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Abstract

HIV latency occurs predominantly in long-lived resting CD4+ T-cells, however latent infection 

also occurs in T-cell subsets including proliferating CD4+ T-cells. We compared the establishment 

and maintenance of latent infection in non-proliferating and proliferating human CD4+ T-cells 

cocultured with syngeneic myeloid dendritic cells (mDC). Resting CD4+ T-cells were labelled 

with the proliferation dye eFluor670 and cultured alone or with mDC, plasmacytoid DC (pDC) or 

monocytes in the presence of staphylococcal enterotoxin B (SEB). Cells were cultured 24 hours 

and infected with CCR5-tropic enhanced green fluorescent protein (EGFP)-reporter HIV. Five 

days post-infection, non-productively-infected (EGFP−) CD4+ T-cells that were either non-

proliferating (efluor670hi) or proliferating (efluor670lo) were sorted and cultured for an additional 

7 days (day 12) with IL-7 and antiretrovirals (ARV). At day 5 post-infection, sorted non-

productively infected T cells were stimulated with anti-CD3/CD28 and induced expression of 

EGFP measured to determine the frequency of latent infection. Integrated HIV in these cells was 

confirmed using qPCR. By these criteria latent infection was detected at day 5 and 12 in 

proliferating T-cells cocultured with mDC and monocyte, but not pDC where CD4+ T-cells at day 

12 was poor. At day 5 post-infection, non-proliferating T-cells expressing SEB specific TCR 

Vβ-17 were enriched in latent infection compared to non-SEB specific TCR Vβ-8.1. Together 

these data show that both non-proliferating and proliferating CD4+ T-cells can harbor latent 

infection during SEB stimulated T-cell proliferation and that the establishment of HIV latency in 

non-proliferating T-cells is linked to expression of specific TCR that respond to SEB.
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Introduction

Combination antiretroviral therapy (cART) has revolutionized the treatment of HIV, however 

treatment remains lifelong. The main barrier to HIV cure is latent infection, which is the 

integration of HIV DNA into the host genome in the absence of virus expression. Latent 

infection was first described in long-lived, resting memory CD4+ T-cells (1–3). More 

recently, latent infection has been described in multiple CD4+ T-cell subsets with different 

half-lives and proliferative capacity, including central memory (TCM), transitional memory 

(TTM), effector memory (TEM), stem cell memory (TSCM) and naïve T-cells (TN) (4–8). 

Recent analysis of integration sites in latently infected cells in HIV-infected individuals on 

cART has also demonstrated enrichment of HIV integration in cancer-associated genes. This 

suggests that T-cell survival and proliferation may be linked to HIV persistence on cART (9–

11).

Latency can be established in vitro by direct infection of resting CD4+ T-cells (12, 13), or 

following reversion of an activated, infected CD4+ T-cell to a resting state (14–17). It 

remains unclear if latency can be established in proliferating cells early after infection in 

vivo, or if proliferation will favor productive over latent infection. We have clearly 

demonstrated that latent infection can be established following direct infection of resting 

memory CD4+ T-cells in the presence of an additional non-activating stimuli such as 

coculture with chemokines (12), syngeneic myeloid dendritic cells (mDC) (18, 19) and 

monocytes (19). Others have shown similar results following coculture with endothelial cells 

(20) or using spinoculation to infect resting CD4+ T-cells (21).

Recently it has been shown that following HIV infection of activated CD4+ T-cells in vitro, 

a subset of T-cells that remains activated, also contains inducible virus (22, 23). Whether 

such cells are long-lived and can contribute to HIV persistence in HIV-infected individuals 

on cART remains unclear. Recent work clearly shows that intact, replication competent, 

latent virus can be maintained in CD4+ T-cells from HIV infected individuals on suppressive 

cART, even after clonal expansion has occurred in vivo (24–26). Furthermore, only a 

fraction of intact integrated virus can be activated ex vivo by anti-CD3/CD28 suggesting that 

latency can persist even during potent T-cell stimulation (26–28).

In this study, we used our previously described model of HIV latency, which involves the 

coculture of antigen presenting cells (APC; mDC or monocytes) with resting CD4+ T-cells, 

to simultaneously examine latent infection within non-proliferating and proliferating T-cells 

(18, 19). We demonstrated that latent infection was established in proliferating CD4+ T-

cells, and latency was maintained in a subset of these proliferating cells during more 

extended culture in vitro. We also show that the mechanism leading to the establishment of 

latency in non-proliferating is different to proliferating cells whereby latency preferentially 

occurs in non-proliferating cells bearing a T cell receptor (TCR) that is specific to 

superantigen stimulation.
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Materials and methods

HIV preparation

CCR5-EGFP reporter virus (NL(AD8)ΔnefEGFP or NL(AD8)IRES-EGFP) was produced 

from plasmid transfected into 293T-cells, concentrated and used in all experiments, as 

previously described (18). All cells were infected with an MOI of 0.5 as determined by 

limiting dilution in PHA activated PBMC (29).

