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Abstract 
 
Although antiretroviral therapy (ART) has changed HIV from a death sentence 
to a manageable chronic illness, there is still no cure and individuals living with 
HIV must endure lifelong therapy and continue to face stigma and 
discrimination associated with their infection. The largest barrier to an HIV 
cure is the existence of a viral reservoir in resting CD4+ T cells, in which an 
integrated copy of the viral genome persists within these cells for the lifespan 
of the individual. Latency reversing agents (LRAs) are epigenetic modifiers 
including histone deacetylase inhibitors (HDACi), and have been evaluated in 
clinical trials for HIV cure in an approach called “shock and kill” where the 
HDACi can induce viral transcription and hopefully enable death of the cell 
through viral mediated cytopathic effects or immune mediated clearance. 
Although HDACi have been investigated in vivo, there has been no significant 
decline in number of latently infected cells across the studies. The potency of 
HDACi as LRAs has largely been assessed by measuring increases in cell-
associated unspliced (US) HIV RNA, but the effect of HDACi on viral splicing 
or on the function of viral Tat protein is not known. Additionally, the long term 
effects of HDACi on safety and virological aspects in vivo have never been 
assessed. In this thesis, we demonstrate through extended follow-up in 
individuals living with HIV who had participated in our clinical trial did not 
reveal any long-term toxicity or changes in markers of HIV persistence or 
transcription in participants on ART who had received 14 days of HDACi 
vorinostat. We additionally show that while HDACi increase the levels of US 
HIV RNA, they reduce the accumulation of cell-associated multiply spliced 
(MS) HIV RNA, and do this in the presence or absence of viral transactivator 
protein Tat. We show that this change in splicing is mediated through a  
reduction in HDAC1 and that romidepsin, a potent HDACi, also inhibits a 
number of key splicing factors, as well as polypyrimidine tract-binding protein 
(PTB), and CyclinT1. Additionally, Tat can be post-translationally modified and 
we show that various lysine and arginine mutations reduce the capacity of Tat 
to induce both transcription and splicing, and that modifications on lysine 28 
and lysine 50 are required for synergistic function between Tat and HDACi, 
JQ1, or chaetocin in transcription. We also show that JQ1 is the only LRA that 
can induce splicing without Tat, or rescue splicing in the presence of 
mutations in Tat. Our data provide evidence that Tat expression is crucial in 
reactivation of latent HIV infection and that HDACi synergize with Tat to 
increase transcription, but JQ1 is more efficient in enabling splicing. Post 
translational modifications of different lysine residues of Tat are critical for 
synergism with LRAs. Overall, our data provide evidence of the limited 
potency of HDACi to reverse latency as a result of adverse effects on HIV 
splicing, a key step required for HIV protein and virion production in latently 
infected cells. This research will inform clinicians as they continue to pursue 
LRAs and other strategies for HIV cure.  
 
 



vii 
 

Publications, Presentations and Awards 

 

Publications arising from this thesis 
 
Mota TM, Rasmussen T, Solomon A, Tennakoon S, Dantanarayana A, Wightman F, 
Hagenauer M, Roney J, Spelman T, Purcell DFJ, McMahon J, Hoy JF, H.M Prince, Elliott JH, 
Lewin SR. No adverse safety or virological changes two years following vorinostat in HIV-
infected individuals on antiretroviral therapy. AIDS. 2017 May 15 
 
Khoury G, Mota TM, Li S, Tumpach C, Lee MY, Jacobson J, Harty L, Anderson JL, Lewin SR, 
Purcell DFJ. HIV latency reversing agents act through Tat post translational modifications. 
Retrovriology. 2018 May 11 
 

Other publications arising during candidature 
 
Murray JM, Maher S, Mota TM, Suzuki K, Kelleher AD, Center R, Purcell D. Differentiating 
founder and chronic HIV envelope sequences. PLoS One. 2017 Feb 10;12(2):e0171572.  
 
