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Abstract 31 

The cure for HIV-1 is currently stalled by our inability to specifically identify and 32 

target latently infected cells. HIV-1 viral RNA/DNA or viral proteins are recognized by 33 

cellular mechanisms and induce interferon responses in virus producing cells, but changes 34 

in latently infected cells remain unknown. HIVGKO contains a GFP reporter under the HIV-1 35 

promoter and an mKO2 reporter under the internal EF1α promoter. This viral construct 36 

enables direct identification of HIV-1 both productively and latently infected cells. In this 37 

study we aim to identify specific cellular transcriptional responses triggered by HIV-1 entry 38 

and integration using Cap Analysis of Gene Expression (CAGE). 39 

We deep sequenced CAGE tags in uninfected, latently and productively infected 40 

cells and compared their differentially expressed transcription start site (TSS) profiles. 41 

Virus producing cells had differentially expressed TSSs related to T-cell activation and 42 

apoptosis when compared to uninfected cells or latently infected cells. Surprisingly, latently 43 

infected cells had only 33 differentially expressed TSSs compared to uninfected cells. 44 

Among these, SPP1 and APOE were down-regulated in latently infected cells. SPP1 or 45 

APOE knockdown in Jurkat T cells increased susceptibility to HIVGKO infection, 46 

 on F
ebruary 6, 2021 at B

U
C

K
 IN

S
T

IT
U

T
E

 F
O

R
 R

E
S

E
A

R
C

H
 O

N
 A

G
IN

G
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 4 

suggesting that they have anti-viral properties. Components of the PI3K/mTOR pathway, 47 

MLST8, 4EBP and RPS6, were significant TSSs in productively infected cells, and S6K 48 

phosphorylation was increased compared to latently infected cells, suggesting that mTOR 49 

pathway activity plays a role in establishing the latent reservoir. These findings indicate that 50 

HIV-1 entry and integration do not trigger unique transcriptional responses when infection 51 

becomes latent.  52 

Importance 53 

Latent HIV-1 infection is established as early as the first viral exposure and 54 

remains the most important barrier in obtaining the cure for HIV-1 infection. Here, we used 55 

CAGE to compare the transcriptional landscape of latently infected cells with that of 56 

non-infected or productively infected cells. We found that latently infected cells and 57 

non-infected cells show quite similar transcriptional profiles. Our data suggest that T-cells 58 

cannot recognize incoming viral components nor the integrated HIV-1 genome when 59 

infection remains latent. These findings should guide future research into widening our 60 

approaches to identify and target latent HIV-1 infected cells. 61 

  62 
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Introduction 63 

 HIV-1 infection has changed from a life-threatening disease to a chronic infectious 64 

disease with the introduction of anti-retroviral therapy (ART). However, ART cannot 65 

eradicate HIV-1, because HIV-1 persists in the human body in a latent state and starts to 66 

replicate within weeks after cessation of ART. This latent infection occurs within long-lived 67 

cells including resting CD4
+
 T cells, follicular dendritic cells, and hematopoietic stem cells 68 

and can be established at a very early stage of infection (1). HIV-1 enters the cellular 69 

nucleus and integrates into the human genome, targeting mainly the introns of actively 70 

transcribed genes close to the nucleopore (2-4). HIV-1 transcription depends on the cellular 71 

transcriptional machinery, therefore, the chromatin status of its integration site will greatly 72 

affect the viral transcriptional outcome. If integration occurs in heterochromatin or within 73 

genes that will later be inactivated, these integration events can lead to latent infection 74 

directly after integration (5, 6). Current ART is capable of suppressing ongoing viral 75 

transcription and new infections (7-9), therefore, to achieve an HIV cure, it is imperative to 76 

elucidate the mechanism behind HIV-1 latent infection and the early events around HIV-1 77 

integration. 78 
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Productive HIV-1 infection triggers cellular innate immune responses and affects 79 

cellular membrane protein expression. For example, Interferon-γ Inducible Protein 16 80 

(IFI16) and cyclic GMP-AMP synthase (cGAS) recognize HIV reverse transcription (RT) 81 

products and activate the adaptor protein STING which then stimulates TBK1 and IRF3 to 82 

induce the transcription of interferon genes (10, 11). HIV-1 evades this innate immune 83 

response by interacting with host proteins such as Cyclophilin A (CypA) and 84 

polyadenylation specificity factor subunit 6 (CPSF6) which protects RT products from 85 

being detected by IFI16 and cGAS (12-14). Although a number of surface markers of 86 

productive HIV-1 infection have been identified, including immune checkpoint molecules 87 

(15), CD2 (16), CD30 (17) and CD32 (18), there are currently no established surface 88 

markers that can distinguish latently infected cells from non-infected cells. 89 

Various HIV latency models using primary CD4
+
 T-cells and reporter HIV 90 

constructs have been developed for latency research (19). One of these constructs is 91 

HIVGKO, which contains two fluorescent reporters: codon-switched eGFP (csGFP) driven 92 

by the HIV-1 LTR promoter and mKO2 driven by an internal elongation factor alpha 93 

(EF1α) promoter. HIVGKO enables us to identify latently infected cells directly as mKO2 94 
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single positive cells and distinguish latently infected cells from non-infected and 95 

productively infected cells (6, 20). 96 

 Single cell RNA-seq results of latently infected cells using primary cell models of 97 

HIV-1 latency showed that latently infected cells express some memory T-cell markers 98 

(CCR7, SELL, CD27), and reactivated cells express T-cell activation markers (IL-2RA, 99 

HLA-DR, CD38) (21). Most transcriptome studies of HIV-1 latency compared the 100 

transcriptome profile of latently infected cells to that of reactivated cells (22, 23). Thus, 101 

there are no reports that directly compare the transcriptome profile of latently infected cells 102 

to that of non-infected cells. 103 

Cap Analysis of Gene Expression (CAGE) is a method for promoter identification 104 

and transcription profiling by deep sequencing the 5’ capped ends of transcripts that can 105 

provide robust quantification of 5’ ends of transcripts that exist at low levels (24, 25). In 106 

this study, we use CAGE to perform a transcriptome analysis of a cell line model of HIV-1 107 

latency. We found that the transcriptome profile of latently infected cells is quite similar to 108 

that of non-infected cells and latent infection does not induce a specific cellular response. 109 

