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Abstract 
The development of latent infection allows HIV-1 to evade the immune system, providing a major obstacle 

in the search for curative treatment. The so-called ‘shock and kill’ strategy tackles this problem by 

reactivating HIV-1 gene expression in latently infected cells, relying on cytopathic effects and the immune 

system to clear infected cells. Surface presentation of the HIV-1 envelope glycoprotein may be essential 

to this strategy, as Env is the only viral protein expressed on the cell surface during infection. In this study, 

Jurkat T-cells were modified to express HIV-1 Env containing an optimised GFP reporter in the fifth variable 

loop of gp120, driven by the authentic HIV-1 Tat-dependent LTR promoter. Env expression was induced 

by Panobinostat treatment, indicating that the cell line may serve as a model for Env expression in latently 

infected and reactivated cells. Treatment with interferon-α-2a was shown to affect the expression of Env 

during reactivation. The creation of this model cell line presents a powerful tool for research into HIV-1 

Env. In furtherance of the ‘shock and kill‘ strategy, a genome wide screen could be performed to identify 

host factors that affect Env surface levels during latency reversal. The generated cell line was transduced 

with lentiviral vectors introducing a CRISPR-based knockout of GBP5, resulting in a considerable reduction 

in basal and IFN-induced expression. In later research, these KO cells can be used to demonstrate the 

interplay of Env expression with known restriction factors of Env in the context of HIV-1 reactivation.  
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Introduction 
To this day, no curative treatment exists for HIV (Deeks et al., 2021). While lifelong treatment with 

antiretroviral therapy (ART) successfully suppresses replication of the virus within patients and can 

prevent infection of others, many patients do not have access to the permanent medical attention ART 

treatment requires (Albert et al., 2014; Davey et al., 1999; unaids.org, 2022). Besides, chronic 

inflammation caused by HIV infection has been related to increased probabilities to develop 

cardiovascular and neurodegenerative disease in spite of viral suppression by ART, further underpinning 

the need for a cure for HIV (Babu et al., 2019; Barabona et al., 2021; Desplats et al., 2013). 

A major obstacle in the search of a cure for HIV is the development of latency in a proportion of infected 

cells, a reversible state of infection characterised by low or absent expression of viral genes (Cohn et al., 

2020; R. F. Siliciano & Greene, 2011). Cells in this transcriptionally silent state avoid detection by the 

immune system and thus persist in the patient, even under ART treatment (Reeves et al., 2018; J. D. 

Siliciano et al., 2003). Latency develops when activated CD4+ T-cells – the primary target for HIV-1 infection 

– survive infection long enough to revert back to a resting memory state. Most CD4+ T-cells die rapidly 

after infection, due to cytopathic effects caused by the virus or the host immune response (Ho et al., 1995; 

Wei et al., 1995). The cells that survive become part of a viral reservoir that is maintained by the longevity 

of infected T-cells in combination with proliferative renewal (Brodin et al., 2016; Chomont et al., 2009; Liu 

et al., 2020). The stability of the HIV-1 reservoir over time allows viral replication to rebound within weeks 

after ART is interrupted or abrogated, causing renewed viraemia in the patient (Davey et al., 1999; 

Pinkevych et al., 2015). On a molecular level, latency is thought to be maintained by a variety of processes, 

including inefficient export of multiply spliced RNA in resting CD4+ T-cells (Lassen et al., 2006), compaction 

of chromatin surrounding the viral integration site (Lint et al., 1996), recruitment of histone deacetylases 

to the provirus (Coull et al., 2000; Tyagi & Karn, 2007; Williams et al., 2006), DNA methylation (Kauder et 

al., 2009) and transcriptional interference (Lenasi et al., 2008). 

One strategy to provide curative treatment to HIV-1 infected patients involves the elimination of latently 

infected cells through the so-called ‘shock and kill’-strategy (Hamer, 2005; Y. Kim et al., 2018). This 

strategy entails the reactivation of viral gene expression and virion production using latency reversal 

agents (LRA), subsequently relying on viral cytopathic effects and the immune system, including cytotoxic 

mechanisms imposed by humoral and cellular immunity, to clear reactivated cells. LRAs reactivate cells 

through a variety of mechanisms, including the inhibition of histone deacetylases (Archin et al., 2017; 

Rasmussen et al., 2014; Søgaard et al., 2015), protein kinase C modulation (Gutiérrez et al., 2016), toll-like 

receptor (TLR) agonism (Meås et al., 2020). Bromodomain and extra-terminal domain (BET) inhibitors 

have also been shown to reverse latency (Huang et al., 2017).  

Although a multitude of clinical studies have shown that reactivation of viral transcription in infected cells 

is possible in vivo, none of them achieved a considerable reduction in the size of the viral reservoir (Archin 

et al., 2017; Elliott et al., 2015; Gutiérrez et al., 2016; Rasmussen et al., 2014; Søgaard et al., 2015). It 

seems that activation of viral gene expression alone is insufficient to induce cell death. Several strategies 

are being explored to promote the elimination of reactivated cells by enhancing the immune response, 

including the administration of natural killer (NK) cells (J. T. Kim et al., 2022), T-cell vaccination (Leth et 

al., 2016) and immunotherapy (van der Sluis et al., 2017; Wightman et al., 2015). The administration of 

broadly neutralising antibodies (bnAbs) was proposed to decrease the size of the viral reservoir, as 

indicated by delayed viral rebound after treatment interruption (Halper-Stromberg et al., 2014).  
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Alternatively, reactivating cells could be made more susceptible to clearance by the immune system by 

making the cells more immunologically ‘visible’ upon reactivation. The envelope glycoprotein (Env) is the 

only viral protein expressed on the cell surface during productive infection, making it a primary target for 

antibody-dependent cellular cytotoxicity (ADCC) and other parts of the immune response (Beitari et al., 

2019). HIV-1 has developed several viral evasion mechanisms that conceal infected cells by reducing 

surface presentation of Env, including rapid recycling of surface Env by endocytosis (Egan et al., 1996; 

Rowell et al., 1995) and dissociation of Env from the cell surface (‘shedding’) (Mckeating et al., 1991; 

Schneider et al., 1986). Besides, a plethora of anti-HIV-1 host restriction factors have been identified that 

affect the surface presentation of Env by targeting the maturation and trafficking of Env (Beitari et al., 

2019). For instance, interferon induced transmembrane (IFITM) proteins interact with Env, inhibiting Env 

processing and incorporation of Env into virions (Yu et al., 2015). Guanylate binding protein (GBP) 5 alters 

the glycosylation of Env and inhibits cleavage similarly to the IFITM proteins, reducing surface levels of 

Env in infected cells (Krapp et al., 2016). Other restriction factors restrict Env expression by promoting 

endoplasmic reticulum-associated degradation (ERAD) of Env (Zhou et al., 2014, 2015) or downregulate 

Env from the cell surface (Tada et al., 2015). 

Since the killing of HIV-1-infected cells relies in part on the accessibility of cell surface-presented Env, it 

follows that the direction of Env to the cell surface during latency reversal may be essential to putting the 

‘kill’ in the ‘shock and kill’ strategy. Anti-HIV-1 restriction factors that counter viral evasion mechanisms 

or otherwise affect surface levels of Env during latency reversal may therefore affect the effectivity of said 

strategy. The identification of such host factors can be achieved by the execution of a genome-wide 

knockout (KO) screen, tracking the subcellular localisation of Env upon KO of every gene. An important 

prerequisite of such a study is the availability of a cell line that serves as a model for latent infection and 

is amenable to high throughput screening. Such a cell line should allow expression and surface 

presentation of the Env glycoprotein that is inducible by LRAs.  

The objective of this research is to establish a BSL2-level model for latent HIV-1 infection, which allows 

for the identification of host factors that affect HIV-1 Env surface presentation during latency reversal. In 

order to achieve this, a transfer plasmid was created to express Env driven by the long terminal repeat 

promoter with the transcriptional enhancer Tat (LTR-TAT). Alongside this HIV-1-native expression system, 

an expression vector with the non-native human cytomegalovirus (CMV) immediate-early promoter was 

created. The use of both expression systems in parallel would allow for discrimination between host 

factors that affect the Tat-dependent LTR promoter in general or the maturation and trafficking of Env 

specifically. These expression vectors can be introduced into Jurkat T-cells, a cell line derived from 

leukemic CD4+ T-cells (Abraham & Weiss, 2004). By equipping the expression vector with an HIV-1 Env-

GFP fusion protein (EnvGFP), the expression and subcellular localisation of Env could be tracked by direct 

evaluation of the reporter by fluorescence microscopy and and antibody-dependent detection using intact 

cells, respectively. Insertion of GFP in the V5 loop of Env was demonstrated not to affect the expression 

or functionality of Env (Nakane et al., 2015). The J-lat cell line, a Jurkat subclone expressing GFP by the 

LTR-TAT expression system, is not suitable for this study, because while reactivation may be trackable 

using this cell line via the GFP surrogate, the production and localisation of Env are not (Jordan et al., 

2003).  