Saleh S, Lu HK, Evans E, Harisson D, Zhou J, Jaworoswki A, Sallmann G, Cheong KY, Mota 
TM, Tennakoon S, Angelovich TA, Anderson J, Harman A, Cunningham A, Gray L, Churchill 
M, Mak J, Drummer H, Vatakis DN, Lewin SR, Cameron PU. HIV integration and the 
establishment of latency in CCL19-treated resting CD4+ T cells require activation of NF-κB. 
Retrovirology 13(1). December 2016 
 
Anderson JL, Mota TM, Evans VA, Cheong K, Kumar N, Rezaei S, Solomon A, Wightman F, 
Cameron PU, Lewin SR. Understanding Factors That Modulate the Establishment of HIV 
Latency in Resting CD4+ T-Cells In Vitro. PLoS ONE 11(7):e0158778. July 2016 
 
Lu HK, Gray LR, Wightman F, Ellenberg P, Khoury G, Cheng WJ, Mota TM, Wesselingh S, 
Gorry PR, Cameron PU, Churchill MJ, Lewin SR. Ex vivo response to histone deacetylase 
(HDAC) inhibitors of the HIV long terminal repeat (LTR) derived from HIV-infected patients on 
antiretroviral therapy. PLos One 2014 Nov 19;9(11). 
 

Conference Presentations during Candidature 
 
“No adverse safety or virological changes two years following a short course of 
vorinostat in HIV-infected individuals on antiretroviral therapy” 
Oral Presentation 
Australasian HIV & AIDS Conference (November 2016) 
Adelaide, Australia 
Major Bartlett Travel Scholarship recipient  
 
“Understanding the effects of latency reversing agents on HIV RNA splicing: 
implications for latency reversal” 
Poster at CURE symposium; Oral poster presentation at main conference 
World AIDS Conference, 21st International AIDS Conference (July 2016) 
Durban, South Africa 
Scholarship recipient through CURE symposium   
 
“Latency reversing agents alter the accumulation of spliced HIV RNA”  



viii 
 

Oral presentation  
World STI & HIV Congress joint Australasian HIV & AIDS Conference (September 2015) 
Brisbane, Australia 
The International Society for Sexually Transmitted Diseases Research scholarship recipient  
 
“Histone deacetylase inhibitors alter the accumulation of spliced HIV RNA”  
Oral presentation at CURE symposium; poster presentation at main conference  
Towards a CURE symposium at the 8th IAS Conference on HIV Pathogenesis, Treatment and 
Prevention (July 2015) 
Vancouver, Canada 
Scholarship recipient through CURE symposium   
Assistant Rapporteur for Track A Basic Science with Brad Jones 
 

Invited guest speaker/ panel member during candidature 
 
“Histone deacetylase inhibitors alter the accumulation of spliced HIV RNA”  
NIH, Laboratory of Immunoregulation; Anthony Fauci 
January 11, 2017 
 
“Histone deacetylase inhibitors alter the accumulation of spliced HIV RNA”  
George Washington University  
January 9, 2017 
 
“HIV Cure” 
Nerd Nite 
Mr. Wow’s Emporium 
December 6, 2016 
 
“Histone deacetylase inhibitors alter the accumulation of spliced HIV RNA: Implications 
for latency reversal” 
Fudan-Melbourne Infection and Immunity workshop 
Doherty Institute, Melbourne, Australia 
November 11-12, 2016 
 
“Eradicating HIV and AIDS” 
The Doherty Viral Infectious Diseases (DoVID)  
Viral Elimination – Lessons from the past, challenges for the future. 
August 30, 2016 
 
 

Scholarships 
 
Sir Keith Murdoch Fellowship through the America to Australia Association (2012); $30,000 
 
Melbourne International Research Scholarship 
 
 
 
 
 
 



ix 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Chapter 1: Literature Review  
 

HIV and AIDS 
 

Despite multidisciplinary efforts since the discovery of the Human 

Immunodeficiency Virus (HIV) in 1983(Barre-Sinoussi et al. 1983; Gallo et al. 