Flow cytometry

Expression of surface markers was determined using specific antibodies; CD14-FITC, 

CD11c-APC/CD11c-V450, CD123-PE, HLA-DR-APC-Cy7/PerCP, CD69-FITC, CD25-PE, 

CCR7-PE-Cy7, CD27-PE, PD-1-PE (all from BD Biosciences, San Jose, CA), CD3-V450 

(Pharmingen), CD45RO-ECD (Beckman Coulter, Indianapolis, IN, USA), Tim3-PE, TcR 

Vβ-17-PE, TcR Vβ-3-PE-Cy7 and TCR Vβ-13.1-PE (all from Biolegend).

Cells were stained in a total volume of 100ul with a previously titrated volume of antibody 

for 25–30 min, on ice (4°C). Cells were then washed and fixed with 100ul of 1% 

formaldehyde. Samples were analysed by flow cytometry (FCM) on a FACSCalibur or LSR-

II (BD Biosciences), and data analyzed using Weasel (Version 2.7; WEHI, Melbourne, 

Australia).

Isolation of T-cells, DC subpopulations and monocytes

Resting CD4+ T-cells, mDC (HLA-DR+CD11c+CD123-) and pDC (HLA-DR+CD11c-

CD123+) were isolated from PBMCs of healthy donors (Australian Red Cross, Melbourne, 

Vitcoria, Australia) using magnetic bead enrichment and sorting by flow cytometry on either 

a FACSAria (BD Biosciences) or Astrios (Beckman Coulter) as described previously (18). 

Isolated resting CD4+ T-cells were stained with the cytoplasmic dye eFluor670 

(eBiosciences, San Diego CA) according to manufacturer’s protocol. Bulk peripheral 

monocytes (CD14+) were isolated from syngeneic donors using positive selection for CD14 

on an autoMACS (Miltenyi Biotech, San Diego, CA). Only DC subpopulations and 

monocytes with a purity ≥95% and resting CD4+ T-cells with a purity of >98% were used.

Titration of SEB in DC-T cell co-cultures

The concentration of staphylococcal entertoxin B (SEB; Sigma, St Louis, MO) required to 

induce TCR-MHC-II specific interactions was determined by titration in a syngeneic mixed 

leukocyte reaction (MLR) with a 10:1 ratio of resting CD4+ T-cells: mDC/pDC 

(Supplemental Figure S1 A). T-cell proliferation was measured by the percentage of 

eFluor670lo cells, and identified an optimal SEB concentration of 10ng/ml, which was used 

in all infection experiments.

Measurement of HIV latency in proliferated T-cells

Resting CD4+ T-cells labelled with eFluor670 were cultured alone, or with syngeneic mDC, 

pDC or monocytes at a ratio of 10:1 for 24 hours in the presence of IL-2 (2U/mL, Roche 

diagnostics, Mannheim, Germany) and SEB (10 ng/mL) before infection with either 

NL(AD8)Δnef-EGFP or NL(AD8)-IRES-EGFP reporter virus for 2 hours. After washing, 
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cells were cultured for 5 days in IL-2 (2U/mL) supplemented media without additional SEB. 

Productive infection was measured by FCM at day 5 post-infection. Lymphocytes were 

gated by forward and side scatter, then EGFP+ cells quantified against expression of 

eFluor670. DC and monocytes were excluded from the eFluor670lo cells by gating for 

HLA-DRlo CD3+ T-cells. CD4+ T-cells that were non-productively infected (EGFP−), and 

either non-proliferating (eFluor670hiEGFP−) or proliferating (eFluor670loEGFP−) were 

sorted by FCM using a FACSAria (BD Biosciences) or an Astrios (Beckman Coulter). 

Latent infection was determined following activation of 200,000 sorted CD4+ T-cells 

(eFluor670hiEGFP− or eFluor670loEGFP−) with immobilized anti-CD3 (7ug/ml; Beckman 

Coulter), in 10% Roswell Park Memorial Institute medium (RPMI) with antibiotics 

penicillin-streptomycin-glutamine (RF10), supplemented with soluble CD28 (7ug/ml; BD 

Biosciences) and IL-7 (50ng/ml; Sigma). Integrase inhibitor, L8 (1mM; Merck, Kenilworth, 

NJ) or raltegravir (1µM; NIH AIDS reagent program, Cat#11680), was added to activation 

media to prevent a spreading infection, and to minimize the inclusion of unintegrated virus 

in the analysis of latent infection in mDC and monocytes cocultures. Activation of sorted 

cells without integrase inhibitor allowed expression of latency that included integrated and 

unintegrated forms of virus. L8 and raltegravir were used at concentrations that blocked 

productive infection in PHA or SEB activated PBMC following incubation with 

NL(AD8)ΔnefEGFP at an MOI of 0.5. Sorted cells were harvested 72 hours after 

stimulation and expression of virus quantified by EGFP expression using FCM 

(FACSCalibur, BD Biosciences). Sorted T-cells (eFluor670hi EGFP− and eFluor670lo 

EGFP−) that were left unstimulated were used to determine background (spontaneous EGFP 

expression), which was then subtracted from total EGFP expression following activation (+/

− integrase inhibitor) to determine induced EGFP expression (Supplemental Figure S1 C).