The planned genome-wide KO screen would be performed by transduction of a pooled library of single 

guide RNA (sgRNA) sequences alongside the Cas9 nuclease into the EnvGFP-expressing Jurkat T-cells. 

Similar CRISPR based screens have been used in previous research to identify HIV host dependency factors 
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and host factors mediating interferon (IFN) inhibition (OhAinle et al., 2018; Park et al., 2016). 

Fluorescence-activated cell sorting (FACS) can be used to enrich for cells within the population, in which 

the expression or surface levels of Env are affected negatively and positively, after which over- or 

underrepresentation of  genes with deletions can be identified by sequencing of the sgRNAs in the sorted 

populations. In further preparation for the KO screen, IFITM1 and GBP5 were partially knocked out in the 

EnvGFP-producing cells in an effort to generate KO cell lines. As these host factors are known to affect the 

surface presentation of Env (Krapp et al., 2016; Yu et al., 2015), they may be used to assess whether the 

model cell line is suitable to demonstrate the Env-modulating effect of known restriction factors.  

Results 
Molecular cloning of lentiviral EnvGFP expression vectors 
Using digestion cloning, the NL4.3 Env V5.3 GFP OPT was inserted into a lentiviral expression vector with 

either a native LTR-TAT expression system or the CMV promoter (fig. 1). A PCR screen was performed to 

determine the optimal conditions for amplification of the EnvGFP insert for the CMV-driven construct 

(supplementary fig. 1A). Optimal yield and product specificity was achieved with an annealing 

temperature of 67°C. Ligation of the pHR’ CMV backbone and the insert was validated by digestion (fig. 

1A) and by sequencing. However, lipofection of the plasmid into HEK293T cells showed only 5% of GFP-

positive cells with an MFI only marginally higher than the untransfected control, as determined by flow 

cytometry (fig. 1B). As a control, the parent plasmid (pHR’ CMV-GFP) and a CMV-driven HXB2 Env V5.3 

GFP OPT expression plasmid with a different backbone were transfected into HEK293T cells in parallel 

(supplementary fig. 1B). All positive controls performed as expected, with the CMV parent plasmid giving 

47% GFP-positive cells, the LTR-TAT parent plasmid 16% and the CMV-HXB2 Env plasmid 79%. In an effort 

to improve the expression of the CMV-EnvGFP plasmid, a kozak sequence was inserted before the start 

codon of the Env gene by site directed mutagenesis. Transfection into HEK293T cells showed this provided 

no improvement in Env expression (data not shown).  

To obtain a lentiviral expression vector with LTR-TAT-driven EnvGFP, a conventional cloning strategy 

similar to for CMV-EnvGFP was employed. The NL4.3 Env V5.3 GFP OPT insert was amplified with varying 

amounts of template (supplementary fig. 1C). An optimal yield and product specificity was achieved with 

50 ng of template. The lentiviral LTR-TAT backbone was digested with XhoI and MscI. Subsequent ligation 

reactions with the aforementioned insert and backbone yielded no colonies after transformation. Several 

parameters were varied to no avail, like the insert:vector molar ratio and the volume of ligation mix to be 

transformed into competent bacteria.  

To exclude the need for ligation, an InFusion cloning strategy was pursued instead. The NL4.3 Env V5.3 

GFP OPT insert and backbone were amplified by PCR and inverse PCR, respectively. Primers were used to 

provide the insert with ends complementary to the backbone, allowing the fragments to anneal during an 

InFusion reaction. Several PCR screens were performed to optimise the yield of the backbone 

amplification (supplementary fig 1D). The InFusion reaction mix was transformed into Stbl. II cells. A 

digestion test with XhoI and MscI and Sanger sequencing of the product both indicated that the produced 

plasmid now contained both the inserted EnvGFP and eGFP (fig. 1C, upper DNA sequence and digestion 

test), which was supposed to be eliminated from the backbone by inverse PCR. eGFP was removed from 

the produced plasmid by digestion with MscI, gel purification and subsequent religation. The correctness 
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of the plasmid was validated by another digestion test with MscI and XhoI and Sanger sequencing (data 

not shown). 

23% of HEK293T cells transfected with the LTR-TAT-driven EnvGFP plasmid were GFP-positive, with an 

increase in MFI of 70% with respect to the mock treated cells (fig. 1B). 14% of transfected cells presented 

EnvGFP on the cell surface, as determined by an α-GFP APC surface staining (fig. 1C, trial transfection). 

The MFI of the surface staining increased by 83% with respect to the mock (data not shown).  

 
Figure 1: Cloning of lentiviral EnvGFP expression vectors. A: A CMV-driven EnvGFP construct was created by restriction 

enzyme cloning and validated by digestion with XhoI and EcoRI. The expression of plasmid was assessed by 

transfection into HEK293T cells. B: GFP MFI of the CMV- and LTR-TAT-driven expression vectors upon transfection 

into HEK293T cells compared to mock treated cells, as determined by flow cytometry. C: InFusion cloning inserted the 

EnvGFP insert into the LTR-TAT-driven backbone without removing the eGFP gene (upper sequence). The structure of 

this plasmid was determined by a digestion test using XhoI and MscI. eGFP was removed from the structure by 

digestion (lower sequence), after which the expression of the plasmid was assessed by transfection into HEK293T 

cells. Env surface levels were determined by an α-GFP APC surface staining. 
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Generation and characterization of a latently EnvGFP-expressing Jurkat T-cell line  
VSV-G-pseudotyped lentiviral particles were generated, carrying either the LTR-TAT or pHR’ CMV driven 

EnvGFP expression vectors as transfer plasmids. Parental Jurkat T-cells were transduced with increasing 

amounts of pseudoviral particles in the presence or absence of polybrene, a cationic enhancer of viral 

transduction efficiency (Davis et al., 2002). A considerable amount of cells was found to express EnvGFP 

one day after transduction, as judged by fluorescence microscopy (fig. 2A). Five days after transduction, 

a maximum of 12.8% and 2.8% of cells transduced with the LTR-TAT and CMV driven EnvGFP plasmids, 

respectively was GFP-positive (fig. 2B). In total, the cells were cultured and expanded over eight days 

without antibiotic selection and subsequently sorted for GFP-positive cells using fluorescence assisted cell 

sorting (FACS). Fig. 2C shows the cells that were processed by the FACS device, including the gate that was 

used to select GFP-positive cells. GFP-positive cells with high fluorescence in the reference channel (R670) 

were excluded from this gate to prevent selection of autofluorescing cells by FACS. Interestingly, the GFP-

positive fraction of the transduced cells was higher when analysed at the cell sorting facility than as 

determined before. While the gating between the two experiments (fig. 2B and C) is not the same, the 

difference may also be explained by the death of highly autofluorescing cells in the days between the flow 

cytometric analysis (fig. 2B) and FACS (fig. 2C). 
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Figure 2: Towards generation of latently Env-GFP-expressing Jurkat cell lines. Transduced and mock-treated cells 

were analysed by fluorescence microscopy two days after transduction (A) and by flow cytometry five days after 

transduction (B). Eight days after transduction, GFP-positive cells were enriched for by FACS (C). 
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A FACS-sorted ‘bulk’ population of 4800 LTR-TAT EnvGFP Jurkat T-cells was subjected to 4, 24 and 48 h of 

treatment with 50 nM Panobinostat, harvested after 48 h and analysed using flow cytometry (fig. 3). Both 

the fraction of GFP-positive cells and the GFP MFI increased dramatically upon reactivation in a treatment 

duration-dependent manner. 

 

Figure 3: EnvGFP expression in FACS-

sorted population of LTR-TAT EnvGFP 

Jurkat T-cells is activatable by 

Panobinostat treatment. Cells were 

reactivated by treatment with 

Panobinostat for 4 to 48 h and 

analysed using flow cytometry (A). 