1984), the virus that causes Acquired Immune Deficiency Syndrome (AIDS) 

remains one of the world’s most devastating and serious health 

challenges(Vella et al. 2012). Since the beginning of the epidemic, an 

estimated 78 million people have become infected with HIV and 35 million 

people have died from AIDS-related illness(UNAIDS 31 MAY 2016). According 

to the UNAIDS Global Report, in 2015 there were 2.1 (1.8 – 2.4M) million new 

infections globally, which was 8.7% less than in 2012, and 1.1 (.94 – 1.3M) 

million AIDS-related deaths, 31% lower than 2012(UNAIDS 31 MAY 2016). 

Despite the reduction in transmission and the increase in people receiving life-

saving antiretroviral therapy (ART), 36.7 (24 – 40M) million people are 

currently living with HIV(UNAIDS 31 MAY 2016).  

 

As of June 2016, 18.2 million people living with HIV were receiving ART in 

low- and middle-income countries, which is less than half of people eligible for 

treatment according to WHO guidelines(UNAIDS 31 MAY 2016). For those 

who have access, ART has transformed HIV from a fatal infection to a 

manageable chronic disease(Kent et al. 2013; Lewin 2013). However, 

significant challenges in funding and delivery hinder access to ART for the 

majority of people living with HIV(Lewin 2013). Additionally, challenges arise in 

life-long adherence to therapy, ART drug resistance and toxicity, as well 

health issues due to immune dysfunction(Deeks, Lewin, and Havlir 2013; 

Deeks et al. 2016; Barre-Sinoussi, Ross, and Delfraissy 2013; Shubber et al. 

2016). Stigma and discrimination also exist as major barriers to the treatment, 

care, and support of people living with HIV, which contributes to their social, 
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economic and legal marginalization(UNAIDS 14 NOVEMBER 2014; ADVERT 

08 May 2017). There is a very real need to develop strategies towards HIV 

remission, where people living with HIV no longer need to depend on ART to 

survive.  

 

 
Figure 1. The virus particle. HIV contains a core protected by capsid protein and includes 
the RNA genome, Vif, Vpr, Nef, Integrase and Reverse Transcriptase. The matrix protein 
exists just next to the plasma membrane imbedded with envelop protein, made up of gp120 
and gp41 (diagram redrawn from(NIADS November 2004)).   
 

The Virus and its Life Cycle 
 

HIV is a retrovirus with two copies of its single-stranded RNA genome. The 

viral core is made up of capsid proteins and contains the HIV genome 

protected by a nucleocapsid, reverse transcriptase (RT), integrase, accessory 

proteins viral infectivity factor (Vif) and viral protein R (Vpr), viral protein U 

(Vpu) and the negative regulatory factor (Nef) (Fig. 1)(Hu and Hughes 2012; 

Craigie and Bushman 2012; Sundquist and Krausslich 2012; Wilen, Tilton, 

and Doms 2012). The envelope protein exists as a trimer; gp41 which is the 

transmembrane subunit containing the viral fusion peptide which drives fusion 

of the virus envelope with the host cell membrane(Chan et al. 1997; 
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Weissenhorn et al. 1997) and gp120 which is the surface unit interacts with 

host cell receptors(Cicala and Arthos 2014; Kwong et al. 1998; Weiss, Levy, 

and White 1990). Regulatory proteins Tat and Rev are not packaged into the 

virus but have important roles in viral replication(Arya et al. 1985; Ahmed et al. 

1990; Cochrane 2014; Karn and Stoltzfus 2012). 

 

HIV preferentially infects activated CD4+ T cells(Klatzmann et al. 1984) by 

binding to the CD4 primary entry(Maddon et al. 1986; McDougal et al. 1986; 

Kwong et al. 1998) receptor and a chemokine coreceptor, CCR5 or CXCR4 

(Fig. 2)(Dragic et al. 1996; Deng et al. 1996; Feng et al. 1996; Berger et al. 

