into EDTA Vacutainer tubes (BD) and PBMC were isolated by Ficoll-Paque density gradient separation. Blood and lymph biopsies were

collected from sedated animals. People with HIV-1.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MixCR (v2.1.5) Bolotin et al.105 Nat Methods 12, 380–381.

https://doi.org/10.1038/nmeth.3364

scRepertoire (v1.3.2) Borcherding et al.106 F1000Res9, 47. https://doi.org/10.12688/

f1000research.22139.2

circlize (v0.4.13) Gu et al.107 Bioinformatics 30, 2811–2812. https://doi.org/

10.1093/bioinformatics/btu393

FIND-seq Clark et al.108 https://www.protocols.io/view/find-

seq-protocol-v1-0-cez3tf8n.html

CLC Genomics Workbench (v. 21) Qiagen Cat#832021

Ingenuity Pathway Analysis Qiagen summer release 2021

R hdWGCNA package Morabito et al.109 https://cran.r-project.org/web/

packages/WGCNA/index.html#:�:text=

WGCNA%3A%20Weighted%20Correlation%20Network%20Analysis&text=

Includes%20functions%20for%20rudimentary%20data,

for%20data%20manipulation%20and%20visualization.

Other

Macaca mulatta genome reference assembly 8.0.1 N/A

ll
OPEN ACCESS

iScience 26, 108015, October 20, 2023 19

iScience
Article

mailto:DBolton@hivresearch.org
mailto:DBolton@hivresearch.org
https://doi.org/10.1038/nmeth.3364
https://doi.org/10.12688/f1000research.22139.2
https://doi.org/10.12688/f1000research.22139.2
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1093/bioinformatics/btu393
https://www.protocols.io/view/find-seq-protocol-v1-0-cez3tf8n.html
https://www.protocols.io/view/find-seq-protocol-v1-0-cez3tf8n.html
https://cran.r-project.org/web/packages/WGCNA/index.html#:%7E:text=WGCNA%3A%20Weighted%20Correlation%20Network%20Analysis%26text=Includes%20functions%20for%20rudimentary%20data,for%20data%20manipulation%20and%20visualization
https://cran.r-project.org/web/packages/WGCNA/index.html#:%7E:text=WGCNA%3A%20Weighted%20Correlation%20Network%20Analysis%26text=Includes%20functions%20for%20rudimentary%20data,for%20data%20manipulation%20and%20visualization
https://cran.r-project.org/web/packages/WGCNA/index.html#:%7E:text=WGCNA%3A%20Weighted%20Correlation%20Network%20Analysis%26text=Includes%20functions%20for%20rudimentary%20data,for%20data%20manipulation%20and%20visualization
https://cran.r-project.org/web/packages/WGCNA/index.html#:%7E:text=WGCNA%3A%20Weighted%20Correlation%20Network%20Analysis%26text=Includes%20functions%20for%20rudimentary%20data,for%20data%20manipulation%20and%20visualization
https://cran.r-project.org/web/packages/WGCNA/index.html#:%7E:text=WGCNA%3A%20Weighted%20Correlation%20Network%20Analysis%26text=Includes%20functions%20for%20rudimentary%20data,for%20data%20manipulation%20and%20visualization
https://cran.r-project.org/web/packages/WGCNA/index.html#:%7E:text=WGCNA%3A%20Weighted%20Correlation%20Network%20Analysis%26text=Includes%20functions%20for%20rudimentary%20data,for%20data%20manipulation%20and%20visualization


Human transcriptome data was generated from a previously reported study examining latently infected cells from three male PWH aged

57-60 years old under long-term suppressive ART.40 Participants wereWhite/European American (n=2) and Black/African American (n=1). The

San Francisco General Hospital IRB approved study participant recruitment (SCOPE protocol, NCT00187512).

Cell lines and primary cell cultures

The latent HIV-1 infected human T cell line J-Lat 10.669 and primary humanCD4 T cells were cultured in RPMI 1640with 10% FBS, 1% penicillin-

streptomycin and 1% L-glutamine (Invitrogen) and maintained at 37�C under 5% CO2. J-Lat cells were obtained from the NIH HIV Reagent

Program and a parallel vial tested negative for mycobacterium negative. Cells were not authenticated. PBMCwere from nine people without

HIV-1 (Gulf Coast Regional Blood Center); n=4 females and n=5 males, aged 36-67.