The fraction of GFP-positive cells (B) 

and the GFP MFI (C) increased with 

longer Panobinostat treatment. 

 

 

 

 

 

 

 

Of the 192 LTR-TAT-driven single-cell clones generated by sorting, seven were expanded for further 

characterisation. The clones were treated with 50 nM Panobinostat for 24 hours and analysed by flow 

cytometry, western blot and reverse transcription quantitative PCR (RT-qPCR) to assess their capacity for 

reactivation (fig. 4). As an arbitrary cut-off to aid the flow cytometric analysis, a population of cells was 

considered to reactivate when it displayed >20% GFP-positive cells upon reactivation and a two-fold 

increase in GFP positivity and GFP MFI during reactivation. The fraction of GFP-positive cells was below 

4% in all mock-treated clones, except clone VI (fig. 4A). Five out of seven clones (II, III, IV, VI and VII) 

reactivated after treatment with Panobinostat, with GFP positivity after reactivation ranging between 48% 

and 98% and a GFP MFI increase between 2.3- and 9.1-fold (fig. 4A, B).  

To assess the effect of reactivation on surface presentation of EnvGFP, all clones were surface-stained 

with an α-GFP antibody conjugated to APC. In clone III, Panobinostat treatment caused the fraction of 

surface Env-positive cells to increase from 0.5% to 23% (fig. 4A) with a 3.7-fold increase in APC MFI (data 

not shown), suggesting that Panobinostat treatment strongly induced surface expression of EnvGFP. 

While clones II, IV, VI and VII also show a GFP- and APC-positive population upon reactivation, a 

considerable fraction of GFP-negative cells in these clones unexpectedly displayed strong signal in the 

APC-channel, both with and without Panobinostat treatment (fig. 4A and supplementary fig. 2A). In spite 

of this, the increase in surface-Env positive cells upon reactivation outweighed the size of the GFP-

negative APC-positive population in clones II, VI and VII, indicating that Panobinostat treatment induced 
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surface expression of EnvGFP in these clones. Notably, each sample was accompanied by an unstained 

control to assist the gating and multiple washing steps were performed to reduce background signal. In 

another experiment, surface staining was performed using an α-Env antibody (2G12) for comparison. 

Reactivation increased the fraction of surface Env-positive cells in clones II, III, IV, VI and VII 

(supplementary fig. 2B). In clones II, IV, VI and VII, a fraction of GFP-negative cells was positive for the α-

Env surface staining, similar to what was observed with the α-GFP surface staining. 

The reactivation experiment was repeated with a readout by western blot (fig. 4C). Env expression was 

determined by α-gp120 immunostaining, with the housekeeping protein GAPDH serving as a loading 

control. Western blot analysis corroborated the finding, that clones II, III, IV, VI and VII respond most 

strongly to reactivation by Panobinostat, with signal for the α-gp120 staining increasing between 6.5 and 

14.4-fold. In another repetition of the reactivation experiment, the effect of Panobinostat treatment on 

Env transcript levels was determined using RT-qPCR (fig. 4D). Again, the strongest reactivation was 

observed for clones II, III, IV, VI and VII. The log2 expression change ranged between 5.1 and 39.6. Though 

this is a notably stronger increase than detected at the protein level by western blot or flow cytometry, 

this difference can be explained by the fact that protein levels do not directly correspond to the amount 

of mRNA in the cell. 

None of the twelve CMV-EnvGFP single-cell clones obtained from the cell sorting facility survived and 

expanded. Of the 36 multi-cell clones obtained by FACS, two five-cell cultures and two ten-cell clones 

were expanded for further characterisation. The multi-cell clones were stimulated with 24 h of treatment 

with 50 nM Panobinostat. The fraction of GFP positive cells remained below 2% for all clones, with no 

significant increase in MFI with respect to the parental Jurkat T-cells (data not shown), suggesting that an 

insufficient amount of cells integrated the CMV-EnvGFP vector after transduction. 
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Figure 4: Panobinostat treatment strongly induces EnvGFP expression in five out of seven LTR-TAT EnvGFP Jurkat T-

cell clones obtained by FACS. Cells were reactivated by treatment with Panobinostat and Env expression was analysed 

by flow cytometry (A, B), western blot (C) and RT-qPCR (D). All three analytical methods demonstrated that 

Panobinostat treatment induced expression of Env in clones II, III, IV, VI and VII, as well as in the bulk population 

obtained from cell sorting. 
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In order to assess the effect of the interferon response on LRA-induced EnvGFP expression in the LTR-TAT 

EnvGFP Jurkat T-cells, the cells were pre-treated for 24 h with 250 IU/mL interferon-α-2a before 

reactivation and analysed by flow cytometry (fig. 5). Since cellular stress caused by the interferon 

response is known to increase autofluorescence (Surre et al., 2018), the MFI of the IFN-treated, 

reactivated cells was corrected for the difference in fluorescence between the mock- and IFN-treated 

controls (see Experimental Method – Reactivation of Jurkat T-cells). Only the clones that reactivated 

strongly by Panobinostat treatment as determined before (II, III, IV, VI and VII) were considered. On 

average, all clones displayed a reduced MFI during reactivation when pre-treated with IFN-α-2a, 

suggesting that the interferon response may restrict reactivation of EnvGFP expression. The effect was 

negligible when taking the variance (arithmetic mean, SD) between the repeated experiments (n = 2) into 

account, however. More repetitions are required to obtain statistically relevant results. 

 

Figure 5: The interferon response 

may affect LRA-induced EnvGFP 

expression in LTR-TAT EnvGFP 

Jurkat T-cells. Cells were 

reactivated by 50 nM Panobinostat 

after pre-treatment with 250 

IU/mL IFN-α-2a and analysed by 

flow cytometry (n = 2, arithmetic 

mean, SD). A minor decrease in 

average EnvGFP expression was 

observed in all clones, more 

repetitions are required to obtain 

statistically relevant results. 

  

 

Partial knock-out of IFITM1 and GBP5 in LTR-TAT EnvGFP Jurkat T-cells 
To demonstrate the interaction between EnvGFP expression in the LTR-TAT EnvGFP Jurkat T-cells and 

known restriction factors IFITM1 and GBP5, the bulk population of the LTR-TAT EnvGFP Jurkat T-cells was 

transduced with increasing amounts of lentiviral KO particles against IFITM1 and GBP5 in the presence or 

absence of polybrene. Transduced cells were expanded and subjected to puromycin selection (1 μg/mL). 

Twenty days after transduction, cells were harvested and analysed by western blotting (fig. 6). The bulk 

populations were pre-treated with IFN-α-2a to assess the inducibility of IFITM1 and GBP5 in the parental 

cells and assure absence of their expression in the KO cells. While the basal expression levels of IFITM1 

were below the detection limit for both the parent and knock out populations, a detectable amount of 

IFITM1 was expressed in the parental cells after IFN stimulation (fig. 6A). The IFN induced expression of 

IFITM1 was only 16% and 26% lower in IFITM1 KO populations I and II than in the parental population (fig. 

6A), suggesting failure of knock-out.  
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In the case of GBP5, expression was increased 2.8-fold due to IFN treatment. In the KO populations, the 

basal expression was reduced by 49% and 55% with respect to the parent population, while the IFN 

induced expression was 61% and 72% lower (fig. 6B). The basal expression of Env increased by 24% with 

respect to the parent population in the first GBP5 KO population and decreased by 7% in the second (fig. 

6C). Band intensities were insufficient for analysis of gp160 processing. Treatment with IFN reduced the 

expression of Env by 55% in the parent population. While a comparable reduction was observed in the 

first GBP5 KO population, a reduction of only 20% was observed in the second GBP5 KO population, 

suggesting that the restriction of Env expression by the interferon response was weakened considerably 

by the knock-out. 