1998; Moore et al. 2004; Margolis and Shattock 2006). Although CCR5 and 

CXCR4 are the predominant coreceptors used by HIV for entry into the cell, 

the use of CCR2b and CCR3 have additionally been described(Alkhatib et al., 

1997). The fusion of viral and cellular membranes enables entry of the viral 

core(Melikyan 2008; Coiras et al. 2009; Wilen, Tilton, and Doms 2012). The 

viral genome is reverse transcribed by RT(Hu and Hughes 2012; Lightfoote et 

al. 1986) into double-stranded cDNA and this pre-integration complex (PIC) is 

trafficked to the nucleus, mediated by microtubules(Forshey et al. 2002; 

Dismuke and Aiken 2006; Lee et al. 2010; Arhel et al. 2007). Once in the 

nucleus, the viral cDNA randomly integrates into the host genome, though 

within active gene units(Ellison et al. 1990; Farnet and Haseltine 1990; 

Lewinski et al. 2006). Viral transcription is initiated using host cellular 

machinery and alternative splicing enables the production of the various HIV 

gene products(Karn and Stoltzfus 2012; Purcell and Martin 1993; Martin 

Stoltzfus 2009). Viral protein is translated and packaged into virus particles 

that bud from the cell to continue infection(Sundquist and Krausslich 2012; 

Ono 2009; Lever 2007; Fuller et al. 1997; Morita and Sundquist 2004; 

Swanstrom and Wills 1997). 
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Figure 2. The HIV viral life cycle. gp120 of the virion connects to cellular receptor CD4 and 
co-receptor (CCR5 of CXCR4). After viral fusion with the host membrane, the viral core enters 
the cells cytoplasm where reverse transcription occurs. The newly formed pre-integration 
complex translocates to the nucleus and with the help of viral integrase, HIV integrates into 
the host genome. HIV utilizes cellular machinery to initiate transcription, elongation and 
splicing, and viral RNAs are translated into protein. Virions bud from the cell to continue 
infection (Diagram courtesy of the Purcell lab).  
 

Antiretroviral therapy 
 

ART targets viral proteins throughout various stages of the viral replication 

cycle. In 1986, Azidothymidine (AZT; Zidovudine) was the first antiretroviral 

medication to be developed and functions by selectively inhibiting viral reverse 

transcriptase(Furman et al. 1986; St Clair et al. 1987). AZT is a nucleoside 

reverse transcriptase inhibitor (NRTIs) and was approved for use alone for 

individuals with advanced HIV infection and then in combination with other 

NRTIs, yet treatment was associated with intolerable toxicity profiles(Fischl et 

al. 1987; Skowron and Merigan 1990; Hammer et al. 1996). Advances in ART 

included the development of new classes of therapeutics including non-

nucleoside reverse transcriptase inhibitors (NNRTIs) and protease inhibitors 

(PIs), which target viral reverse transcriptase and protease, respectively, 

through binding between the PI and the active site of HIV protease(Lefebvre 

CD4 

CCR5 
or 

CXCR4 

gp120 
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and Schiffer, 2008), leading to the advent of highly active antiretroviral therapy 

(HAART) which turned HIV into a chronic manageable condition, yet not 

without toxicity or altered quality of life(Carpenter et al. 1996; Montaner et al. 

1998; Cameron et al. 1999; Hammer et al. 1996; Collier et al. 1996).  

 

Newer antivirals include attachment inhibitors, chemokine receptor 

antagonists, and fusion inhibitors, which obstruct the first stage of the viral 

replication cycle, viral entry into the cell(Arts and Hazuda 2012; Lin, Blair, et 

al. 2003; Wang, Williams, and Lin 2004; Wood and Armour 2005; LaBranche 

et al. 2001). Integrase inhibitors have also been developed, with a novel class 

of integrase strand transfer inhibitors (INSTIs), including dolutegravir, which 

exhibits a tolerated safety profile, minimized interactions with other drugs, 

sustained serum half-life, and superior advantages against the 

virus(Wainberg, Han, and Mesplede 2016; Singh et al. 2016). Uniquely, 

treatment-naïve individuals who initiate ART including dolutegravir do not 

develop resistance to this integrase inhibitor(Mesplede and Wainberg 2015; El 

Khoury et al. 2017), and in treatment-experienced individuals associated 

mutations that do arise against dolutegravir and confer viral resistance impair 

the replicative fitness of the virus particle produced(Mesplede and Wainberg 

2015; Brenner et al. 2017).  