Even though latently infected cells showed a very similar transcriptomic profiles to that of 110 
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 8 

uninfected cells, we found that SPP1 and APOE were significantly enriched in non-infected 111 

compared to latently infected cells and knock down of these genes promoted HIV-1 112 

infection. In contrast, we observed clear differences in the expression levels of three mTOR 113 

signaling pathway genes, MLST8, RPS6 and EIF4EBP1, between latently infected and 114 

productively infected cells. We show that RPS6 knockdown increased phosphorylation of 115 

S6K through negative feedback and resulted in an increase of productive infection. 116 

Furthermore, S6K inhibitor treatment increased latent infection, suggesting that S6K 117 

activity correlates with HIV-1 transcription and latency formation. 118 

Results 119 

Characterization of the latency model using the dual-fluorescence HIV-1 reporter 120 

HIVGKO 121 

First, we infected Jurkat T cells with HIVGKO, a dual reporter HIV-1 virus. The 122 

schematic overview of our experiment is shown in Fig. 1A. Latently infected cells are 123 

labeled as mKO single positive and productively infected cells are labeled as mKO and 124 

csGFP double positive cells (Fig. 1B). Four days after infection, we FACS sorted the cells 125 

into three fractions: non-infected (double negative), latently infected (mKO2 single 126 
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positive) and productively infected (csGFP and mKO2 double positive) cells and confirmed 127 

that the purity of each cell fraction was more than 99 %. 128 

 Next, to confirm that the mKO single positive cells are truly latently infected cells, 129 

we measured three HIV transcripts (Unspliced (US), Single spliced (SS) and Multiple 130 

spliced (MS)) by RT-qPCR (6) and the relative copy number of integrated viral DNA by 131 

Alu-PCR based quantitative PCR in each fraction. As expected, productively infected cells 132 

showed high levels of all HIV transcripts while non-infected and latently infected cells 133 

showed very low levels (Fig. 1C). In addition, the relative copy numbers of integrated 134 

HIVGKO in latently and productively infected cells were comparable (Fig. 1D). These 135 

results confirmed that HIVGKO was integrated into the genome but transcriptionally silent in 136 

mKO2 single positive latently infected cells. We also detected HIV-1 integration 1.3% of 137 

double negative cells using Alu-based quantitative genomic PCR (Fig. 1D), suggesting that 138 

a small number of our non-infected cells contain HIVGKO proviruses in which both parts of 139 

the HIV-1 LTR and EF1α promoters are deleted. Therefore, we designated the non-infected 140 

cells as majority of cells (more than 98 %) are uninfected and a very few cells contain 141 

defective HIV DNA.  142 
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We next evaluated the reactivation capacity of latently infected cells using three 143 

latency-reversing agents (LRAs): TNF-alpha, PMA and vorinostat. Latently infected cells 144 

were treated with these LRAs for 24h and the efficiency of reactivation was assessed by 145 

flow cytometry. Whereas around 20 % of cells spontaneously reactivated in DMSO treated 146 

cells, all three LRAs efficiently reactivated latently infected cells (Fig. 1E). This result 147 

confirmed that these latently infected cells contain inducible proviruses. 148 

CAGE captures the transcription start site of HIVGKO at single base resolution 149 

We performed CAGE for each FACS sorted HIVGKO non-infected, latently infected, 150 

productively infected and HIVGKO unexposed Jurkat T cells. We obtained approximately 75 151 

million CAGE tags from 75 thousand transcription start sites (TSSs) for each fraction (Fig. 152 

2A). Among these, we detected 380 thousand HIV-1 derived CAGE tags which constituted 153 

0.49 % of all detected CAGE tags. The genomic structure of HIVGKO and detected CAGE 154 

counts are shown in Fig. 2B. We identified the highest CAGE peak at the 5’-LTR in 155 

productively infected cells and also identified high CAGE peaks at the EF1α locus in both 156 

latently infected and productively infected cells (Fig. 2C and D). This result also supports 157 

that mKO single positive cells were HIV-1 transcriptionally silent. Notably, the highest 158 
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CAGE peak in the 5’-LTR was located at the U3/R boundary (Fig. 2B) which is consistent 159 

with a previous study (26). 160 

HIV-1 latent infection does not trigger unique cellular responses 161 

 We next compared CAGE tags from each of the sorted samples with unexposed 162 

Jurkat cells and found that 965 TSSs were common among all three comparisons (Fig. 3A 163 

and B). Furthermore, most of the highly significant TSSs in the comparison between 164 

unexposed and latently infected Jurkat cells were common in all three comparisons (Fig. 165 

3C and D). These results suggest that the differences between unexposed Jurkat cells and 166 

latently infected Jurkat cells were not unique but rather common in non-infected cells and 167 

productively infected cells. DAVID GO analysis (27, 28) showed that significantly enriched 168 

biological processes between unexposed and latently infected cells were very similar to 169 

those between unexposed and non-infected cells (Fig. 3E), suggesting that the infection and 170 

consecutive responses of productively infected cells may have led to stimulation and 171 

consecutive similar gene expression changes in both non-infected and latently infected cells 172 

while the cells were cultured together. Therefore, we decided to focus on the differences 173 

between non-infected, latently infected and productively infected cells.  174 
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 12 

To investigate the differences in gene expression profiles between these three 175 

fractions, we performed hierarchical clustering. The gene expression profile of productively 176 

infected cells was quite different from that of the other two fractions (Fig. 4A). Notably, we 177 

found no major differences between non-infected and latently infected cells. Next, we 178 

performed differential expression analysis to identify significant TSSs among non-infected, 179 

latently infected and productively infected cells. Differential expression analysis identified 180 

2,826 TSSs in the comparison between non-infected and productively infected cells and 181 

1,816 TSSs in the comparison between latently infected and productively infected cells, but 182 

only 33 TSSs were identified in the comparison between non-infected and latently infected 183 

cells (Fig. 4B and Supplemental tables 1, 2 and 3). The number of significantly 184 

differentially expressed TSSs between non-infected and latently infected cells was much 185 

smaller than that between productively infected and non-infected or latently infected cells, 186 

respectively. We further investigated the expression levels of individual genes that are 187 

associated with IFN response. We did not observe any significant upregulation of IFN 188 

genes (IFNα, IFNβ and IFNγ) and genes that are associated with IFN response (CGAS, 189 

PPIA, TREX1, IRF3 and TBK1) in latently infected cells or productively infected cells 190 

compared to non-infected cells; however, we detected a significant decrease of IFI16 and a 191 
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 13 

significant increase of STING expression in productively infected cells (Fig. 5). Altogether, 192 

these results suggest that HIV-1 productive infection affects genes involved in the pattern 193 

recognition receptor (PRR) signaling pathway; however, HIV-1 latent infection does not 194 

trigger any unique cellular transcriptional changes, including innate immune responses. 195 