Extended culture of sorted non-proliferating and proliferating cells

To measure the stability of latent infection in non-proliferating and proliferating CD4+ T-

cells, 500,000–1,000,000 sorted T-cells (eFluor670hiEGFP− or eFluor670loEGFP−) were 

cultured without stimulation for 7 days in RF10 media supplemented with IL-2 (10U/mL), 

IL-7 (1ng/mL), the fusion inhibitor T-20 (1ug/mL), and either L8 (1mM) or raltegravir 

(1µM). After 7 days (day 12 of experiment), 100,000 viable cells were stimulated with anti-

CD3/CD28 for 3 days, with an integrase inhibitor, to determine latent infection. The effect 

of IL-7 in this coculture system was determined by analysis of viability and proliferation 

with different concentrations of IL-2 and IL-7 in the cultures (supplemental figure S2).

To quantify TCR Vβ expression, non-productively, non-proliferating and proliferating CD4+ 

T-cells were gated as described for day 5 FACSAria sort. Single TCR Vβ expression, non-

proliferating and proliferating cells were visualized and quantified with eFluor670.

To quantify T-cell subsets, sorted day 5 and cultured day 12 non-proliferating and 

proliferating CD4+ T-cells were gated for live cells by forward and side scatter, then gated 

for CD45RO+ or CD45RO−.
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Inhibition of HIV infection and latency with antiretrovirals (ARV)

T cells and T cells in coculture with monocytes were cultured with antiretrovirals for various 

times. Raltegravir (10 µm) was added at the time of infection, and the fusion inhibitor T20 

(10 µg/mL; Roche Diagnostics), and NNRTI efavirenz (300 nM; NIH AIDS Reagent 

Program) added 24 hours post-infection. To determine kinetics of establishment of latency, T 

cells were cultured with antiretrovirals, raltegravir (10 uM), T20 (10 µg/mL), and efavirenz 

(300 nM), added in combination at the time of infection (T0), 24 hours post-infection (T1), 

48 hours post-infection (T2), and 72 hours post-infection (T3). T cells were sorted at day 5 

post-infection and latency measured by restimulation of EGFP− cells.

Statistical analysis

Statistical differences between conditions were determined using Wilcoxon signed-rank test 

(n≥6) or paired student T-test (n<6). Graphpad Prism (version 6) was used for all statistical 

tests. ANOVA was used to compare expression of activation markers across all cultures. P-

values of <0.05 were considered significant. Bonferroni corrections for multiple 

comparisons were not used.

Results

Inducible latent virus in proliferating CD4+ T-cells following coculture with antigen 
presenting cells

We have previously shown that HIV latency can be established in non-proliferating CD4+ T-

cells following coculture with syngeneic APC, including mDC and monocytes, but not pDC 

(18, 19). To determine whether these APCs could also establish latency in proliferating T-

cells, resting CD4+ T-cells were cultured alone or with mDC, pDC or monocytes for 24 

hours in the presence of the superantigen SEB (Figure 1A). SEB induces a TCR specific 

interaction by stabilizing the interaction between major histocompatibility complex (MHC) 

class-II and specific TCRs, leading to TCR Vβ specific T-cell activation and proliferation 

(30). Cells were infected with NL(AD8)-EGFP and cultured for 5 days. Coculture with 

mDC and monocytes resulted in significantly higher levels of productive infection in the 

CD4+ T-cells compared to those cocultured with pDC (mean of 1200, 1100 and 300 EGFP+ 

cells/10,000 viable cells respectively; Figure 1A, B (18).