Figure 6: GBP5 partially knocked out of LTR-TAT EnvGFP Jurkat T-cells; unsuccessful KO of IFITM1. Restriction factor 

expression was determined after stimulation by IFN-α-2a using western blot analysis for both IFITM1 (A) and GBP5 

(B). A moderate decrease in basal expression was observed for GBP5 and IFN induced expression was reduced for all 

IFITM1 and GBP5 KO populations. In the same experiment, the basal and IFN induced expression of Env was measured 

(C). Whereas the IFN response reduces Env expression by 55% in the parent population, only 20% reduction was 

observed in the second GBP5 KO population.  
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Discussion 
In this research, the Jurkat T cell line was manipulated by transduction to express NL4.3 Env V5.3 GFP OPT 

by the authentic HIV-1 Tat-dependent LTR promoter. The cells displayed low basal and high LRA-induced 

expression of EnvGFP. Though more extensive characterisation of the created cell lines is required, the 

findings described here present an important step towards a better understanding of the expression of 

envelope glycoprotein of HIV-1 in latently infected cells. The LTR-TAT-driven EnvGFP Jurkat T-cells can be 

used to further prepare for the genome wide screen to identify host factors affecting the surface 

presentation of HIV-1 Env. A first step in this direction could be finding the ideal combination of LRAs to 

effectuate optimal latency reversal. While numerous publications have investigated the optimal 

conditions for latency reversal, these findings will have to be validated with the created cell line  (Cary & 

Peterlin, 2018; Khanal et al., 2021; Kula et al., 2019).  

The heterogeneity of the latent reservoir forms a major obstacle to achieving targeting of all infected cells 

by latency reversal agents (Ait-Ammar et al., 2020; Grau-Expósito et al., 2019). Besides T-cells, cell types 

like tissue macrophages, myeloid cells and hematopoietic stem cells are thought contribute to the 

persistence of HIV-1 (Hendricks et al., 2021; Kuo & Lichterfeld, 2018). Although execution of the genome-

wide screen with the EnvGFP-expressing Jurkat T-cells will be an important step towards the identification 

of host factors that affect Env during latency reversal, the use of different cell types in parallel may allow 

for a more comprehensive readout. In addition to this, it is important to note that considerable 

heterogeneity also exists within infected CD4+ T-cells. The integration of the provirus in different parts of 

the host genome plays a determining role in the reactivation dynamics of each individual cell (Chen et al., 

2016). In this context, the use of a bulk population of transduced cells in lieu of a cell line presents a more 

elegant tool for research, as the bulk population will naturally harbour a wide array of integration sites. 

Alternatively, a combination of cell lines representing different integration sides could be used in the 

genome wide screen. 

Besides their application in the genome wide screen, the EnvGFP-expressing Jurkat T-cells may also be put 

to use in other research. The cells could, for instance, be used to study therapeutics that improve the 

surface presentation of Env during latency reversal. This would make reactivating cells more susceptible 

to clearance by the immune system, thereby strengthening the ‘shock and kill’ strategy. Furthermore, the 

EnvGFP-expressing cells created in this research provide an important advantage over the J-lat cell line 

when investigating latency reversal. In patients, productively infected cells are eliminated due to targeting 

by the immune system, but also as a result of the cytopathic effects of the production of viral proteins, 

including Env (Costin et al., 2007; Holm et al., 2004; Oyaizu et al., 1994). The newly created cells produce 

the toxic Env protein when latency is reversed, whereas J-lat cells produce GFP upon reactivation. This 

makes the EnvGFP producing Jurkat T-cells a more relevant model for studying the effects of latency 

reversal on cellular stress and viability in the context of the ‘shock and kill’ strategy. 

Creating an LTR-TAT-driven EnvGFP-expressing cell line 
An expression vector for LTR-TAT-driven NL4.3 Env V5.3 GFP OPT was created by InFusion cloning (fig. 1B 

and C). Stable expression of EnvGFP was achieved by transduction of the vector into Jurkat T-cells, 

followed by FACS (fig. 2). The bulk population and five out of seven single-cell clones were characterised 

by low basal expression of EnvGFP and displayed a strong increase in expression as a result of 

Panobinostat treatment, as determined by flow cytometry, western blot analysis and RT-qPCR (fig. 3 and 

4). Considerable variance between the different clones was observed, ranging from unresponsive cells to 
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clones showing a dramatic increase in EnvGFP expression after treatment with Panobinostat. 

Unresponsive clones could be derived from unsuccessfully transduced cells that were erroneously 

selected by the FACS instrument. Alternatively, the EnvGFP construct integrated in a non-reactivatable 

region of the host genome, as has been proven to occur in primary HIV-1 infected T-cells (Battivelli et al., 

2018). Lastly, the site of integration could be such that the histone deacetylation inhibition provided by 

Panobinostat is not able to induce expression (Chen et al., 2016). Further reactivation experiments using 

LRAs with a different mode of action (or combinations thereof) could be performed to determine whether 

single-cell clones that are not reactivatable by Panobinostat could be activated by other means. 

Panobinostat is a histone deacetylase inhibitor (HDACi) that has been used to reactivate latently infected 

T-cells (Rasmussen et al., 2014; Spivak et al., 2015). The effectivity of Panobinostat in inducing EnvGFP 

expression in the bulk population and the majority of single-cell clones serves as a strong indication that 

processes similar to those maintaining latency in HIV-1 infected cells silenced the integrated EnvGFP insert 

in the transduced Jurkat T-cells, suggesting that the clones created in this research are suitable as models 

for latent infection. 

In order to assess the surface presentation of EnvGFP in the bulk population and the single-cell clones, 

the cells were surface-stained with either an α-GFP APC or α-Env 2G12 AF633 antibody for flow cytometric 

analysis. The bulk population and the five clones that were shown to increase EnvGFP expression as 

indicated by the GFP MFI (II, III, IV, VI and VII) all displayed an increase in the fraction of surface-staining 

positive cells upon reactivation. In clone III, Panobinostat treatment increased the fraction of GFP- and 

surface staining-positive cells increased from 0.5% to 23%, indicating that the surface expression of 

EnvGFP was strongly LRA-inducible. In the other clones, a fraction of cells unexpectedly responded to the 

surface staining, despite being GFP-negative. This may distort the readout of the experiment in these 

particular clones, as it cannot be determined afterwards whether a GFP- and surface staining-positive cell 

is truly presenting EnvGFP on its surface, or merely displaying intracellular EnvGFP expression in 

combination with aberrant interaction with the surface staining. Nevertheless, the increase in surface Env-

positive cells upon reactivation was larger than the population of GFP-negative and surface staining-

positive cells in the case of clones II, VI and VII, indicating that surface presentation of EnvGFP was induced 

by Panobinostat. In the future, an isotype control like the rat IgG2a kappa eFluor 660 could be used to 

exclude signal derived from interactions that are not specific to the α-GFP epitope (thermofisher.com, 

2022b). As this issue with surface staining was not observed in clone III, this cell line is most suitable for 

use in the genome-wide screen and other future research.  

Interferon stimulation may weaken Env expression during reactivation 
The effect of the interferon response on the LRA-induced EnvGFP expression was assessed by flow 

cytometry. The LTR-TAT driven EnvGFP Jurkat T-cells were pre-treated with IFN-α-2a and subsequently 

reactivated with Panobinostat. All reactivating clones displayed a minimal reduction in MFI increase 

during reactivation when pre-treated with IFN-a-2a (fig. 5), indicating that the interferon response may 

restrict EnvGFP expression during reactivation. More repetitions of this (duplicate) experiment should be 

performed to obtain statistically relevant results.  

Many restriction factors induced by the interferon response affect the processing and surface 

presentation of Env (Krapp et al., 2016; Tada et al., 2015; Yu et al., 2015; Zhou et al., 2014, 2015). To 

further underpin the biological relevance of the created cell line, it will be interesting to use flow 
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cytometry with surface staining to investigate the effect of IFN-treatment on the surface presentation of 

EnvGFP during latency reversal.  

Creating a CMV-driven EnvGFP-expressing cell line 
To complement the LTR-TAT-driven EnvGFP-expressing cell line, several attempts were made to clone 

EnvGFP into an expression vector driven by a constitutive promoter that is not native to HIV-1, like the 

CMV promoter. While a CMV-driven expression plasmid based on the pHR’ lentiviral backbone was 

created successfully, it performed poorly upon transfection into HEK293T cells (fig. 1A and B). Only very 

low expression levels were achieved, while the parental plasmid (pHR’ CMV-GFP) and a CMV-driven 

EnvGFP plasmid with a different backbone performed as expected (supplementary fig. 1B). Sanger 

sequencing of the created plasmid did not reveal the presence of any aberrant nucleotides in the 

promoter and EnvGFP sequence. The insertion of a kozak sequence did not improve the expression levels. 