Productive infection induces genes associated with apoptosis and T-cell activation 196 

 Among the significant TSSs identified by differential expression analysis, 1,550 197 

TSSs and 1,076 TSSs were up-regulated and 1,276 TSSs and 740 TSSs were 198 

down-regulated in productively infected cells compared to non-infected and latently 199 

infected cells respectively (Fig. 4B and Supplemental tables 1 and 2). We found that the 200 

expression levels of T-cell activation markers (CD69, CD70 and CD38) were significantly 201 

increased in productively infected cells (Fig. 4C and D). Furthermore, we observed an 202 

induction of pro-apoptotic genes (GZMA, BAX and BCL2L11) in productively infected cells 203 

(Fig. 4C and D). Next, to comprehensively investigate which biological processes these 204 

up-regulated TSSs in productively infected cells belong to, we performed DAVID GO 205 

analysis. We confirmed that the up-regulated TSSs in productively infected cells belong to 206 

T-cell signal transduction, immune response and apoptosis pathways (Fig. 4F). These 207 
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 14 

results suggest that T-cell activation is required for efficient virus production and that 208 

productive infection induces pro-apoptotic genes resulting in cell death. 209 

APOE and SPP1 restrict HIVGKO infection in both Jurkat T cells and primary CD4
+
 T 210 

cells 211 

 Differential expression analysis identified 33 significant TSSs between 212 

non-infected and latently infected cells. Among these 33 TSSs, only 2 TSSs were 213 

up-regulated in latently infected cells, but these TSSs were located within non-annotated 214 

regions and did not express functional proteins (Fig. 4E and 6A and Supplemental table 3). 215 

Therefore, we could not identify any specific biomarker for latently infected cells. On the 216 

other hand, as illustrated in Fig. 6A, the expression levels of the other 31 TSSs were higher 217 

in non-infected cells compared to both latently and productively infected cells. We assumed 218 

that these up-regulated genes in non-infected cells might have putative anti-retroviral 219 

activity for HIV-1. Among them, we focused on APOE and SPP1 which both showed 220 

significant enrichment in uninfected cells. Apolipoprotein E (APOE) is involved in 221 

lipoprotein metabolism and is reported to inhibit HIV-1 infection in macrophages (29, 30). 222 

SPP1, also known as osteopontin - a component of the extracellular matrix of bone, 223 
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suppresses T cell activation (31, 32) and promotes HIV-1 infection in macrophages (33). To 224 

test if these proteins have anti-viral properties, we knocked down SPP1 and APOE in Jurkat 225 

T cells and evaluated the changes in proportion of HIVGKO infected cells by flow cytometry. 226 

First, we established Jurkat T cell lines that express shRNA against SPP1, APOE or 227 

luciferase (non-target control) in a doxycycline (DOX) inducible manner. We confirmed 228 

that DOX treatment for 4 days knocked down SPP1 and APOE (Fig. 6B and D). Next, we 229 

infected these cells lines with HIVGKO, with or without prior DOX treatment, and analyzed 230 

the proportion of infected cells by flow cytometry at 2 days post-infection. We found that 231 

knock down of SPP1 and APOE significantly increased the percentage of infected cells (Fig. 232 

6C and E). 233 

 To further confirm these findings in primary CD4
+
 T cells, we used siRNA to 234 

knock down SPP1 and APOE in human primary CD4
+
 T cells and examined infectivity of 235 

HIVGKO by flow cytometry. We isolated primary CD4
+
 T cells from peripheral blood and 236 

stimulated them with anti-CD3/CD28 beads for 3 days. We introduced siRNA against SPP1 237 

and APOE into stimulated CD4
+
 T cells via electroporation and infected them with HIVGKO 238 

at 3 days post-transfection. We evaluated the proportion of HIVGKO infected cells by flow 239 
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cytometry at 3 days post-infection. We confirmed the knock down of SPP1 and APOE with 240 

RT-qPCR (Fig. 7A and B). As expected, knock down of SPP1 and APOE increased the 241 

proportion of infected cells in human primary CD4
+
 T cells, respectively (Fig. 7C and D). 242 

Taken together, these results support our hypothesis that SPP1 and APOE have an 243 

anti-retroviral effect against HIV-1. 244 

 To investigate how SPP1 and APOE inhibit HIV infection, we evaluated the 245 

amounts of late reverse transcription (RT) products, 2-LTR circles and integrated HIV upon 246 

knock down of APOE and SPP1 in primary CD4
+
 T cells. Briefly, we introduced siRNA 247 

and infected cells with HIVGKO as described above, and measured the copy number of late 248 

RT and 2-LTR products at 4, 8, 12- and 24-hours post-infection and of integrated HIV at 24 249 

hours post-infection by Alu q-PCR. We detected an increase of late RT products (Fig. 7E 250 

and F), relatively low levels of 2-LTR circles (Fig. 7G and H) and a significant increase of 251 

integrated HIV upon either SPP1 or APOE knock down (Fig. 7I and J). These results 252 

suggest that both SPP1 and APOE prevent HIV infection by interfering with integration and 253 

possibly RT. 254 

 255 
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Increased phosphorylation of S6K helps prevent latency 256 

 The mammalian target of rapamycin (mTOR) signaling pathway is associated with 257 

the regulation of cell proliferation as well as lipid and amino acid metabolism (34). 258 

Genome-wide functional screening using a shRNA library revealed that the suppression of 259 

the mTOR complex prevents CD3/CD28 mediated reactivation of latently infected cells 260 

and mTOR inhibitors suppress CD3/CD28 mediated reactivation of latently infected cells 261 

(35). In addition, genetic depletion of TSC1, that inhibits the activation of the mTORC1 262 

complex through the phosphorylation of Rheb, promotes the reactivation of latently 263 

infected cells (36). These results suggest that the mTOR signaling pathway plays a role in 264 

reactivating latently infected cells, but it remains unknown whether mTOR also plays a role 265 

in establishing the latent reservoir. We investigated the expression levels of genes that 266 

compose the mTOR signaling pathway and found that there were significant differences in 267 

the expression levels of MLST8, EIF4EBP1 and RPS6 between latently infected and 268 

productively infected cells (Fig. 8A, B and C, respectively), suggesting that the activity of 269 

the mTOR signaling pathway has some influence on establishing latency. To confirm this 270 

possibility, we established cell lines that stably express shRNA against MLST8, 4EBP1 or 271 
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RPS6 in a doxycycline inducible manner and confirmed efficient knock down of each 272 

protein after 4 days of DOX treatment (Fig. 8D, E and F, respectively). We then infected 273 

these cells with HIVGKO and evaluated the proportion of infected cells by flow cytometry. 274 