To investigate the establishment of HIV latency in proliferating CD4+ T-cells, cocultures 

were sorted using FCM into non-productively infected, non-proliferating (eFluor670hiEGFP

−) and proliferating (eFluor670loEGFP−) CD4+ T-cells (Figure 1A). Latency was calculated 

as the number of cells that expressed EGFP following stimulation with anti-CD3/CD28 in 

the presence of an integrase inhibitor, minus background EGFP expression without 

stimulation (Supplemental Figure S1 C and Figure 1A). As previously reported, latency was 

only observed in non-proliferating CD4+ T-cells following coculture with mDC (p=0.0156, 

range = 10–100 cells/10,000 viable cells) and monocytes (p=0.0002, range = 10–200 cells/

10,000 viable cells) but not pDC (p>0.05, range 1–10 cells/10,000 viable cells; Figure 1C) 

(18, 19).
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Proliferating CD4+ T-cells from the mDC and monocyte cocultures had significantly more 

latent infection on day 5 post-infection compared to T-cells cultured alone (p= 0.0003, and 

0.0134 respectively; Figure 1C) and was greater in magnitude compared to latency in non-

proliferating CD4+ T-cells from mDC cocultures (p= 0.0507; Figure 1C). Integrated virus in 

non-proliferating and proliferating CD4+ T-cells cocultured with mDC and monocytes was 

further confirmed using quantitative PCR (qPCR) as previously described (Figure 1D)(31).

Together, this data demonstrates that inducible virus expression can be established in both 

non-proliferating and proliferating T-cells and that the frequency of latent infection was 

higher in proliferating T-cells compared to non-proliferating T-cells from mDC and 

monocyte cocultures.

Latency in non-proliferating and proliferating CD4+ T-cells is maintained in vitro

To determine whether latent infection could be maintained in this in vitro model over an 

extended culture period, the sorted non-proliferating and proliferating CD4+ T-cells were 

cultured for a further 7 days (12 days post-infection). Cells were cultured with IL-7 

(1ng/mL) and IL-2 (10U/mL), to maintain cell viability, and HIV fusion (T-20) and integrase 

inhibitors (L8 or Raltegravir) to prevent subsequent rounds of HIV infection (Figure 2A). 

Initial experiments using antiretroviral drugs raltegravir, T20 and efavirenz added 24 hours 

after infection and in combination at 1, 2 and 3 days of culture and found that establishment 

of latency was delayed compared to the onset of EGFP expressing cells suggesting that the 

latency depended on initial productive infection in the cocultures (supplemental figure S3). 

The addition of antiretrovirals from day 5 during extended culture would then allow for 

quantitation of cells containing latent infection for at least 7 days.

Lymphocyte recovery from proliferating CD4+ T-cells cocultured with pDC was lower than 

all other cultures at day 12 and therefore these cells were not included in further analysis.

Productive infection was lower at day 12 in non-proliferating and proliferating CD4+ T-cells 

compared to day 5 post-infection in mDC and monocyte cocultures (Figure 2D and E). We 

observed the same pattern of latency at day 12 compared to day 5 in both non-proliferating 

and proliferating T-cells, however latent infection overall was lower at day 12 (Figure 2F, 

G). Following mDC coculture, latent infection in the non-proliferating and proliferating T-

cells was 1.5 and 16.66 fold lower, respectively (p=0.0518) at day 12 compared to day 5. 

While latent infection in the non-proliferating and proliferating T-cells from monocyte 

cocultures was 7.04 and 4.77 fold lower respectively at day 12 compared to day 5 

(p=0.0459). The reduction in latent infection in proliferating CD4+ T-cells is consistent with 

the hypothesis that only a subset of latently infected proliferating T-cells are long-lived 

(Figure 2F, G) (32). The ratio of productive to latent infection in non-proliferating T-cells 

cocultured with both monocytes and mDC was lower at day 12 compared to day 5 (Figure 

3). In contrast, there was no change in the ratio of productive to latent infection in the 

proliferating T-cells. Together these data demonstrate that mDC and monocytes are able to 

induce latent infection in both non-proliferating and proliferating CD4+ T-cells but, in the 

absence of APC (upon T-cell sorting), only a subset of latently infected proliferating T-cells 

maintained latency in the extended culture.
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Phenotype of proliferating CD4+ T-cells

To determine the activation status of proliferating CD4+ T-cells at day 5 post-infection, we 

measured the cell cycle entry marker Ki67, the early activation markers CD25 and CD69, 

and immune checkpoint markers PD-1 and Tim-3. As expected, all APCs induced a 

significant increase in T-cell proliferation in the presence of SEB, as measured by a decrease 

in eFluor670 expression (Figure 4A). Ki67, CD25, CD69, Tim-3 and PD-1 were highly 

expressed on proliferating cells from all cocultures compared to non-proliferating cells 

(ANOVA p values: Ki67: p=0.0028, CD25: p=0.0005, CD69: p=0.0224, Tim-3: p=0.0004, 

PD-1: p=0.0045 respectively; Figure 4B–F). PD-1 expression was significantly higher in 

proliferating than non-proliferating CD4+ T-cells from mDC, but not monocyte co-cultures 

(ANOVA p= 0.0045; Supplemental Figure 4F). Additionally, the frequency of latency in 

non-proliferating CD4+ T-cells cocultured with mDC correlated with PD-1 expression (r2= 

0.9218, p= 0.0419, n=4, Supplemental Figure S4 A). This correlation was not identified in 

proliferating T-cells from mDC coculture (r2=0.0592, p=0.7567) or in non-proliferating and 

proliferating T-cells post monocyte coculture (r2=0.7602, p=0.1281 and r2=0.0019, 

p=0.9569).