 

In a treatment-naïve individual, there are on average 105 virions per mL of 

plasma(Ho et al., 1995, Wei et al., 1995, Perelson et al., 1996, Lyles et al., 

2000). Following the initiation of ART, a four-phased pattern of viral decay is 

observed(Riddler et al., 2016). Within the first two weeks of therapy, plasma 

levels of HIV drop by approximately 99%, with productively infected cells and 

plasma virions estimated to survive 2.2 days and 0.3 days, 

respectively(Perelson et al., 1997, Perelson et al., 1996, Palmer et al., 2008). 

A second, slower phase of decay is observed after the first few weeks of 

treatment, where plasma viremia can drop below the limit of detection from 

clinical assays (50 copies of HIV RNA/mL plasma)(Perelson et al., 1997, Finzi 
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et al., 1999). A third phase contains a half-life of viremia across up to 15 

months, comparable to the decay described of the latent reservoir(Palmer et 

al., 2008, Siliciano et al., 2003). From this point, a constant fourth phase is 

observed without decline, where sporadic ‘blips’ of virus production occur with 

constant yet low residual viremia—sensitive RT PCR techniques can detect 1 

to 5 copies of viral RNA per mL of plasma(Van Lint et al., 2013, Riddler et al., 

2016, Palmer et al., 2008). The reason for the persistent low level and stable 

viremia remains unknown. 

Discovery of Latency 
 

Despite the suppression of plasma viral load with ART, HIV DNA is still 

detectable in CD4+ T cells, revealing the existence of a population of 

chronically infected cells(Chun et al. 1997; Finzi et al. 1999; Van Lint, 

Bouchat, and Marcello 2013; Wong et al. 1997; Finzi et al. 1997). Virus can be 

reactivated from CD4+ T-cells isolated from HIV-infected individuals on 

suppressive ART, using αCD3/αCD28 antibodies to induce the clonal 

expansion of naïve (CD45RA) and central memory (CD45RO) CD4+ T cells 

ex vivo(Van Lint, Bouchat, and Marcello 2013; Spina, Prince, and Richman 

1997). In these initial studies, virus was successfully recovered in all ex vivo 

cultures, highlighting the existence of a long lived viral reservoir in resting 

(rCD4+) T cells. The half-life of these latently infected cells was originally 

estimated at 43.9 months, and conservative estimates reveal at least 60.8 

years of ART is required to eliminate this compartment of infection from an 

individual and therefore the first described major barrier to achieving a cure for 

HIV(Finzi et al. 1999; Siliciano et al. 2003; Strain et al. 2003; Crooks et al. 

2015; Chun et al. 1997). 

 

Types of Latency 
 
When a resting cell is infected but the viral genome fails to integrate, this is 

referred to as pre-integration latency. This reverse-transcribed viral DNA can 
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become circularized and/or can be degraded (Han et al. 2007; Trinite et al. 

2013). If the cell is activated before this degradation occurs, integration and 

subsequent viral replication can occur(Han et al. 2007). 

 

Post-integration latency is when the provirus is stably integrated and remains 

so for the lifespan of the infected cell. Latency is maintained due to the 

longevity of these resting cells, and that many cellular factors necessary for 

viral replication are not active in these cells(Han et al. 2007; Saleh et al. 

2016). 

 

Whilst the field focuses on post-integration latency, a recent study has defined 

a form viral persistence they coined non-integration latency. Trinite and 

colleagues have provided evidence in vitro that unintegrated DNA is capable 

of transcription and virus production weeks after infection, and in the absence 

of viral integrase (Trinite et al., 2013). 

Establishment of latency 
 
Latency can be established via two hypothesized mechanisms. Activated 

CD4+ T cells, the population in which HIV preferentially replicates, normally 

die a few days after infection(Wei et al. 1995; Ho et al. 1995; Margolick et al. 