We observed that knock down of RPS6 decreased the percentage of latently infected cells 275 

and increased that of productively infected cells while the overall infection (latent + 276 

productive infections) rate was largely the same. However, the knock down of MLST8 and 277 

4EBP1 had no effect on infection rates or type (Fig. 8G, H and I). Based on these results, 278 

we hypothesized that knock down of RPS6 would increase the phosphorylation of upstream 279 

components of the mTOR signaling pathway and examined the phosphorylation state of 280 

mTOR and S6K. As expected, knock down of RPS6 increased the expression and 281 

phosphorylation of S6K (Fig. 8J). We observed no differences in the expression or 282 

phosphorylation of mTOR upon knock down of RPS6 (Fig. 8J). Furthermore, we found that 283 

productively infected cells had higher levels of phosphorylated S6K compared to 284 

non-infected and latently infected cells (Fig. 8K). Expression of S6K itself was also 285 

increased, possibly because phosphorylation of S6K at T389 stabilizes S6K itself by 286 

preventing proteasome degradation induced by JNK1-mediated phosphorylation of S6K at 287 

S424 (37). S6K phosphorylates CDK9, a component of the p-TEFb complex, and plays an 288 
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important role in the reactivation of latently infected cells (35). We used selective S6K 289 

inhibitors (LY2584702 and PF-4708671) to investigate whether S6K has an impact on 290 

establishing the latent reservoir. Both S6K inhibitors increased the size of the latent 291 

reservoir (Fig. 8L and M). The increase of the HIV latently infected cells by S6K inhibition 292 

was also confirmed in primary CD4
+
 T cells (Fig. 9). Taken together, these results suggest 293 

that HIV infection tends to become productive when the phosphorylation of S6K in 294 

infected cells is relatively high, while it tends to become latent when it is relatively low 295 

level. 296 

 297 

Discussion 298 

 In this study, we demonstrate that latent HIV infection does not trigger a unique 299 

cellular response in T-cells, while, on the other hand, productive infection enhances T-cell 300 

activation and induces pro-apoptotic responses. In addition, we show that among the genes 301 

that are up-regulated in non-infected cells compared to latently infected cells, APOE and 302 

SPP1 have anti-retroviral properties in T-cells. Finally, we reveal that phosphorylation of 303 

S6K is increased in productively infected cells and inhibiting S6K suppresses productive 304 
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infection and promotes latent infection. 305 

 A prior study using HIV infected cells derived from untreated viremic patients 306 

showed that infected cells express ICOS, a critical co-stimulator of follicular helper T-cells 307 

indicating recent cell activation (38). Bradley et al. also reported T-cell activation genes 308 

were up-regulated in productively infected cells (21). In line with these findings, we 309 

observed the up-regulation of some T-cell activation markers in productively infected cells. 310 

In addition, it is widely accepted that productive infection results in apoptotic cell death 311 

through a viral cytopathic effect and thought to be a mechanism that kills reactivated cells 312 

(39-41). Consistent with these reports, we found that HIV infection causes up-regulation of 313 

pro-apoptotic genes in productively infected cells, but not in latently infected cells. A recent 314 

publication demonstrated that the anti-apoptotic protein BIRC5 and its upstream regulator 315 

OX40 were up-regulated in both productively and latently infected CD4
+
 T-cells and can 316 

promote survival of HIV-1 infected CD4
+
 T-cells (42). In contrast, we observed the 317 

down-regulation of OX40 in productively infected cells (data not shown), but its expression 318 

was maintained in latently infected cells. Overall, our results together with these various 319 

observations suggest that productive infection leads to an apoptotic response in infected 320 
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cells, but latent infection allows cells to escape from such a response and survive to form 321 

the latent reservoir. 322 

Two pattern recognition receptors (PRRs), IFI16 and cGAS, play central roles in 323 

sensing HIV-1 and inducing subsequent interferon responses (10, 11). These PRRs 324 

recognize HIV-1 reverse transcription (RT) products, then activate STING and induce 325 

interferon responses (10, 11). On the other hand, HIV-1 capsid prevents host innate immune 326 

responses by interacting with CypA and CPSF6, allowing RT products to escape from being 327 

recognized by these PRRs (12-14). The HIV-1 accessory protein Vpu also suppresses host 328 

innate immune responses by degrading interferon regulatory factor 3 (IRF3), a central 329 

transcription factor that drives host cell innate immunity (43). Moreover, cytosolic 330 

exonuclease TREX1 degrades excess RT products and supports HIV-1 to evade innate 331 

immune recognition and successfully infect the host cell (44). Therefore, it remains 332 

unknown whether HIV latent infection triggers innate immune responses. In this study, we 333 

did not observe innate immune responses in latently infected or productively infected cells. 334 

This could be in part because we used a vesicular stomatitis virus G (VSV-G) pseudotyped 335 

replication incompetent single round infection system while Vermeire et al. used a 336 
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spreading infection system to report that HIV-1 infection induces interferon responses in 337 

primary CD4
+
 T cells (45). As a result, we may have underestimated the innate immune 338 

response against HIV-1. Overall, these results provide new insights into the host innate 339 

immune response against latent HIV infection. 340 

SPP1 is known as a chemoattractant that promotes the migration of macrophages 341 

and it is also known as a pro-inflammatory cytokine that enhances Th1 cytokine production 342 

(46). The plasma and cerebrospinal fluid levels of SPP1 are well correlated with the 343 

neuropsychological status of HIV-1 infected patients (47). We found that SPP1 was 344 

up-regulated in non-infected cells, suggesting that the presence of SPP1 induces distant 345 

anti-viral responses that protect cells from further infection. We also found that knock down 346 

of SPP1 increased the susceptibility of T-cells to HIV-1 infection. In contrast, a previous 347 

study showed that SPP1 promotes HIV-1 infection in human derived macrophages through 348 

the downregulation of IB and subsequent activation of NF-B (33). Our results suggest 349 

that SPP1 prevents HIV infection by interrupting RT or integration and plays a different 350 

role in T cells than in macrophages. In addition, SPP1 is a cytokine and ligand for integrin 351 

v5 and CD44 and further loss of SPP1 increases the activity of CD4 and CD8 T cells (31, 352 
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32). Therefore, SPP1 may indirectly prevent HIV-1 infection through these cytokine signals. 353 