We next determined the proportion of naïve and memory CD4+ T-cell subsets within the 

freshly isolated resting CD4+ T-cells, as well as both the non-proliferating and proliferating 

CD4+ T-cells at day 5 and 12 post-infection. Naïve cells were identified based on the 

absence of CD45RO expression (Figure 5A, B, C). Approximately half the freshly isolated 

resting CD4+ T-cells were naïve T-cells and this proportion was maintained within the non-

proliferating T-cell population throughout the culture period, regardless of whether the T-

cells were cultured alone or with mDC/monocytes (Figure 5B, C). As expected, naïve cells 

were rare in the proliferating T-cell population. We quantified bulk memory cell populations 

using expression of CD45RO+, these cells represented approximately 50% of non-

proliferating cells and were enriched in proliferating cells (Figure 5A, B, C) (5).

Requirements for TCR ligation for induction of HIV latency

An advantage of SEB-induced T-cell proliferation is that the Vβ region of the TCR binds 

SEB with differential affinity. TCR Vβ-17 has a strong SEB-MHC-II interaction, while TCR 

Vβ-8.1 has a weak SEB-MHC-II interaction (33, 34). By exploiting the difference in SEB 

binding affinity for the TCR Vβ specificities, T-cells that have undergone a strong MHC-II-

TCR interaction (Vβ-17) can be compared with those that have undergone a weak TCR-

MHC-II interaction (Vβ-8.1). We measured Vβ expression at 2 time-points: [1] day 5 post-

infection, [2] upon measurement of latent infection by anti-CD3/CD28.

Vβ-17 expression was measured, at day 5 post-infection, on productively infected (EGFP+) 

and non-productively infected T-cells (uninfected (EGFP−)). We found that SEB specific 

TCR Vβ-17 was enriched on all productively infected EGFP+ cells, including non-

proliferating and proliferating EGFP+ cells (Supplemental Figure S4 B,C). The large range 

of Vβ-17 expression was expected due to large donor variation (34).

Vβ expression was measured on latently infected cells by co-staining for Vβ antibodies 

following CD3/CD28 activation of latent infection in sorted EGFP−, non-proliferating and 
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proliferating cells. As shown in figure 1, there was more productive infection compared with 

latent infection in both the non-proliferating and proliferating cells in these experiments 

(p=0.0156; Figure 6A, B). Three days following activation we measured Vβ-17 (strong Vβ-

MHC-II interaction; Figure 6C) and Vβ-8.1 (weak Vβ-MHC-II interaction; Figure 6D) 

expression along with quantifying latent infection (EGFP+ T-cells) on non-proliferating and 

proliferating cells. There were no significant changes in Vβ-8.1 expression in EGFP+ T-cells 

compared to total cell cultures in non-proliferating and proliferating T-cells (Figure 6C). 

However there was a significant increase and a trend toward an increase in Vβ-17 expression 

on EGFP+ T-cells from activated cultures compared to total cell cultures from non-

proliferating and proliferating T-cells respective, as a percentage of the total and EGFP+ 

cells (Figure 6D).

Together these data show that HIV productive infection is associated with the Vβ alleles that 

favor SEB mediated strong mDC/monocyte-T-cell interactions, that also includes non-

proliferating cells. More importantly, the finding of Vβ-17 enrichment in the latently 

infected non-proliferating T-cells suggests that latency was established in cells that had 

undergone TCR interactions with mDC. Proliferation (and productive infection) may have 

then been suppressed by immune checkpoints such as Tim-3 and PD-1. Demonstration of 

this would require inhibition with blocking antibodies to Tim-3 and PD-1.

Discussion

The relative contribution of latently infected non-proliferating and proliferating cells in HIV-

infected individuals on cART remains unclear. However, virus can clearly persist in both 

activated and resting CD4+ T-cells in vivo (1, 5, 35, 36). Here, we used a novel in vitro 

model to assess latent infection in non-proliferating and proliferating CD4+ T-cells 

simultaneously. We demonstrated that following coculture with mDC or monocytes, and in 

the presence of SEB, inducible latent infection was detected in both non-proliferating and 

proliferating CD4+ T-cells. The decline in latent infection during prolonged culture indicates 

that only a subset of the infected, proliferating cells were long-lived in vitro. These 

proliferating T-cells expressed multiple markers of activation, including CD69, CD25, and 

Ki67; immune checkpoint markers Tim-3 and PD-1; and were predominantly memory 

phenotype. The enrichment of latency in non-proliferating cells indicate a strong interaction 

with SEB via Vβ-17, suggesting that TCR-MHC interactions are also important for 

induction of latency in non-proliferating T-cells. Together these data provide further 

evidence that proliferating CD4+ T-cells can harbor latent infection and demonstrates a key 

role of TCR interactions with APCs in the establishment of latent infection in both non-

proliferating and proliferating T-cells.