It remains unclear why the created expression vector performs poorly. In spite of its poor performance in 

transfection experiments, the CMV-EnvGFP plasmid was transduced into Jurkat T-cells in an effort to 

create a stable cell line. Perhaps not surprisingly, the multiple cell clones obtained from the cell sorting 

facility displayed negligible levels of EnvGFP expression after treatment with Panobinostat, as determined 

by flow cytometry (data not shown). 

The use of a cell line expressing EnvGFP driven by CMV in parallel with LTR-TAT, an expression system 

native to HIV-1, is instrumental the identification of host factors that affect the surface presentation of 

Env during latency reversal. A cell line expressing EnvGFP via the LTR promoter alone is insufficient, as it 

would not be possible to discern whether any observed effect on Env surface presentation is due to a host 

factor interfering with Env processing and trafficking, or by interaction with the LTR-TAT expression 

system as a whole. Although it was not possible to generate a CMV-driven EnvGFP-expressing cell line, 

the J-lat cell line might be able to perform a similar function in the genome wide screen. Since the J-lat 

cell line produces GFP by the LTR-TAT expression system, host factors that affect LTR-TAT expression and 

not Env specifically would affect GFP signal in both cell lines, instead of only the EnvGFP-expressing cells.  

Partial knockout of IFITM1 and GBP5 affects Env restriction by IFN 
In further preparation for the genome wide KO screen, the LTR-TAT-driven EnvGFP-expressing Jurkat T-

cells were transduced with lentiviral vectors introducing CRISPR-based knockouts against HIV-1 restriction 

factors IFITM1 and GBP5, after which expression was analysed by western blotting (fig. 6). Since no 

repetition experiments were performed, these data should be seen as preliminary. The basal expression 

levels of IFITM1 lied below the detection limit, making it impossible to judge the success of the knockout 

in the absence of IFN treatment (fig. 6A). The expression levels of IFITM1 protein upon interferon 

stimulation were only 16 and 26% lower than in the parent population, meaning IFITM1 was knocked out 

of an insufficient amount of cells to generate a KO cell line. In the two GBP5 knockout populations, basal 

GBP5 expression was lowered by 49% and 55% and interferon induced expression by 61 and 72%, 

respectively (fig. 6B). Interestingly, the restriction of Env expression by the interferon response was 

considerably weaker in the second GBP5 KO population than in the parent population (fig. 6C). To 

establish a cell line, single-cell clones can be generated from the GBP5 KO populations, after which 

genome sequencing can be used to assess whether knockout has been achieved in both alleles of the 

restriction factor genes. This KO cell line could subsequently be used to assess whether Env expression 

and localisation in the LTR-TAT EnvGFP Jurkat T-cell line are affected by a known restriction factor.  
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Conclusion 
In this research, a Jurkat T derived cell line was generated expressing NL4.3 Env V5.3 GFP OPT by the 

authentic HIV-1 Tat-dependent LTR promoter. The generation of an EnvGFP-expressing cell line driven by 

CMV was not possible. Preliminary results show that the LTR-TAT driven cell line is reactivatable by 

Panobinostat, indicating that the cell line can serve as a model to study the expression of Env in latently 

infected cells. The degree of reactivation in the cells seems to be affected by the interferon response.  

Overall, the creation of this cell line presents a powerful tool for research into HIV-1 Env. Firstly, the cells 

can be used to execute a genome wide screen to identify host factors that affect surface levels of Env 

during latency reversal. Characterisation of such host factors may contribute to the search for curative 

treatment for HIV-1 via the ‘shock and kill’ strategy. The generated cell line provides a more biologically 

relevant model for studying latent infection than the existing J-lat cell line, as it produces Env upon 

reactivation instead of a GFP surrogate. Other applications of the generated cell line may include studies 

into therapeutics that improve the surface presentation of Env during latency reversal. 

Transduction of EnvGFP-expressing Jurkat T-cells with GBP5 lentiCRISPRv2 KO particles considerably 

reduced the basal and IFN-induced expression of GBP5. While repetition experiments are required to draw 

statistically relevant conclusions, the reduction in restriction factor expression seemed to weaken the 

restriction of Env expression by the interferon response. Further research is required to demonstrate that 

the created cell line can interact with known restriction factors.   
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Layman’s abstract 
To this day, no cure has been found for HIV. While the development of antiviral therapies have increased 

the lifespan of HIV patients considerably, not everybody has access to the permanent medical attention 

that treatment of an HIV infection requires. One reason that doctors have not been able find a cure for 

HIV, is that this virus is able to avoid detection by the immune system by developing latent or ‘sleeping’ 

infection in its host cells. The preferred target for HIV is the T-cell, a cell that lays dormant until the 

immune response is activated. Some activated T-cells survive their HIV infection long enough to revert 

back to a resting ‘memory’ state. While infected cells normally produce viral proteins in order to spread 

the infection to other cells, these sleeping T-cells do not, making them essentially invisible to the immune 

system.  

An important target for scientists looking for a cure for HIV is the reactivation of latently infected cells. 

Clinical research has already shown that cells can be forced out of hiding using a category of drugs dubbed 

latency reversal agents. A key element of this so called ‘shock and kill’ strategy, is that reactivated cells 

are killed by the immune system. This decreases the amount of latently infected cells, eventually leading 

to the eradication of all infected cells in the patient. Detection of HIV infected cells relies in large part on 

one viral protein: the envelope glycoprotein or Env. Env is the only HIV protein that is presented on the 

cell surface during infection, making it a primary target for recognition by the immune system. This means 

that the surface presentation of Env in reactivating cells is essential to the ‘shock and kill’ strategy.  

In this research, a cell line was created to serve as a model Env expression in cells carrying a latent HIV 

infection. The cell line produces Env fused with GFP, allowing the production and surface presentation of 

this essential protein to be tracked. Reactivation experiments showed that the production of Env could 

be induced by treatment of with a latency reversal agent, indicating that the cell line mimics the behaviour 

of latently infected cells. The cell line was further investigated by disabling genes from the host that are 

known to work against or ‘restrict’ the Env protein. Disabling one of these restriction factors (GBP5) 

affected the production of Env. This means that the cell line might be useful in the search for other genes 

that affect the surface presentation of Env during latency reversal, making it a powerful new tool in the 

search for a cure for HIV.  
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Experimental Method 
Supplementary table 1 provides a list of equipment and materials that were used.  

Cell culture 
Human embryonic kidney (HEK) 293T cells, a cell line stably expressing simian virus 40 T-antigen, were 

cultured in Delbucco’s modified Eagle’s medium (DMEM), supplemented with 1% penicillin-streptomycin 

(pen-strep), 2 mM L-Glutamine and 10% fetal calf/bovine serum (FCS). Hereafter this medium is referred 

to as DMEM. Jurkat leukemic T-cells and J-lat cells were cultured in RPMI-1640 medium, supplemented 

with 1% pen-strep, 2 mM L-Glutamine, 10% FCS, 1% MEM Non-Essential Amino Acids and 1 mM sodium 

pyruvate (Abraham & Weiss, 2004). This medium is hereafter referred to as RPMI. The J-lat cell line is a 

derivative of the Jurkat T-cell, engineered to express GFP driven by the LTR-TAT expression system native 

to HIV-1 (Jordan et al., 2003). All subclones generated from Jurkat T-cells in this study are cultured in the 

same manner as the parental cell line. 

Construction of lentiviral expression vectors 
Molecular cloning of LTR-TAT- and CMV-driven EnvGFP expression vectors 

A plasmid carrying the NL4.3 Env gene with GFP OPT inserted in the V5.3 variable loop was created by D. 

Postmus by cloning GFP OPT into the full length pNL4.3 plasmid (McCauley et al., 2018). The EnvGFP gene 

was amplified by a polymerase chain reaction (PCR). Primers were used with overhangs containing a EcoRI 

restriction site for insertion of EnvGFP into the the pHR’ CMV lentiviral vector (Miyoshi et al., 1997) or a 

MscI restriction site for its insertion in the the LTR-TAT-driven lentiviral vector (Jordan et al., 2003). The 

following ingredients were used for the insert amplifications: 1x Q5 reaction buffer, 200 μM dNTPs, 500 

nM forward and reverse primer, 0.02 U/μL Q5 polymerase, 1x GC enhancer, nuclease-free H2O and 0.2-

2.0 ng/μL NL4.3 Env V5.3 GFP OPT plasmid. Primers F3 and R4, and primers F1 and R2 (supplementary 

table 2) were used for the CMV insert and for the LTR-TAT insert, respectively). The PCR protocol was as 

follows: 0:30 98°C, 40 x (0:10 98°C, 0:30 65/67/69°C, 1:00 72°C), 2:00 72°C. The annealing temperature 

and template concentration were varied in an effort to achieve optimal yield and product specificity. The 

PCR product was loaded on a 0.7% agarose DNA gel (100-120 V, 90 min). Since no nonspecific side 

products were found, the CMV insert was obtained directly from the PCR product by purification using 

the NucleoSpin Gel and PCR Clean-up kit (mn-net.com, 2022). For the LTR-TAT insert, bands were excised 

from the gel and the DNA was purified from the gel using NucleoSpin Gel and PCR Clean-up kit. The CMV 

insert was digested overnight at 37°C in 1x rCutSmart™ buffer with 8 U XhoI and EcoRI-HF per μg of DNA. 