1987; Han et al. 2007; Zack et al. 1988). Occasionally, the infected cell 

survives long enough to revert back to a resting state; these long-lived 

memory CD4+ T cells retain stably integrated provirus with no virus 

production(Hermankova et al. 2003; Han et al. 2007; Brooks et al. 2003). 

Additionally, latency is thought to be established through the direct infection of 

rCD4+ T cells(Dai et al. 2009; Anderson et al. 2016; Yu et al. 2009; Ostrowski 

et al. 1999).  

Infection of rCD4+ T cells 
 
Initial studies suggested that unstimulated primary rCD4+ T cells isolated from 

PBMCs were resistant to infection with HIV in vitro(Chou, Ramilo, and Vitetta 
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1997). Following infection of unstimulated rCD4+ T cells, virus is inefficiently 

reverse-transcribed and can then become circularized or degraded, but fails to 

integrate into the host genome and it was evident that T cell activation was 

required to complete these steps(Han et al. 2007; Trinite et al. 2013; Dai et al. 

2009; Zack et al. 1992; Spina, Guatelli, and Richman 1995; Gowda et al. 

1989). 

 

More recent studies have demonstrated that it is possible to directly infect 

rCD4+ T cells and achieve post-integration latency with a stably integrated 

provirus that remains for the lifespan of the infected cell. This has been 

achieved in vitro with varying conditions including spinoculation of high 

concentrations of virus onto primary resting cells(Pace et al. 2012), pre-

treatment of rCD4+ T cells with the chemokine CCL19(Saleh et al. 2007; 

Cameron et al. 2010), or stimulation of the CXCR4 receptor by binding to the 

viral envelope21,22. 

 

CCL19 is a lymph homing chemokine and is one of two ligands that bind to 

the chemokine receptor CCR7 present on T cells, including central memory 

and naïve CD4+ T cells(Forster, Davalos-Misslitz, and Rot 2008), and is 

constitutively expressed in lymphoid organs, where high levels of infection of 

resting CCR7+ CD4+ T cells occur compared to blood(Saleh et al. 2007; 

Cameron et al. 2010). Following binding of CCL19 to its ligand CCR7, there is 

activation of cofilin leading to changes in actin polymerization(Yoder et al. 

2008; Wu and Yoder 2009; Cameron et al. 2010). Actin depolymerisation 

promotes the essential change critical for entry of the viral PIC into the 

nucleus of rCD4+ T cells(Yoder et al. 2008; Wu and Yoder 2009). CCL19 

therefore conditions rCD4+ T cells to become latently infected with HIV, where 

CCL19-mediated changes to the actin cytoskeleton enable nuclear localization 

of the reverse-transcribed viral cDNA followed by integration into the host 

genome (Fig. 3)(Saleh et al. 2007; Cameron et al. 2010). CCL19 consistently 

facilitates the direct infection of rCD4+ T cells but untreated cells can also be 



8 
 

directly infected, likely due to a similar mechanism of actin polymerisation 

following binding of viral gp120 to CXCR4(Anderson et al. 2014). 

 

Triggering the downstream pathways of the CXCR4 receptor is sufficient to 

enable the direct infection of rCD4+ T cells. The G-protein-coupled chemokine 

receptor, CXCR4 is used by X4-tropic HIV as the coreceptor for entry into T 

cells(Davis et al. 1997; Yoder et al. 2008). The natural ligand for CXCR4 is the 

CXC chemokine stromal cell derived factor 1 (SDF-1), which stimulates many 

downstream signal transduction pathways involved in cytoskeletal 

rearrangement, cell polarization and migration, transcriptional activation, and 

cell survival and proliferation(Yoder et al. 2008; Wu and Yoder 2009). In in 

vitro cultures with primary T cells, the addition of SDF-1, X4-tropic HIV, or the 

binding of gp120 to CXCR4, can all activate cofilin similar to CCL19, where 

the rapid dephosphorylation necessary for the pertinent rearrangements in the 

cytoskeleton enable latent infection of rCD4+ T cells(Yoder et al. 2008; Wu 

and Yoder 2009).  