In this study we have demonstrated latent infection, defined as integrated HIV provirus in 

the absence of productive infection in both non-proliferating and proliferating CD4+ T-cells. 

We confirmed these findings, by; [1] induction of viral expression (EGFP) following T-cell 

stimulation and [2] extended culture of latently infected cells, to determine maintenance of 

latency. Previous work using an in vitro, activated T-cell model of latency showed that latent 

infection was established 2 days after T-cell activation and persisted until day 9 post-

infection (22). Others have shown that activated, infected cells can revert to a resting state 
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while maintaining the integrated virus (15–17, 37). Together, we have shown that 

proliferating cells can harbour latent infection, during reversion to a resting state.

In general, activated, productively infected CD4+ T-cells have the cellular machinery to 

produce infectious virus however, we have shown that latent infection can also be 

maintained in these cells. Activation of intracellular signaling pathways by TCR activation, 

as well as interaction of co-stimulatory molecules and adhesion molecules facilitate viral 

entry (38–42), integration (43), and should facilitate virus replication (44). We have 

previously hypothesized that latent infection in non-proliferating cells is established by 

activation of signaling pathways that facilitate nuclear entry and integration, but in the 

absence of appropriate transcription factors productive infection does not occur (13, 18). In 

contrast, the pathways that could be maintaining latent infection in activated and/or 

proliferating T-cells may be those that actively lead to the suppression of T-cell activation, 

such as immune check point markers, including PD-1, CTLA-4 and Tim-3. Alternatively, 

there may be transcriptional blocks that prevent the expression of multiply spliced RNAs 

and viral proteins, hence preventing the expression of small viral RNAs like Tat and Rev, but 

not protein or virion production. Testing this hypothesis is difficult, as the tools to accurately 

detect intracellular Tat and Rev which drive the transcriptional machinery to complete viral 

production are unavailable. Using mass spectrometry Kuo et al. has shown that BRIC5, an 

apoptotic inhibitor is over expressed in HIV infected cells (45). Together, these data 

demonstrate a need for further understanding the mechanisms that restrict virus transcription 

in proliferating T-cells, in addition to non-proliferating cells.

Absence of viral transcription and protein expression in latently infected, proliferating CD4+ 

T-cells could be mediated by negative regulation of T-cell activation via immune checkpoint 

markers. We hypothesize that immune checkpoint markers are involved in blocking T-cell 

activation and virus expression in two ways. First, signaling by immune checkpoint markers 

leads to disruption of intracellular signaling cascades, for example CTLA-4-CD28 or PD-1-

PD-L1 interaction, thereby blocking T-cell activation and early events in the viral life cycle 

(46–48). These processes may also be involved in establishment of latent infection in non-

proliferating CD4+ T-cells. Second, immune checkpoint markers may block transcriptional 

activity, thereby blocking virus transcription and production of de novo virions, as shown 

following binding of CTLA-4 to CD28 (Reviewed in 49). This mechanism may contribute to 

the establishment of latent infection in proliferating T-cells, that is, the cell is activated yet 

the virus remains latent. Previously, others have also shown that PD-1 is upregulated on cells 

that have latent infection in vitro (50) and in CD4+ T-cells from HIV-1-infected patients on 

cART ex vivo (5). Furthermore, in a case study of an HIV-infected individual on cART who 

received anti-CTLA-4 (Ipilimumab 3mg/kg), we showed an increase in total peripheral T-

cells, as well as an increased frequency of effector memory T-cells, and a significant 

increase in cell associated HIV RNA (51). An increase in cell associated HIV RNA was also 

demonstrated following administration of anti-PD1 (pembrolizumab) to this individual (52). 

Our group has further shown the importance of PD-1 and other immune checkpoint 

including Tim-3 and CTLA-4 in the establishment and maintenance of HIV latency (van der 

Sluis, personal communication). Together, these data support a potential role for immune 

checkpoint markers in the regulation of T-cell activation and latency in vivo and in our in 

vitro APC-T-cell model. However, further work is needed, with specific inhibition of these 
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immune checkpoint markers prior to and following the establishment of latency to determine 

their contribution.