Digestion of the LTR-TAT insert was performed in the same manner, with 20 U XhoI per μg of DNA. A PCR 

cleanup was performed after digestion. The pHR’ CMV backbone was digested with 8 U XhoI and EcoRI 

per μg of DNA and dephosphorylated by Antarctic Phosphatase by the provided protocol to prevent 

religation (international.neb.com, 2022). The digestion product was electrophoresed on a 0.7% agarose 

DNA gel (80-120 V, 75 min), excised from the gel and purified. The lentiviral backbone containing LTR-TAT 

was digested using 8 U XhoI and MscI per μg of DNA, dephosphorylated and gel-purified. 

The EnvGFP gene insert was inserted into the lentiviral vectors carrying the CMV and LTR promoters 

through ligation by the T4 DNA Ligase and subsequently transformed into Stbl2™ Competent Cells 

according to the recommended protocols (thermofisher.com, 2022a; tools.thermofisher.com, 2022). 

Insert to vector ratios between 3:1 and 20:1 were used in parallel to maximise the chances of a successful 

ligation. 1 to 5 μL of undiluted ligation mix, or alternatively 1 μL of 5x diluted ligation mix were used for 
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transformation. The transformed bacteria were plated on Terrific Broth (LB) medium with 50 μg/mL 

ampicillin. Plasmid was extracted from the bacteria using the QIAprep Spin Miniprep Kit (qiagen.com, 

2022a), digested using XhoI and EcoRI (CMV-EnvGFP) or XhoI and MscI (LTR-TAT-EnvGFP) and ran on a 1% 

agarose DNA gel (80 V, 60 min) to validate the ligation. Sanger sequencing was used to check for mutations 

potentially introduced during the PCR-based cloning process. 

In order to insert a kozak sequence in front of the starting codon for Env, the CMV-EnvGFP plasmid was 

amplified using primers F13 and R14 (supplementary table 2) using the QuikChange Site-Directed 

Mutagenesis Kit and transformed into XL1-Blue Supercompetent cells according to the provided protocol 

(agilent.com, 2022). 

InFusion cloning of LTR-TAT-driven EnvGFP expression vector 

The NL4.3 Env V5.3 GFP OPT plasmid was amplified using primers with overhangs complementary to the 

lentiviral vector containing the LTR-TAT expression system, in preparation for an InFusion cloning reaction. 

The amplification was performed with primers F7 and R8 (supplementary table 2), in combination with 

the following ingredients: 1x Q5 reaction buffer, 200 μM dNTPs, 500 nM forward and reverse primer, 0.02 

U/μL Q5 polymerase, 1x GC enhancer, nuclease-free H2O and 1.0 ng/μL NL4.3 Env V5.3 GFP OPT plasmid. 

PCR protocol: 0:30 98°C, 1 x (0:10 98°C, 0:30 66°C, 1:00 72°C), 40 x (0:10 98°C, 0:30 70°C, 1:00 72°C), 2:00 

72°C. The PCR product was separated on a 0.7% agarose DNA gel (100-120 V, 90 min), bands were excised 

and DNA was purified from the gel. The LTR-TAT-driven lentiviral vector was amplified by inverse PCR 

using primers F5 and R6 (supplementary table 2) to obtain the backbone. The following ingredients were 

used: 1x Q5 reaction buffer, 200 μM dNTPs, 500 nM forward and reverse primer, 0.02 U/μL Q5 

polymerase, 1x GC enhancer, nuclease-free H2O and 0.2-1.0 ng/μL NL4.3 Env V5.3 GFP OPT plasmid. The 

PCR protocol was as follows: 0:30 98°C, 40 x (0:10 98°C, 0:30 69/71/73°C, 1:00 72°C), 2:00 72°C. The 

annealing temperature and template concentration were varied to achieve optimal product yield and 

specificity. To concentrate the product of the PCR, 800 μL of PCR product was precipitated by adding 0.6x 

isopropanol, followed by centrifugation (20 min, 15,000 g, 4°C). The pellet was washed in 1x ethanol, 

centrifuged again, air dried and resuspended in 200 μL TE (pH 8.0) buffer. The concentrated DNA was run 

on a 0.7% agarose DNA gel, bands were excised and DNA was purified from the gel. A paramagnetic bead-

based PCR clean-up kit (AMPure XP for PCR Purification) was used to improve the purity of the PCR product 

further (beckmancoulter.com, 2022). The insert and backbone were ligated using 1x In-Fusion HD Enzyme 

Premix according to the provided protocol (takarabio.com, 2022b). 2.5 to 5 μL of undiluted ligation mix, 

or alternatively 5 μL of 5x diluted ligation mix were used for transformation into Stbl2™ Competent Cells. 

Transformed cells were plated on TB medium with 1 μg/μL ampicillin, after which DNA was extracted from 

the bacteria using the QIAprep Spin Miniprep Kit (qiagen.com, 2022a). To validate the ligation, the plasmid 

was digested by XhoI and MscI and ran on a 0.7% agarose DNA gel (100-120 V, 60 min) to validate the 

ligation. Sanger sequencing was used to confirm that no mutations were introduced during the cloning 

process. The resulting plasmid was digested with 8 U MscI per μg of DNA, gel purified and re-ligated using 

T4 DNA Ligase, followed by transformation, antibiotic selection and DNA extraction as described above.  

Trial transfections 

The EnvGFP expression of the created plasmids was determined by transfection into HEK293T cells. 

150,000 cells were seeded in a 24-well format and cultured overnight at 37°C. At 70% confluence, the cells 

were transfected with 500 ng DNA using Lipofectamine 3000 according to the provided protocol 

(assets.thermofisher.com, 2022). The parent plasmids (pHR’ CMV-GFP and the LTR-TAT GFP expression 

vector) and a CMV-driven HXB2 Env V5.3 GFP OPT expression plasmid (Nakane et al., 2015) were 
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transfected in parallel to the cloned plasmids. After 20 to 24 hours, the cells were harvested, surface-

stained with α-GFP eF660 and analysed by flow cytometry using the BD FACSCelesta™ Cell Analyzer.  

Flow cytometry 
To prepare HEK293T cells for flow cytometric analysis, cells were washed with 1x phosphate buffer saline 

(PBS), trypsinised and resuspended in 1x DMEM. The cells were pelleted (300 g, 5 min, RT), washed with 

1x PBS, pelleted again and fixed by resuspension in paraformaldehyde (PFA). Cells from the ‘infectious cell 

culture’-lab, where use of pseudoparticles is permitted, were fixed using 4% PFA, other cells were fixed 

using 2% PFA. Cells were kept on ice until fixing. Suspension cells were pelleted (400 g, 5 min, RT), washed 

with 1x PBS, pelleted again and fixed by resuspension in PFA.  

To apply α-GFP surface staining, cells were washed with 1x FACS buffer (1x PBS, 1% bovine serum albumin 

(BSA), 0.1% sodium azide, sterile filtered) after the first centrifugation step, pelleted and resuspended in 

1:300 α-GFP eF660 APC antibody solution. After 20 min incubation at 4°C, the cells were diluted by 1x 

FACS buffer, washed with 1x FACS buffer and fixed by resuspension in PFA. Unstained control cells were 

incubated in FACS buffer instead of antibody solution. For α-Env surface staining, cells were incubated in 

5 μg/mL α-Env 2G12 primary antibody solution for 30 min at 4°C, washed with 1x PBS and subsequently 

incubated in 1:100 α-human AF633 secondary antibody solution for 3o min at 4°C. Cells were washed in 

PBS and fixed by resuspension in PFA. A secondary-antibody-only control was prepared by incubating cells 

in PBS instead of primary antibody. 