METHOD DETAILS

Flow cytometry and cell sorting

Cells were thawed and stained with fluorescent labeledmonoclonal antibodies specified in the key resources table. Cells were first incubated

with Aqua Live/Dead stain and anti-IFITM1 antibody, then washed and stained with a cocktail of all the remaining antibodies including

secondary APC-labeled antibody for IFITM1 detection. Immediately after staining, memory CD4 T cells were isolated by single-cell sorting

on a BD FACSAriaTM III SORP, such that one cell was deposited per well in 96-well LowBind plates (Framestar � clear 96 semi-skirted PCR

plate, 4titute�Ltd) for lysis and cDNA library prep. To minimize impact on cellular RNA content and protein expression prior to analysis, cell

samples were maintained on ice at all times, with the exception of the surface stain (15 min) and elapsed sorting time (�30 min). All samples

were cryopreserved, which does not impact viral gene expression.46 Surface staining was recorded for each cell by well position. vRNA- cells

lacking surface CD4 expression (CD4 fluorescence intensity <500) were excluded from downstream analyses of differential host protein

expression to limit comparisons to cell populations most likely to represent CD4 T cells; this cut-off is consistent with undetected CD4

and CD40LmRNA by scRT-qPCR among vRNA- but not vRNA+ cells.46 For display purposes, fluorescence intensity values were transformed

for each marker by adding the minimum value to achieve positive values. Multivariate flow cytometry data were analyzed using FlowJo

(v10.8.1) and visualized using uniform manifold approximation and projection (UMAP)-dimensionality reduction on concatenated CD4

T cells combined from all animals. Concatenated cells were then further grouped using FlowSOM to create a self-organizing map for cluster

based on surface protein marker expression.57

Single-cell RNA-seq and data analysis

Single cells were lysed in SMART-Seq lysis buffer supplemented with RNAse inhibitor for 2 minutes at room temperature, vortexed, centri-

fuged, and frozen at -80�C until cDNA library preparation. Whole cDNA library was prepared using the SMART-Seq Ultra Low Input RNA kit

and sequenced on the Illumina NovaSeq Platform as described previously.110–112 Sequencing reads were trimmed with Trimmomatic

(v0.36)104 and aligned to the Macaca mulatta genome (reference assembly 8.0.1) combined with either the SIVmac251 (GenBank

KU892415.1) or SIVmac239 (GenBank M33262.1) genome for AY69 or T034, respectively, using HISAT2 (v2.1.0).99 Global gene expression

was quantified using htseq-count (v0.9.1).100 Spliced and unspliced viral mRNA were examined using an in-house pipeline that included

BLAT (v363 1) and custom Python scripts.101 Classification of cells was carried out based on presence of vRNA and svRNA (Figure S2). Cells

lacking SIV reads were classified vRNA-. vRNA+ cells were considering transcriptionally active if they met at least one of the following two

criteria: 1) positive for svRNA encoding both tat/rev (reads mapping to D4-A7 splice junction) and env (read mapping to D1-A5 splice junc-

tion); or 2) vRNA exceeding 1% of total mRNA and positive for at least one of the above svRNA species. Cells with SIV reads <1% lacking

svRNA reads were classified as replication-inactive. Cells with SIV reads mapping to only one svRNA species and with <1% total SIV

mRNA were excluded due to ambiguous infection status, as were cells with SIV reads higher than 1% but no svRNA. Quality control and

normalization was performed using the scater/scran (v1.12.2) and Seurat packages (v3.1.5) in the R Bioconductor package (v3.6).98,113 Cells

were excluded from analysis if they met one or more of the following exclusion criteria: high ERCC percentage, low library size, or low total

features. To exclude non-CD4 T cells, principal component analysis was performed on the entirety of sorted single cells and revealed distinct

clusters. A putative B cell population, characterized by absence ofCD3D and high expression ofCD19, JCHAIN,MEF2C, FCRL,MAMU-DRB1

(Figure S1B), was excluded from further analysis in animal AY69, with 593 cells remaining. For animal T034, small clusters of myeloid, NK, and B

cells were identified and excluded, leaving 672 cells after filtering. An average of 2159 (st. dev. 499) genes were detected per cell in AY69, and

1520 (st. dev. 316) in T034. An average of 31,133 and 45,676 reads mapped to the SIV genome in AY69 and T034, respectively. Among de-

tected genes, AY69 had an average of 801 reads per gene and T034 had 4130 reads per gene. DEG analysis between cell classifications

was performed using a Wilcoxon Rank Sum test in Seurat using the Bonferroni adjustment for multiple testing. For animal T034, DEG and

multiple testing correction was performed on only the subset of genes that were significant in animal AY69. RPS and RPL genes were filtered

out after differential analyses. MixCR (v2.1.5), scRepertoire (v1.3.2), and circlize (v0.4.13) were used to generate, analyze, and visualize TCR

sequences.105–107

qPCR analysis

Differential expression of selected genes was confirmed by qPCR, using cells that were single-cell sorted into 5.75 ml of the SMART-Seq

lysis buffer, as described above. 3.8 ml of lysis buffer containing one sorted single cell was combined with 16.2 ml of the CellsDirect One-Step
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qRT-PCR kit (ThermoFirsher Scientific), containing TaqMan assays for host and SIV genes.46 cDNA was synthesized by 18 cycles of preampli-

fication and served as template for high-throughput qPCR using the Gene expression 96.96 Dynamic array platform on the Fluidigm Biomark

microfluidic chip platform as described previously.46 Absolute RNA copies were calculated as 2(Et-13), where Et=40-Ct. Cells with undetected

FOS gene expression by RT-qPCR were assigned Et=13, which approximates a single RNA molecule using this protocol.51 Estimations of

vRNA+ cell frequency by RT-qPCR were performed by flow cytometric sorting of limiting-cell dilutions and Poisson distribution.46 Results

were analyzed using JMP (v.12) and GraphPad Prism (v.8).