In this study, we generated latency in proliferating (eFluor670loEGFP−), CD4+ T-cells 

following mDC and monocyte co-culture. However, the majority of these cells were 

generally short-lived, as with prolonged in vitro culture we observed a significant decline in 

latency. The decrease in latently infected proliferating T-cells could be multifactorial, 

including: [1] progression of some latently infected, proliferating CD4+ T-cells to virus 

expression, thus moving to the productively infected (EGFP+) population; or [2] cell death 

due to proliferation and T-cell activation. Proliferating cells are activated, and therefore 

possess all factors necessary to produce de novo virions (53, 54). However, in vitro we 

observed a decline in latent infection and expected to see an increase in productive infection. 

We showed that there was some de novo expression of virus (EGFP expression) in the 

absence of additional stimulation throughout the extended culture period. Therefore it is 

possible that some cells that were initially EGFP− progressed to productive infection, and 

therefore were not latently infected. Alternatively, it is possible that upon sorting non-

proliferating and proliferating T-cells from APC cocultures, the factors that maintained 

latent infection were removed. For example, ligation of immune checkpoint markers, which 

may have blocked expression of virus would no longer be active, thereby facilitating virus 

expression. We propose that the mDC may have provided proliferating CD4+ T-cells with 

signals to suppress viral expression, thereby promoting the establishment and maintenance 

of post-activation latency. To test this we added monocytes back to latently infected cells to 

measure the extent of virus suppression (55) and found that monocytes suppress the 

expression of latent virus, both alone and in combination of other activation stimuli 

including CD3/CD28 stimulation and PHA/PMA.

Productively infected CD4+ T-cells usually die due to cytopathic effects of the virus (56–

59), detection by the host immune response (60–62), or bystander effects of infected cells 

and activation (63, 64). The population of proliferating CD4+ T-cells that contained latent 

infection may evade cytopathic effects due to the lack of viral protein expression and/or the 

expression of immune checkpoint markers, such as PD-1 and Tim-3. Immune checkpoint 

marker expression may mediate down regulation of T-cell activation by mDC and other 

APC, thereby blocking or dampening T-cell activation and the downstream cytopathic 

effects (47). Tim-3 is expressed on CD4+ T-cells in HIV-infected individuals on cART, 

however whether it is responsible for down-regulation of T-cell activation in vivo remains 

unclear (65–68). We only found a relationship between the expression of the immune 

checkpoint marker PD-1 and the frequency of latency in non-proliferating cells cocultured 

with mDC. This may be because we only measured immune checkpoints at two time points, 

and not at the times when latent infection was actually induced, or that there was a 

combination of immune checkpoints activated that we have not measured here.

There were some limitations in this study. This is an in vitro model, however given latency is 

established within days to weeks of infection in vivo, it is impossible to examine the 

establishment of latent infection in the absence of in vitro models (69, 70). Additionally, we 

measured latent infection by quantification of EGFP expression following a TCR-mediated 

activation stimulus. It is possible that some viruses were not activated with this stimulus and 
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therefore, we may have under-estimated the frequency of latent infection in this coculture 

system. Non-inducible, intact proviruses have been described in CD4+ T-cells from HIV-1-

infected patients on cART (26, 27). To fully determine whether there were intact, non-

induced proviruses in this model, sequencing would be required to quantify intact integrated 

virus in the non-proliferating and proliferating CD4+ T-cells.

In conclusion, we have demonstrated that HIV latency can be established simultaneously in 

both non-proliferating and proliferating CD4+ T-cells, during in vitro coculture with mDC 

or monocytes, with greater frequency of latent infection in proliferating T-cells compared to 

non-proliferating T-cells. Together these results suggest that latent infection may not be 

directly linked to the proliferation and activation state of CD4+ T-cells. Instead, it may be 

dependent on a combination of interactions with APC, such as mDC or monocytes, which 

facilitate interactions through MHC and TCR, and immune checkpoint markers. The 

contribution of latently infected proliferating CD4+ T-cells to viral persistence on cART 

requires further investigation and may require targeted therapeutic strategies.
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Figure 1. Productive and latent infection in non-proliferating and proliferating CD4+ T-cells
A. eFluor670 labelled resting CD4+ T-cells were cultured alone, with mDC, pDC or 

monocytes at a ratio of 10:1 (T-cell:DC), in the presence of staphylococcal enterotoxin B 

(SEB). After 24 hours, cultures were infected for 2 hours with a CCR5-tropic EGFP reporter 

virus, and at day 5 post infection, productive and latent infection was quantified. B. At day 5 

post-infection, productive infection was measured by EGFP expression in total cells (n=13). 

C. Uninfected, non-proliferating (eFluor670hiEGFP−) and proliferating T-cells 

(eFluor670loEGFP−) were sorted by flow cytometry and latent infection was measured by 

stimulation with and without anti-CD3/CD28 in the presence of the integrase inhibitor L8. 