Altogether, our findings shed light on the role of SPP1 in HIV infection but further 354 

investigation is required to fully elucidate the role of SPP1 in HIV-1 infection. 355 

Apolipoprotein E (APOE) is a small secreted protein involved in cellular lipid 356 

metabolism and cholesterol transport. The relationship between APOE polymorphisms and 357 

the development of Alzheimer’s disease is well studied and the APOE E4 allele is a risk 358 

factor for Alzheimer’s disease. The relationship between APOE polymorphisms and 359 

HIV-associated neurocognitive disease (HAND) was also extensively studied but the results 360 

are still controversial (48-53). Regarding the relationship between APOE and HIV 361 

infectivity, one report showed that the APOE E4 isoform protein enhances HIV-1 infection 362 

(54). In general, however, APOE is known as a restriction factor of HIV and various studies 363 

have proposed various mechanisms of how APOE inhibits HIV infection (29, 30, 55, 56). 364 

Among these, two studies showed that APOE disrupted HIV infection at the HIV entry or 365 

RT steps. In the present study, we found that the expression of APOE was increased in 366 

non-infected cells compared to latently infected and productively infected cells and knock 367 

down of APOE promoted HIV-1 infection in T-cells by interfering with viral RT or 368 

 on F
ebruary 6, 2021 at B

U
C

K
 IN

S
T

IT
U

T
E

 F
O

R
 R

E
S

E
A

R
C

H
 O

N
 A

G
IN

G
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 24 

integration. Thus, our findings are consistent with previous studies that support the notion 369 

that APOE is an HIV-1 restriction factor. 370 

The mTOR signaling pathway plays a central role in coordinating cell growth and 371 

metabolism with extracellular stimuli (34, 57). mTOR inhibitors perturb HIV-1 infection by 372 

inhibiting various steps of the HIV-1 life cycle (58, 59). Thus, the mTOR pathway plays a 373 

role in efficient HIV-1 infection. Recently, Besnard et al. identified the mTOR complex as a 374 

modulator of HIV latency by conducting genome-wide screening with a pooled 375 

ultracomplex shRNA library and revealed that mTOR inhibitors suppressed reactivation of 376 

latently infected CD4
+
 T cells (35). Moreover, several studies showed that suppression of 377 

the mTOR signaling pathway prevents reactivation of latently infected cells (36, 60). 378 

Altogether, it seems that the mTOR signaling pathway supports efficient virus production 379 

and inhibition of mTOR promotes HIV latency. However, it remains unclear whether low 380 

activity of the mTOR signaling pathway influences latency establishment. We demonstrated 381 

that knock down of RPS6 up-regulated the mTOR signaling pathway through increased 382 

phosphorylation of S6K and decreased the proportion of latently infected cells. We further 383 

identified that S6K phosphorylation increased in productively infected cells and that S6K 384 
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inhibitors suppress productive infection and promote latent infection. S6K is known to 385 

phosphorylate CDK9, which is a component of the p-TEFb complex that serves as a 386 

cofactor of Tat-mediated transcription (35, 61). These findings suggest that the activity of 387 

the mTOR signaling pathway, especially the phosphorylation level of S6K, in infected cells 388 

has a significant influence not only on reversing latency but also on establishing latency 389 

and suppression of S6K promotes infected cells to become latent. Taken together, these data 390 

provide a new mechanistic insight into how the HIV-1 reservoir is established. 391 

In conclusion, we used an in vitro latency model that can directly and 392 

prospectively differentiate latently infected cells from non-infected and productively 393 

infected cells to perform a transcriptome analysis of each of these cellular fractions. We 394 

used the CAGE method to perform this analysis, which can precisely analyze the 395 

transcriptome at individual transcription start site levels and demonstrated that HIV-1 396 

productive infection enhances T-cell activation and induces pro-apoptotic responses, while 397 

the integrated HIV itself is no longer recognized by host cellular immune systems when the 398 

infection becomes latent. We found that APOE and SPP1 are up-regulated in non-infected 399 

cells and have anti-viral properties in T-cells. In addition, we also revealed that the 400 
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increased phosphorylation of S6K promotes productive infection and thereby inhibition of 401 

S6K promotes latent infection. Overall, our study provides a new insight into the cellular 402 

response induced by HIV-1 latent infection and the molecular mechanism that is associated 403 

with establishing the latent HIV-1 reservoir. 404 

 405 

Materials and Methods 406 

Cell lines and Plasmids 407 

Jurkat T cells were cultured in RPMI supplemented with 10% fetal bovine serum 408 

(FBS) and 1% penicillin/streptomycin/glutamine (PSG). Primary CD4
+
 T cells were 409 

cultured in RPMI supplemented with 10 % FBS, 1% PSG and 100 IU/ml human 410 

recombinant IL-2 (SHIONOGI Co.). HIVGKO was described in a previous study (6). 411 

Tet-pLKO-puro was purchased from Addgene (Plasmid #21915). We generated 412 

Tet-pLKO-puro vectors that express shRNA against luciferase (non-target control), SPP1, 413 

APOE, MLST8, 4EBP1, RPS6 #1 and RPS6 #2 by inserting synthesized double-stranded 414 

oligonucleotides between the EcoRI and AgeI restriction sites. Sequences of the 415 

synthesized oligonucleotides are provided in Supplemental table 4. 416 
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Virus Production 417 

HIVGKO viral stocks were generated by co-transfecting Lenti-X 293T cells with a 418 

plasmid encoding HIVGKO and a plasmid encoding VSV-g envelope. Supernatants were 419 

collected 48h after transfection, centrifuged (2,000 rpm, 20 min, RT), filtered through 0.45 420 

micrometer pore-size PVDF membranes and concentrated by ultracentrifugation (25,000 421 

rpm, 2h, 4 ºC). Concentrated viral particles were resuspended in RPMI medium and stored 422 

at -80 C. Virus concentration was measured using the HIV-1 p24 Antigen ELISA kit 423 

(ZeptoMetrix) according to the manufacturer’s protocol. For the lentivirus expressing 424 

shRNA against luciferase, SPP1, APOE, MLST8, 4EBP1 and RPS6, we co-transfected 425 