Transcriptome analysis of HIV DNA+ cells

HIV DNA+ and HIV DNA-memory CD4 T cells were isolated using FIND-seq technology and their transcriptomes sequenced using Illumina’s

HiSeq 4000 platform.40,108 Resulting data were analyzed using the CLC Genomics Workbench (v. 21). Sequencing read counts per million

values for FOS and JUN were extracted and plotted using GraphPad Prism (v.9.3.1) and the fold change and FDR was obtained from differ-

ential gene expression betweenHIV DNA+ andHIV DNA- samples. Upstream regulator analysis was performed in Ingenuity Pathway Analysis

(Qiagen, summer release 2021) using differentially expressed genes with an absolute fold change of R1.5 and FDR % 0.05.

Latent HIV-1 in vitro infection and reactivation

Naı̈ve CD4+ T cells were isolated via negative selection (EasySep� Human Naı̈ve CD4+ T Cell Isolation Kit) from PBMC of people without

HIV-1 (n=9; n=4 female, n=5 male; 36-67 y.o., median 40 y.o.) and cultured in a latent HIV-1 in vitro infection model.65 Briefly, cells were

activated for 72h, expanded for 96h, inoculated with HIV-1NL4-3 for 72h, then cultured with or without 10 mM c-Fos inhibitor T-5224

(APExBIO Technology) for 72h during the crowding phase (culture days 10-13). T-5224 was washed out and cells were removed from crowding

conditions and cultured in the presence of ART (1 mM Raltegravir, 0.5 mM Nelfinavir; NIH AIDS Reagent Program) for 96h. Cells were then

reactivated with CD3/CD28 Dynabeads� (ThermoFisher Scientific; culture day 17) for 48h at a concentration of 1 bead per cell. Alternatively,

cells were treated with T-5224 for 90 min just prior to reactivation CD3/CD28 Dynabeads� (n=7; n=3 female, n=4 male; subset of people

without HIV mentioned above). 3x105 J-Lat 10.6 cells69 were co-cultured with DMSO or T-5224 at 20 mM, 40 mM or 80 mM for 90min and

then stimulated with 5 ng/mL phorbol-myristate-acetate or 10 ng/mL TNF-a for 12h. All cells were cultured in RPMI 1640 with 10% FBS,

1% penicillin-streptomycin and 1% L-glutamine (Invitrogen) and maintained at 37�C under 5% CO2.

Gene co-expression network analysis

Cells from animals AY69 and T034 were combined into one Seurat object forWGCNA.72 Gene expression was normalized and scaled tomake

a principal component analysis. Harmony was used to account for batch correction based on the source animal origin of the cells (AY69 versus

T032).102 The R package hdWGCNAwas used to generatemetacells with original gene expression clusters from each animal on the Harmony

reduction with nondefault parameters (k = 20, max_shared = 10, and min_cells = 40).109 A network was constructed using a soft power of 9.

Module eigengenes generated for the resulting modules were also corrected for source animal using Harmony. Gene connectivity (or ‘‘mod-

ulemembership’’) was quantified by correlating gene expression andmodule eigengenes (kME, or eigengene connectivity). Genes with large

correlation coefficients (high kME) were considered to be highly connected ‘‘hub genes’’ within their respective modules. Wilcoxon rank sum

test was used to compare the distribution of module eigengenes between the vRNA- and svRNA+ cell categories within each animal. The

average difference between module eigengenes in the two groups is the difference between the means. The lists of genes from all modules

were used as input for gene ontology enrichment analysis using Metascape.103

QUANTIFICATION AND STATISTICAL ANALYSIS

Differential expression of surface proteins was determined by nonparametric Wilcoxon comparisons between cell groups. DEG analysis of

scRNA-seq data was assessed by Wilcoxon Rank Sum test in Seurat using the Bonferroni adjustment for multiple testing. scRT-qPCR FOS

gene expression differences were analyzed by nonparametricWilcoxon comparison. Differential FOS and JUN expression for HIV DNA+ cells

was assessed by Wald’s test between two groups with FDR adjustment. Wilcoxon matched-pairs signed rank test was applied to in vitro

culture experiments with and without c-Fos inhibitor. Additional statistical details of experiments can be found in the figure legends.

ADDITIONAL RESOURCES

Human gene expression data analyzed in this study was previously generated by analysis of samples from participants in the SCOPE study

(NCT00187512).
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