 

 
Figure 3. CCL19-induced changes to the rCD4+ T cell. The cell on the left 
is an unstimulated rCD4+ T cell displaying the nucleus (blue), microtubules 
(green) and actin (red). On the right is a CCL19 treated cell, which is polarized 
and migrating. CCL19 enables the described changes to the actin 
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cytoskeleton. Changes in the microtubules are evident between cells. 
Fluorescent image courtesy of Amas Lee, Lewin Lab Honours Student 2013.  
 

Distribution of Latency in vivo  
 
Latently infected cells are found in peripheral blood as well as distinct tissue 

compartments(Chomont et al. 2009; Soriano-Sarabia et al. 2014; Josefsson et 

al. 2013; Khoury et al. 2016; Khoury et al. 2017). In blood, integrated HIV DNA 

is detected in multiple memory T cell subsets, including central memory (TCM), 

effector memory (TEM), transitional memory (TTM), terminally differentiated 

(TTD) and naïve (TN) CD4+ T cells(Chomont et al. 2009). Latently infected cells 

can persist through multiple mechanisms. TCM cells have a long half-life and 

can also undergo low levels of antigen-induced or cytokine-induced 

proliferation, and also harbour replication-competent virus(Chomont et al. 

2009; Soriano-Sarabia et al. 2014). T stem cell memory (TSCM) CD4+ T cells 

can also be infected. These cells resist apoptosis and survive long periods of 

time with superior self-renewal while differentiating into the various T cell 

subsets(Buzon et al. 2014). The homeostatic proliferation and clonal 

expansion of cells with identical integration sites exists as another driver for 

persistence in T cells(Hosmane et al. 2017; Bui et al. 2017).  

 

Peripheral blood harbours only 2% of total lymphocytes, while most T cells 

reside in central lymphoid tissue including germinal centers (GCs) within 

lymph nodes (LN)(Fletcher et al. 2014; Banga et al. 2016; Perreau et al. 2013; 

Fukazawa et al. 2015). The CD4+ T cells subsets in LNs differ phenotypically 

and functionally compared to blood. Particularly, follicular helper T (TFH) cells 

are enriched in LNs and harbour replication-competent virus with low levels of 

active replication in GCs. Persistence of virus in TFH could be a consequence 

of limited penetrance by ART and/or restricted access of cytotoxic CD8+ T 

cells(Banga et al. 2016; Perreau et al. 2013; Fukazawa et al. 2015; Fletcher et 

al. 2014; Locci et al. 2013; Lorenzo-Redondo et al. 2016). Rectal tissue and 

gut-associated lymphoid tissue (GALT) also pose important sites of virus 
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persistence on ART, especially since the gut is the earliest target of HIV 

infection and contains up to 85% of lymphoid tissue(Khoury et al. 2016; 

Khoury et al. 2017; Gosselin et al. 2017; Yukl et al. 2010; Yukl et al. 2014; 

Wong and Yukl 2016; Mowat and Viney 1997). Finally, proviral DNA is 

enriched in memory CD4+ T cells that express chemokine receptors that 

promote migration to sites of inflammation or to specific tissues, including 

GALT-homing CXCR3+CCR6+ TCM cells(Khoury et al. 2016).  

 

HIV DNA has also been detected in CD4+ T cells in HIV-infected individuals 

on suppressive ART within bone marrow(Durand et al. 2012), thymus(Shen et 

al. 2003), liver(van't Wout et al. 1998; Blackard et al. 2011), in CD8+ T cells 

and macrophages within the lungs(Semenzato et al. 1995; Sierra-Madero et 

al. 1994; Jambo et al. 2014), and in various cell types within the central 

nervous system (CNS)(Levy et al. 1985; Ho et al. 1985; Koyanagi et al. 1987; 

Cheng-Mayer and Levy 1988; Chiodi et al. 1989). HIV therefore persists in 

different cell types within distinct anatomical compartments, highlighting the 

importance in targeting sites other than peripheral blood in cure strategies.    