Lenti-X 293T cells with each Tet-pLKO-puro plasmid described above and the 426 

Trans-Lentiviral packaging plasmid mix (GE Dharmacon). Supernatants were collected, 427 

concentrated and stocked as described above. 428 

HIVGKO infection and sorting 429 

Jurkat T cells were infected with VSV-g pseudotyped HIVGKO at a concentration of 430 

15 ng of p24 per 3 x 10
5
 cells in 24 well plates. Infected cells were washed twice with PBS 431 

at 24h after infection and analyzed or sorted at 4 or 5 days after infection by FACS Aria II. 432 
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Primary CD4
+
 T cells were spinoculated with VSV-g pseudotyped HIVGKO at a 433 

concentration of 70 ng of p24 per 1.5 x 10
5
 cells for 2 hours at 900 g at 32 ºC. Infected cells 434 

were cultured in the presence of 100 IU/ml IL-2 and analyzed at 3 days post infection by 435 

FACS Aria II. 436 

DNA extraction and quantitative PCR 437 

Genomic DNA was extracted from cells using the QuickGene DNA whole blood 438 

kit S (KURABO) according to the manufacturer’s protocol. Time course determinations of 439 

late RT products and quantification of 2-LTR circles were performed as described 440 

previously (62). Integrated HIVGKO genome was selectively amplified from the isolated 441 

genomic DNA by using a forward primer located in the Alu sequence and a reverse primer 442 

located in the Gag sequence of HIVGKO. In the 2
nd

 PCR step, the amplified integrated 443 

HIVGKO genome was measured by quantitative PCR using primers located in the 5’-LTR of 444 

HIVGKO. The primer sequences are provided in Supplemental table 4. 445 

RNA extraction and RT-qPCR 446 

Total RNA was extracted using the High Pure RNA Isolation kit (Roche). cDNA 447 

was synthesized using ReverTra Ace qPCR RT Master Mix with gDNA remover 448 
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(TOYOBO LIFE SCIENCE) with a combination of random and oligo-dT primers. 449 

Real-Time PCR was performed using TB Green Premix ExTaq II (TaKaRa). qPCR levels 450 

of cell-associated HIV mRNA copy number and expression of APOE and SPP1 were 451 

normalized to endogenous GAPDH expression. The primer sequences are provided in 452 

Supplemental table 4. 453 

Protein extraction and Western blotting 454 

Cells were lysed with SDS sample buffer (62.5 mM Tris-HCl, 2 % SDS, 2 % 455 

Glycerol). Protein content was determined using the Pierce BCA Protein assay kit 456 

(ThermoFisher). Whole cell lysates were subject to immunoblot analysis using anti-MLST8 457 

(GL) (CST), anti-phspho-4EBP1(T37/46) (CST), anti-4EBP1 (CST), anti-phospho RPS6 458 

(S240/244) (Merck), anti-RPS6 (Abcam), anti-phosoho-p70-S6K (T389) (CST), 459 

anti-p70-S6K (CST), anti-phospho mTOR (S2448) (CST), anti-mTOR (CST) and 460 

anti-tubulin (Sigma) antibodies. 461 

CAGE library preparation 462 

Total RNA from each sample was extracted with miRNeasy Mini Kit (QIAGEN). 463 

CAGE libraries were constructed using total RNAs based on the no-amplification 464 
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non-tagging CAGE libraries for Illumina next-generation sequencers (nAnT-iCAGE) 465 

protocol (63). Briefly, first strand cDNAs were synthesized through reverse transcription 466 

using random primers. Subsequently, 5’ caps of RNAs were oxidized and biotinylated. 467 

Cells were then treated with RNase I to remove single-stranded RNAs. Biotinylated 468 

RNA/cDNA molecules were purified using streptavidin magnetic beads. Single-stranded 469 

cDNAs were obtained by treating with RNase H and RNase I. After ligation of adapters and 470 

second strand synthesis of cDNAs, CAGE libraries were finalized. CAGE libraries were 471 

sequenced with NextSeq 500 (Illumina) in single-read mode. 472 

CAGE data analysis 473 

HIVGKO sequence and human reference genome hg19 were combined, and the 474 

index for the combined sequence was generated using HISAT2 version 2.0.5 (64) with the 475 

default parameters. Raw reads were trimmed and aligned to the combined sequence using 476 

HISAT2 with the following parameters: hisat2 -p 12 --trim3 2 -S. Next, generated SAM 477 

files were converted into BAM files, and uniquely mapped reads with high mapping quality 478 

values (MAPQ ≥ 20) were retained using samtools version 1.9 (65). Using bedtools v2.25.0 479 

(Quinlan, Bioinformatics 2010) with the parameters of genomecov -5 -bg -strand + or 480 
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genomecov -5 -bg -strand -, coverage of 5’ ends of reads were computed on 481 

FANTOM5-defined promoters (25) that were downloaded from 482 

http://fantom.gsc.riken.jp/5/datafiles/latest/extra/CAGE_peaks/. The resultant bedGraph 483 

files were converted to bigWig files with bedGraphtobigWig (66). Reads mapped to 484 

promoters were counted using bigWigAverageOverBed (66). Promoters with no expression 485 

in any sample were filtered out. After normalization by relative log expression, differential 486 

expression analysis was carried out with edgeR version 3.16.5 (67), and q values were 487 

calculated using the Benjamini–Hochberg method (68). For alignment to the HIVGKO 488 

sequence, each read was allowed to multimap to at most 2 loci because 5’ LTR has the same 489 

sequence arrangement as 3’LTR. Multimapping reads were divided equally among 490 

candidates. CAGE signals in the HIVGKO sequence were visualized using Integrative 491 

Genomics Viewer (69). 492 

Enrichment analysis was conducted on the identified significantly differentially 493 

expressed genes (p < 0.05) using DAVID Functional Annotation Tool (27, 28). The 494 

resulting p values were corrected with the Benjamini-Hochberg method (68). 495 

Lentiviral shRNA transduction 496 
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To establish Jurkat T cells that were stably transduced with inducible shRNA 497 

against luciferase, APOE, SPP1, MLST8, 4EBP1, RPS6 #1 and RPS6 #2, Jurkat T cells 498 

were infected with lentivirus containing inducible shRNA against each gene and treated 499 

with puromycin 48h post-transduction to select stably transduced cells. The selected cells 500 

were maintained in RPMI supplemented with 10 % FBS, 1 % PSG and 1 µg/ml of 501 

puromycin. 502 

Primary CD4
+
 T cell isolation and activation 503 

 Primary CD4
+
 T cells were isolated from human peripheral blood using 504 

RosetteSep Human CD4
+
 T cell Enrichment Cocktail (StemCell Technologies) according to 505 

the manufacturer’s protocol. Isolated primary CD4
+
 T cells were stimulated with 506 