Latency was determined as the difference in EGFP expression between stimulated 

(stimulated+L8) and unstimulated cultures (unstimulated + L8; n=14). D. Latent infection 

was confirmed using qPCR to measure integrated HIV DNA (n=7). Open symbols represent 

experiments performed at the Burnet Institute (ARIA II, BD); shaded symbols represent 

experiments performed at The Peter Doherty Institute (Astrios, Beckman Coulter). Columns 

represent median, symbols represent results from individual donors. Significance was 

measured by Wilcoxon signed-rank test where n≥5, *p≤0.05, **p≤0.005, ***p≤0.0005, 

****p≤0.0001.
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Figure 2. Latency in non-proliferating and proliferating CD4+ T-cells is maintained in a subset 
of cells in vitro
Experimental conditions were as in Figure 1. A. A subset of sorted uninfected, non-

proliferating and proliferating T-cells were cultured without stimulus for a further 7 days in 

the presence of IL-2, IL-7, HIV-1 fusion (T-20) and integrase inhibitors (L8 or Raltegravir; 

RAL) to measure stability of latent infection. Total cell culture viability was quantified by 

flow cytometry at B. day 5 (n=4–6); and C. day 12 (n=3–5). EGFP was quantified at D. day 

5 (n=7–9); and E. day 12 (n=3–5) post-infection as a measure of productive infection. Latent 

infection was measured by quantification of EGFP expression following stimulation with 

anti-CD3/CD28 and IL-7 and in the presence of an integrase inhibitor at both F. day 5 (n=4–
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5); and G. day 12 (n=4–5). Columns represent the median; symbols represent results from 

individual donors. Significance was measured by a paired students T-test where n<5, and 

Wilcoxon signed-rank test where n≥5, *p≤0.05, **p≤0.005, ***p≤0.0005.
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Figure 3. Proportion of productive and latent infection in non-proliferating and proliferating T 
cells
The frequency of EGFP expressing T-cells before (productive) and after (latent) anti-CD3/28 

stimulation was used to determine the ratio of productive to latent infection at day 5 and 12 

post-infection in non-proliferating and proliferating cells post coculture with mDC or 

monocytes (n=4–6). Columns represent median, symbols represent results from individual 

donors. Significance was measured by paired students T-test where n<5 and Wilcoxon 

signed-rank test where n≥5, *p≤0.05, **p≤0.005, ***p≤0.0005.
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Figure 4. Expression of activation markers on non-proliferating and proliferating CD4+ T-cells
A. Experimental conditions were as in Figure 1. Proliferation in CD4+ T-cells cultured 

alone, with mDC or monocytes was measured by quantification of eFluor670lo/− cells 

(n=6). B. Ki67 was measured to confirm entry into cell cycle (n=7). Expression of early 

activation markers: C. CD25 (n=6); D. CD69 (n=6), and immune checkpoints (IC): E. Tim-3 

(n=4); and F. PD-1 (n=4) were measured on sorted non-proliferating (eFlour670hiEGFP−) 

and proliferating (eFluor670loEGFP−) CD4+ T-cells. Columns represent the median and 

symbols represent results from individual donors. Significance was measured by paired 
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students T-test where n<5 or Wilcoxon signed-rank test where n≥5, *p≤0.05, **p≤0.005, 

***p≤0.0005.
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Figure 5. CD4+ T-cell subsets in non-proliferating and proliferating cells
The phenotype of proliferating and non-proliferating T-cells following culture of T-cells 

alone, coculture with mDC or monocytes was determined at day 5 and 12 post-infection 

using antibodies binding to CD45RO. A. Representative dot plot of total viable T-cells 

showing CD45RO+ and CD45RO− gating strategy Proportion of CD45RO+ and CD45RO− 

T-cells at B. 5 days; and C. 12 days post infection (n=6). Columns represent the median with 

inter-quartile-range (IQR).
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Figure 6. Vβ expression in non-proliferating and proliferating latently infected CD4+ T-cells
Resting CD4+ T-cells labelled with eFlour670 were cultured for 24 hours with mDC and 

infected with an EGFP reporter virus. A. Productive infection was measured at day 5 (n=7). 

At day 5 post-infection, cultures were sorted into non-productively infected, non-

proliferating and proliferating CD4+ T-cells. B. Sorted non-proliferating and proliferating T-

cells were stimulated using anti-CD3/CD28+integrase inhibitor for 72 hours, to measure 

latent infection (n=7), and stained with antibodies for C. weak SEB TCR Vβ-8.1 interactions 

(n=4) and D. strong SEB TCR Vβ-17 interaction (n=7). Columns represent the median in 

total (clear) or EGFP expressing T-cells (grey) and symbols represent results for individual 
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donors. Significance was measured by paired students T-test where n<5 or Wilcoxon signed-

rank test where n≥5, *p≤0.05, **p≤0.005, ***p≤0.0005.
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