Fixed cells were analysed in the BD FACSCelesta™ Cell Analyzer, after which data is processed using the 

BD FACSDiva™ software. 

Generation of EnvGFP-expressing Jurkat T-cell line by transduction 
VSV-G-pseudotyped lentiviral particles were generated by co-transfection of three plasmids into HEK293T 

cells, as described in (Bai et al., 2003). Either the LTR-TAT- or CMV-driven EnvGFP plasmid was transfected 

as transfer plasmid. Alongside the transfer plasmid, a plasmid containing the gene for the VSV-G protein 

and a pCMV packaging plasmid containing the gag-pol genes were used. Transfection was performed using 

a calcium phosphate transfection kit according to the provided protocol (takarabio.com, 2022a). The 

medium on the transfected cells was replaced with fresh medium 16 h after transfection. 48 and 72 h 

after transfection, viral supernatants were harvested, filtered through membranes with 45 μm pore size 

and concentrated by ultracentrifugation (30,000 rpm, 1 h, 4°C) using a 20% sucrose cushion. The pellet 

was resuspended in DMEM, concentrating the lentiviral particles 100-fold. Viral stocks were aliquoted and 

stored at -80°C. 

Jurkat T-cells were transduced with lentiviral particles by spinoculation. To this end, 1 million cells/mL are 

seeded in RPMI and incubated at 37°C, 5% CO2 for 4 h. After, lentiviral particles containing either the LTR-

TAT- or CMV-EnvGFP transfer plasmids were added to the cells in a 1:100, 1:10, 1:2 and 1:1 

volume/volume ratio in the presence and absence of 8 μg/mL polybrene. The mix is centrifuged at (400 

g, 1:30 h, RT). After transduction, the cells were cultured in RPMI. One day after transduction, the cells 

were pelleted (400 g, 5 min) and imaged using the DMi8 S Platform Live-Cell-Microscope. Five days after 

transduction, a fraction of the transduced cells was used for flow cytometric analysis. Eight days after 

transduction, the two populations of Jurkat T-cells transduced with the LTR-TAT EnvGFP vector and one 

with CMV-EnvGFP were enriched for GFP-positive cells by fluorescence-activated cell sorting (FACS). 4800 

LTR-TAT EnvGFP cells were deposited into one well, creating a bulk population of GFP-positive cells. 
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Besides, 196 cells were individually deposited into separate wells. These cells will hereafter be referred to 

as single-cell clones. From the cells transduced with the CMV-EnvGFP vector, twelve wells were filled with 

a single GFP-positive cell and twelve wells were filled with three, five and ten cells. The latter are hereafter 

referred to as multiple cell clones. The sorted cells are cultured in RPMI and routinely checked for viability 

using light microscopy. The LTR-TAT EnvGFP bulk population, seven single-cell clones and four CMV-

EnvGFP multiple cell clones were expanded for further characterisation.  

Reactivation of Jurkat T-cells 
The transduced Jurkat T-cells obtained by cell sorting were reactivated by Panobinostat and analysed 

using flow cytometry, western blot and RT-qPCR. Cells were seeded in RPMI at 1 million cells/mL for a 

readout by flow cytometry and at 2 m cells/mL for western blot and RT-PCR. After 4 h of incubation at 

37°C, 5% CO2, the cells were incubated with 50 mM Panobinostat at 37°C, 5% CO2 for 24 h. Cells were 

harvested for flow cytometric analysis and surface-stained with α-GFP or α-Env antibodies as described 

previously. For western blot analysis, reactivated cells were pelleted (400 g, 5 min), washed in 1x PBS, 

resuspended in 40 μL M-PER™ Mammalian Protein Extraction Reagent and incubated for 20 min at 4°C. 

Then, the cells were centrifuged (17,900 g, 10 min, 4°C), after which the supernatant was combined with 

1x SDS buffer and boiled at 95°C for 5 min. Samples are separated by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto a membrane and incubated with α-Env 

and α-GAPDH antibodies. A detailed description of the western blot analysis is provided in the section 

below.  

To prepare samples for analysis by RT-qPCR, RNA was extracted from reactivated cells using the Qiagen 

RNeasy® Mini Kit according to the provided protocol (qiagen.com, 2022b). During the RNA extraction, on 

column DNase digestion was performed. Per sample, aliquots of 10 μL RNA were combined with 1 μL dNTP 

(10 mM), 1 μL random hexamers (100 μM) and 4 μL nuclease-free H2O in duplicate, incubated at 75°C for 

3 min and put on ice. One aliquot is then combined with 2 μL 10x reverse transcriptase (RT) reaction 

buffer, 1.5 μL H2O and 0.5 μL M-MuLV RT. In the second aliquot, 2 μL H2O and no RT is used. The samples 

were incubated at 42°C for 1 h and at 90°C for 10 min. RT-qPCR was performed using the Roche 

LightCycler® 480 II with primers and probes against NL4.3 Env and RNase P. The following ingredients 

were used: 1 μL forward Env primer (10 μM), 1 μL reverse Env primer (10 μM), 0.3 μL Env probe (10 μM), 

1 μL of RNase P primer probe, 10 μL of LightCycler® 480 Probes Master Mix, 4.7 μL H2O and 2 μL of cDNA 

template (see supplementary table 2 for the primer and probe sequences). The PCR protocol was as 

follows: 2:00 50°C, 10:00 98°C, 40 x (0:15 95°C, 1:00 60°C), 0:30 37°C. Fluorescence of the probes was 

acquired at 465-510 nm and 533-580 nm.  

In another experiment, the transduced Jurkat T-cells were pre-treated with 250 IU/mL IFN-α-2a before 

reactivation as described above. After reactivation, intact cells were surface-stained with α-GFP eF660 

and analysed by flow cytometry. The MFI of the IFN-treated, reactivated cells was corrected for the 

difference in fluorescence between the mock-treated and IFN-only control: MFIcorrected = MFIIFN+pano * 

MFImock / MFIIFN.  

Western blot analysis 
Samples were combined 1:3 with 4x SDS reducing buffer and boiled at 95°C for 10 min. All samples were 

loaded onto 10% handcast SDS gels and run for 10 minutes at 80 V and 80 minutes at 100 V. SDS gels were 

transferred onto PVDF membranes using the Bio-Rad Trans Blot Turbo transfer system. The membranes 

were blocked with blocking buffer (1x PBS, 5% skim milk) for 2 h at room temperature and incubated 
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overnight with primary antibody with 1x PBS, 1% BSA and 0.05% sodium-azide at 4°C. The following 

primary antibodies were used: 1:1000 rabbit α-gp120, 1:5000 mouse α-IFITM1, 1:1000 rabbit α-GBP5 and 

1:1000 mouse α-GAPDH (see supplementary table 1 for detailed product specifications). The membranes 

were washed 4 times (for 1, 2, 12 and 15 min) with PBS-T (1x PBS, 0.1% Tween-20) and incubated for 1 h 

with secondary antibody with TBS-T (1x TBS, 0.1% Tween-20) and 1% milk at room temperature. Either 

1:10000 donkey α-rabbit 800CW or 1:10000 goat α-mouse 800CW were used as secondary antibody. The 

membranes were washed four times (for 1, 2, 12 and 15 min) with PBS-T and imaged using with the LI-

COR Odyssey® CLx Imaging System. 

Knock out of IFITM1 and GBP5 in Jurkat T-cells  
VSV-G-pseudotyped lentiviral particles were generated as described previously, in this case carrying a 

lentiCRISPRv2 transfer plasmid for CRISPR-based knockout (KO) by transduction (Sanjana et al., 2014). This 

plasmid contains genes for a Cas9 nuclease and single guide RNA (sgRNA) sequences targeting either 

IFITM1 or GBP5, accompanied by a puromycin resistance-conferring gene. The bulk population of LTR-TAT 

EnvGFP Jurkat T-cells was transduced by the IFITM1 and GBP5 KO particles by spinoculation as described 

previously. After transduction, the cells cultured in RPMI containing 1 μg/mL puromycin. 20 days after 

transduction, two transduced populations for each KO were harvested and analysed by western blot. Half 

of the cells were treated for 24 h with 250 IU/mL interferon-α-2a before harvest, the other half was mock-

treated. Primary antibodies against IFITM1 and GBP5, gp120 and GAPDH were used. 

Supplementary 
Supplementary table 1: list of equipment and materials used in this research. 