CD3/CD28 activation beads (Gibco) at a concentration of 0.5 bead /cell in the presence of 507 

100 IU/ml IL-2 for 3 days. 508 

siRNA electroporation 509 

siRNAs were purchased from Thermo Fisher SCIENTIFIC (SPP1; Silencer
TM

 510 

select pre-Designed siRNA s13375, s13376, APOE; Silencer™ select pre-Designed siRNA 511 

s1495, s194291 non-target control; Silencer™ Select Negative Control 512 
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#1 siRNA (4390843)). Purified CD4
+
 T cells were stimulated with CD3/CD28 activation 513 

beads for 3 days prior to electroporation. siRNA against each gene or non-target control 514 

was then introduced into activated CD4
+
 T cells via electroporation at a concentration of 515 

300 nM per 1.0 x 10
6
 cells. Electroporation was performed using the T-023 program on the 516 

Nucleofector 2b (Lonza). After electroporation, cells were returned to culture and were kept 517 

stimulated with CD3/CD28 activation beads until HIVGKO infection. 518 

Statistical Analysis 519 

 Significance in quantitative PCR and flow cytometry was analyzed by Student’s 520 

t-test, and marked with * in the manuscript. 521 

Data Availability 522 

Raw and processed data are available from Gene Expression Omnibus under accession 523 

GSE149492. 524 
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 749 

Figure Legends 750 

FIG 1 Characterization of the HIVGKO latency model. (A) Schema of the experimental 751 

workflow. Briefly, Jurkat T cells were infected with HIVGKO and 4 days later were analyzed 752 

and sorted by FACS Aria II. Sorted cells were subjected to CAGE analysis and stimulation 753 

with LRAs as indicated. (B) Representative FACS plot and gating at sorting. (C) At 4 days 754 

post-infection, we sorted non-infected (N), latently infected (L) and productively infected 755 

(P) cells, extracted total RNA and performed RT-qPCR. Unspliced (US), single spliced (SS) 756 

and multiple spliced (MS) HIV-1 RNAs were quantified relative to cellular GAPDH and 757 

presented as fold change relative to non-infected control (n = 3, mean ±SD). (D) Cells were 758 

sorted as shown in (A). We extracted genomic DNA from each fraction and performed 759 

Alu-based quantitative genomic PCR. The copy number of integrated provirus in each 760 

 on F
ebruary 6, 2021 at B

U
C

K
 IN

S
T

IT
U

T
E

 F
O

R
 R

E
S

E
A

R
C

H
 O

N
 A

G
IN

G
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 42 

fraction is presented relative to that of productively infected cells (n = 3, mean ±SD). (E) At 761 

4 days post-infection, latently infected cells were sorted, cultured overnight and stimulated 762 

with different LRAs for 24h before performing flow cytometry. Percentage of reactivated, 763 

double positive (mKO2+, GFP+) cells is shown (n = 2, mean ±SEM). 764 

 765 

FIG 2 Overview of all detected CAGE tags and HIV derived CAGE tags. (A) Venn 766 

diagram of the number of TSSs detected by CAGE in each cell fraction (n = 2, biologically 767 

independent samples). Detected TSSs were defined as TSSs with an average CPM greater 768 

than zero. TSSs that are annotated to specific gene promoters in the FANTOM5 database 769 

are defined as annotated and the remaining TSSs are defined as non-annotated. (B) 770 

Integrative Genomics Viewer (IGV) display of normalized mapped read counts (counts per 771 

million; CPM) along the HIVGKO genome for each fraction (N – non-infected; L – latently 772 

infected; P – productively infected cells). The genome structure of HIVGKO is shown at the 773 

bottom. (C) Enlarged IGV view of the U3/R boundary in the 5’ LTR and showing the 774 

normalized mapped read counts in this region for each fraction. (D) Enlarged IGV view of 775 
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the EF1 locus showing the normalized mapped read counts in this region for each 776 

fraction. 777 

 778 

FIG 3 Significantly differentially expressed TSSs between latently infected and HIVGKO 779 

non-exposed Jurkat T cells are common in the other comparisons. (A) Number of the 780 

significantly differentially expressed TSSs when comparing the cell fractions. (B) Venn 781 

diagram of the number of significantly differentially expressed TSSs in each comparison. 782 

(C and D) Volcano plots of differentially expressed TSSs between unexposed Jurkat cells 783 

and non-infected cells (C) or latently infected cells (D) with log p-value and log fold 784 

change graphed. Significantly differentially expressed TSSs that are common in all three 785 

comparisons (J vs N, J vs L and J vs P) are shown in red. 679 and 343 TSSs that are 786 

specifically significant in the comparison of J vs N and J vs L are shown in blue. (E) 787 

Heatmap of gene ontology (GO) enrichment analysis of significantly differentially 788 

expressed genes in each comparison. Significantly enriched GO terms (FDR < 0.05) in each 789 

comparison are shown. 790 

 791 
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FIG 4 Differential TSS expression in latently infected cells. (A) Cluster dendrogram of 792 

CAGE results for non-infected (N), latently infected (L) and productively infected (P) cells, 793 

using Spearman’s rank-order correlation (n = 2, biologically independent samples). (B) 794 

Number of significantly differentially expressed TSSs (q < 0.05) when comparing cell 795 

fractions. (C and D) Volcano plots of differentially expressed TSSs between non-infected 796 

and productively infected cells (C) or latently infected and productively infected cells (D) 797 

with log p-value and log fold change graphed. Significantly differentially expressed TSSs 798 

are shown in red. Arrows indicate genes associated with T-cell activation and apoptosis. (E) 799 

Volcano plot of differentially expressed TSSs between non-infected and latently infected 800 

cells with log q-value and log fold change graphed. Significantly differentially expressed 801 

TSSs are shown in red. The top four significantly upregulated genes in non-infected cells 802 

and the top two significantly upregulated TSSs in latently infected cells are indicated. (F) 803 

Enrichment analysis of the upregulated genes in virus producing cells compared to 804 

non-infected or latently infected cells. Representative GO terms in each comparison are 805 

shown. 806 

 807 
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FIG 5 Expression levels of interferon related genes by CAGE. Normalized expression 808 

levels of genes involved in IFN response are shown. n.d.: not detected in CAGE; *q < 0.05 809 

 810 

FIG 6 Differentially expressed genes have an anti-viral property. (A) Heatmap of the 33 811 

significantly (q < 0.05) differentially expressed TSSs between non-infected and latently 812 

infected cells. (B) RT-qPCR of SPP1 in Jurkat T cells stably transduced with shRNA 813 

against luciferase (non-target control) or SPP1 and treated with or without doxycycline for 814 

4 days. Results are presented relative to expression in doxycycline untreated controls (n = 2, 815 

mean ±SD, *p < 0.05, Student’s t-test). (C) Percentage of latently infected (L) and 816 

productively infected (P) cells after SPP1 knock down (n = 2, mean ±SEM). Jurkat T cells 817 

stably transduced with shRNA against luciferase or SPP1 were treated with or without 818 

doxycycline for 4 days, infected with HIVGKO and infection rates were analyzed 2 days 819 

post-infection (*p < 0.05, Student’s t-test). (D) RT-qPCR of APOE in Jurkat T cells stably 820 

transduced with shRNA against luciferase (non-target control) or APOE and treated with or 821 

without doxycycline for 4 days. Results are presented relative to expressions in doxycycline 822 

untreated controls (n = 2, mean ±SD, *p < 0.05, Student’s t-test). (E) Percentage of latently 823 
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 46 

infected (L) and productively infected (P) cells after APOE knock down (n = 2, mean 824 

±SEM). Jurkat T cells stably transduced with shRNA against luciferase or APOE were 825 

treated with or without doxycycline for 4 days, infected with HIVGKO and infection rates 826 

were analyzed 2 days post-infection (*p < 0.05, Student’s t-test). 827 

 828 

FIG 7 Depletion of SPP1 or of APOE promotes viral replication in primary CD4
+
 T cells. 829 

(A) RT-qPCR of SPP1 in primary CD4+ T cells transfected with non-target control siRNA, 830 

siRNA against SPP1 #1 or #2. Results are presented relative to expression levels in 831 

non-target controls (n = 2, mean ±SD, *p < 0.05, Student’s t-test). (B) RT-qPCR of APOE 832 

in primary CD4
+
 T cells transfected with non-target control siRNA, siRNA against APOE 833 

#1 or #2. Results are presented relative to expression levels in non-target controls (n = 2, 834 

mean ±SD, *p < 0.05, Student’s t-test). (C) Percentage of latently infected (L) and 835 

productively infected (P) cells after SPP1 knock down. Primary CD4
+
 T cells were 836 

stimulated with anti-CD3/28 beads, then transduced with siRNA and infected with HIVGKO. 837 

Infection rates were analyzed at 2 days post-infection. Results from 2 donors are shown. 838 

(D) Percentage of infected cells (latently and productively) after APOE knock down. 839 
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Primary CD4
+
 T cells were stimulated with anti-CD3/28 beads, then transduced with 840 

siRNA and infected with HIVGKO. Infection rates were analyzed at 2 days post-infection. 841 

Results from 2 donors are shown. (E-F) Time course of late RT products when SPP1(E) or 842 

APOE (F) were knocked down in primary CD4+ T cells. Primary CD4+ T cells were 843 

stimulated with anti-CD3/28 beads, then transduced with siRNA against control or target 844 

genes and infected with HIVGKO. Late RT products at each time point (0, 4, 8, 12 and 24h) 845 

were quantified by q-PCR. Results of donor 1 are presented as copy numbers per 1ng DNA 846 

(n = 2, mean ±SD). (G-H) Quantitative PCR results of 2-LTR circles upon SPP1 (G) and 847 

APOE (H) knock down. 2-LTR circles at 24h post-infection were quantified by q-PCR. 848 

Results are presented as relative copy number to control (n = 2, mean ±SD). (I-J) 849 

Quantitative PCR results of integrated HIV upon SPP1 (I) and APOE (J) knock down. 850 

Integrated HIV at 24h post-infection was quantified by q-PCR. Results are presented as 851 

copy number relative to control (n = 2, mean ±SD, *p < 0.05, Student’s t-test) 852 

 853 

FIG 8 Impact of the mTOR signaling pathway in establishing the latent reservoir. (A–C) 854 

CAGE results at single gene level. The normalized expression levels of three significantly 855 
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differentially expressed genes (*q < 0.05) that belong to the mTOR signaling pathway are 856 

shown. (D–F) Target gene immunoblotting results of Jurkat T cells stably transduced with 857 

shRNA against luciferase (non-target control), MLST8 (D), EIF4EBP1 (E) or RPS6 (F) 858 

treated with or without doxycycline for 4 days. (G–I) Percentages of latently infected (L) 859 

and productively infected (P) cells after knock down of each gene shown in (A–C) (n = 2, 860 

mean ±SEM). Jurkat T cells stably transduced with shRNA against luciferase (non-target 861 

control), MLST8 (G), EIF4EBP1 (H) or RPS6 (I) were treated with or without doxycycline 862 

for 4 days, infected with HIVGKO and infection rates were analyzed 4 days post-infection 863 

(*p < 0.05, Student’s t-test). (J) mTOR, S6K and phosphorylated mTOR (p-mTOR, S2448) 864 

and S6K (p-S6K, T389) immunoblotting results of cells treated as in (G-I). (K) p-S6K 865 

(T389) and S6K immunoblotting results of sorted HIVGKO infected Jurkat T cells. Tubulin 866 

was used as a loading control in images (D-F, J and K). (L) and (M) Jurkat T cells were 867 

infected with HIVGKO, incubated for 24h, then treated with specific S6K inhibitors 868 

(LY2584702 (L) and PF-4708671 (M)) and the percentage of latently and productively 869 

infected cells assessed at 4 days post-infection (*p < 0.05, Student’s t-test).  870 

 871 
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FIG 9 S6K inhibition promotes establishment of latency in primary CD4
+
 T cells. Primary 872 

CD4
+
 T cells were stimulated with anti-CD3/28 beads for 3 days and infected with HIVGKO. 873 

At 24 hours post-infection, CD4
+
 T cells were treated with specific S6K inhibitors 874 

(LY2584702 or PF-470861) and the percentage of latently infected cells was evaluated at 4 875 

days post-infection. Results from donor 1 (A) and donor 2 (B) are shown. 876 

 877 

 878 
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