SDS-Page, western blot  

Rotiphorese® Gel 30% (37,5:1) Carl Roth #3029 

TEMED (Electrophoresis) Thermo Fisher  Scientific #BP150-20 

NuPAGE™ MES SDS Running Buffer (20X) Thermo Fisher  Scientific #NP0002 

PowerPac™ HC High-Current Power Supply Bio-Rad Laboratories, Inc. #1645052 

ChemiDoc XRS+ System Bio-Rad Laboratories, Inc. #1708265 

Trans-Blot Turbo Transfer System Bio-Rad Laboratories, Inc. #1704150 

Odyssey® CLx Imaging System LI-COR Biosciences - GmbH #976-12809 

Monoclonal Mouse anti-IFITM1 IgG2a Antibody Proteintech Group, Inc. #60074-1lg 

Monoclonal Rabbit anti-GBP5 IgG Antibody (D3A5O) Cell Signaling Technology, Inc. #67798 

Polyclonal Rabbit anti-gp120 Antibody (Lodermeyer et al., 2013), gift from Valerie 
Bosch 

Polyclonal Rabbit anti-Tubulin Antibody Cell Signaling Technology, Inc. #2144 

Monoclonal Mouse anti-GAPDH IgM Antibody (1D4) Novus Biologicals #NB300-221 

IRDye® 800CW Donkey anti-Rabbit IgG Secondary Antibody LI-COR Biosciences, GmbH #926-32213 

IRDye® 800CW Goat anti-Mouse IgG Secondary Antibody LI-COR Biosciences, GmbH #926-32210 

IRDye® 680LT Goat anti-Rabbit IgG Secondary Antibody LI-COR Biosciences, GmbH #926-68021 

 
Cloning 

 

pHR' CMV GFP plasmid Addgene #14858, gift from Inder Verma 

LTR-TAT GFP plasmid (Jordan et al., 2003), gift from Albert Jordan 

pNL4.3 plasmid Addgene #101341, gift from Jeremy Luban 

ThermoMixer© F1.5 Eppendorf SE #5384000012 

XhoI New England BioLabs, Inc. #R0146 

EcoRI-HF® New England BioLabs, Inc. #R3101 
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MscI New England BioLabs, Inc. #R0534 

rCutSmart™ Buffer New England BioLabs, Inc. #B6004 

Antarctic Phosphatase  New England BioLabs, Inc. #M0289 

Mastercycler® nexus gradient - PCR Thermocycler Eppendorf SE #6331000017 

NucleoSpin Gel and PCR Clean-up kit Macherey-Nagel GmbH #740609.50 

Q5® High-Fidelity DNA Polymerase New England BioLabs, Inc. #M0491 

NanoDrop™ One Thermo Fischer Scientific #ND-ONE-W 

Max Efficiency® Stbl2™ Competent Cells Thermo Fisher Scientific #10268019 

S.O.C. medium Thermo Fisher Scientific #15544034 

QIAprep Spin Miniprep Kit Qiagen #27106X4 

T4 DNA Ligase Thermo Fisher Scientific #EL0011 

In-Fusion® HD Cloning Plus kit Takara Bio Inc. #638909 

QuikChange Site-Directed Mutagenesis Kit Agilent Technologies, Inc #200518 

 
Cell culture, transient expression and particle generation 

 

DMEM Medium Merck KGaA #D5796 

RPMI-1640 Medium Merck KGaA #R8758 

Mr. Frosty™ Freezing Container Thermo Fisher Scientific #5100-0001 

MEM Non-Essential Amino Acids (100x) Thermo Fisher Scientific #11140050 

M-PER™ Mammalian Protein Extraction Reagent Thermo Fisher Scientific #78501 

TC20 Automated Cell Counter Bio-Rad Laboratories, Inc. # 1450102 

Lipofectamine™ 2000 Transfection Reagent Thermo Fisher Scientific #11668027 

Lipofectamine™ 3000 Transfection Reagent Thermo Fisher Scientific #L3000001 

Lipofectamine™ LTX Reagent with Plus Reagent Thermo Fisher Scientific #15338030 

Opti-MEM™ Serum Reduced Medium Thermo Fisher Scientific #31985070 

CalPhos™ Mammalian Transfection Kit Takara Bio Inc. #631312 

Optima™ L-90K Ultracentrifuge Beckman Coulter #8043-30-1191 

A27-8x50 Fixed Angle Rotor Thermo Fisher Scientific #75003008 

 
Microscopy and flow cytometry, qPCR 

 

DMi8 S Platform Live-Cell-Microscope  Leica Microsystems 

µ-Slide 8 Well Polymer Coverslip ibidi GmbH #80826 

BD FACSCelesta™ Cell Analyzer BD Biosciences #23-17410-00 

GFP Monoclonal Antibody (5F12.4), eFluor 660, eBioscience™ Thermo Fisher Scientific #50-6498-82 

RNeasy® Mini Kit Qiagen #74106 

M-MuLV Reverse Transcriptase New England BioLabs, Inc. #M0253 

TaqMan™ RNase P Detection Reagents Kit Thermo Fisher Scientific #4316831 

LightCycler® 480 Probes Master Roche Life Science #04707494001 

LightCycler® 480 II Roche Life Science #05015278001 
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Supplementary table 2: list of primers used in this research. Bases denoted in red are not complementary to the 

template. I = inosine. FAM and TAMsp are the reporter dye and quencher of the probe. 

Name Use Sequence 

F1 NL4.3 EnvGFP amplification for LTR-TAT insert CCACAATAGAAAGAGCAGAAGACAGT 

R2 NL4.3 EnvGFP amplification for LTR-TAT insert GCTACTTGTGATTGCTCCATGT 

F3 NL4.3 EnvGFP amplification for CMV insert CATGAATTCAGAAGACAGTGGCAATG 

R4 NL4.3 EnvGFP amplification for CMV insert GTCTCGAGATACTGCTCCC 

F5 LTR-TAT backbone inverse PCR for InFusion AGCGGCCTCGAGACCTAGAAAAACATG 

R6 LTR-TAT backbone inverse PCR for InFusion ATGGTTGTGGCCATATTATCATCGTGT 

F7 NL4.3 EnvGFP amplification for LTR-TAT InFusion TATGGCCACAACCATATGAGAGTGAAGGAG
AAGTATCAGC 

R8 NL4.3 EnvGFP amplification for LTR-TAT InFusion GGTCTCGAGGCCGCTTTATAGCAAAATCCTT
TCCAAGCC 

F13 Site directed mutagenesis; insert kozak in CMV-
EnvGFP 

CGAATTCAGAAGACAGTGGCCACCATGAGA
GTGAAGGAGAA 

R14 Site directed mutagenesis; insert kozak in CMV-
EnvGFP 

CTTCTCCTTCACTCTCATGGTGGCCACTGTCT
TCTGAATTCG 

Env F qPCR RT-qPCR for NL4.3 Env TTC TTI GGA GCA GCI GGA AGC ACI ATG G 

Env R qPCR RT-qPCR for NL4.3 Env TTR ATG CCC CAG ACI GTI AGT TIC AAC 

Env P qPCR RT-qPCR for NL4.3 Env /56-FAM/TGA CGC TGA CGG TAC AGG 
CCA GAC A/36-TAMSp/ 

 

Supplementary fig. 1: cloning of lentiviral EnvGFP vectors. A: amplification of EnvGFP for insertion into the pHR’ CMV 

expression vector. Optimal yield and product specificity was achieved with an annealing temperature of 67°C. B: 

transfection of a CMV-driven HBX2 Env V5.3 GFP OPT vector (left), the LTR-TAT GFP vector and the pHR CMV-GFP 

vector into HEK293T cells. Analysis by flow cytometry with α-GFP surface staining (left only). C: amplification of 

EnvGFP for insertion into the LTR-TAT-driven expression vector. Optimal yield and product specificity was achieved 

with 1 ng/μL (50 ng) template. D: inverse PCR of the LTR-TAT-driven expression vector with varying amounts of 

template DNA (left) and annealing temperatures (right). Optimal yield and product specificity were achieved with 0.2 

ng/μL (10 ng) template and an annealing temperature of 71°C.  
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Supplementary fig. 2: reactivation of LTR-TAT EnvGFP Jurkat T-cell clones obtained by FACS. Cells were reactivated 

by treatment with Panobinostat, subjected to α-GFP (A) and α-Env (B) surface staining before flow cytometric 

analysis.  