 

Identifying a receptor that marks the reservoir is not only important for 

experimental procedures to enrich the population of latently infected cells for 

research purposes, but also provides a clinical target for approaches to purge 

the reservoir in vivo. Using an in vitro model, Descours et al. identified 103 

genes that were upregulated in latently infected cells and described the 

CD32a receptor to mark the reservoir(Descours et al., 2017). In samples from 

individuals living with HIV, they further defined that CD32a+ CD4+ T cells were 

enriched with inducible replication-competent proviruses, although these cells 

were a very small percentage of total CD4+ T cells (0.012%)(Descours et al., 

2017).  

 

Many researchers followed suit and attempted to replicate the results, which 

eventually led to publications refuting this claim. Researchers established that 
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CD32a+ CD4+ T cells are not enriched for HIV DNA, generally accounting for 

only 3% of infected CD4+ T cells(Perez et al., 2018, Osuna et al., 2018, 

Bertagnolli et al., 2018, Abdel-Mohsen et al., 2018, Coindre et al., 2018, 

Martin et al., 2018, Badia et al., 2018, Garcia et al., 2018). The majority of 

CD32+ CD4+ T cells express markers of activation including CD69, HLA-DR, 

CD25, CD38, and Ki67, and therefore do not define the population of resting 

CD4+ T cells that harbor the latent reservoir(Osuna et al., 2018, Bertagnolli et 

al., 2018, Abdel-Mohsen et al., 2018, Coindre et al., 2018, Martin et al., 2018, 

Badia et al., 2018).  

 

Additional studies revealed that the CD32 antibody clone (FUN-2) utilized by 

Descours et al.(Descours et al., 2017) cannot distinguish between CD32a and 

CD32b, whereas Osuna and colleagues used a clone that exclusively binds 

CD32b expressed by B cells(Osuna et al., 2018). They demonstrated that 

CD32high CD4+ T cells defined through imaging flow cytometry were doublets 

of B cells interacting with activated CD4+ T cells undiscernible by the forward 

and side scatter of normal flow cytometry, rather than a marker of the latent 

reservoir within T cells(Osuna et al., 2018). A true marker that defines resting 

CD4+ T cells enriched in HIV DNA remains a topic for investigation, given the 

clinical and scientific interest in defining latently infected cells.   

 

Ongoing Viral replication? 
 
The field currently debates whether or not there is ongoing replication in 

individuals on suppressive antiretroviral therapy. Groups have enlisted a 

variety of sequencing methods of HIV DNA from different anatomical tissue 

reservoirs to detect longitudinal viral evolution whilst on ART to define ongoing 

replication. Investigating HIV DNA from CD4+ T cells within tissue reservoirs 

in addition to cells from peripheral blood is important given intracellular 

concentrations of ART are lower in tissue than blood(Fletcher et al., 2014) and 

tissue reservoirs have higher levels of HIV DNA(Yukl et al., 2013). 
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Lorenzo-Redonodo and colleagues suggest that HIV can continue to replicate 

in lymphoid tissue reservoirs despite ART(Lorenzo-Redondo et al., 2016). 

They attempt to demonstrate this by deep sequencing HIV DNA in cells from 

blood and inguinal lymph nodes at day zero of starting ART and at three and 

six months, as well as plasma RNA on day zero (n=3). Two participants were 

ART-naïve before initiating this study and one had been on ART previously, 

but not for the past year(Lorenzo-Redondo et al., 2016).  

 

Two major criticisms of this study include the extremely limited sampling of 

viral sequences, as wells as the timing of sample collections. In many ex vivo 

cure studies as well as clinical trials, individuals are recruited who have been 

durably suppressed for two to three years, to study the stable, established 

reservoir. Recent work from Joseph and colleagues suggests that ART 

initiation enables seeding of the reservoir (Strategies for an HIV Cure, NIH; 

Oct 2018). It is therefore important that baseline measurements for 

longitudinal reservoir studies should include samples collected pre-ART as 

well as post-ART and post plasma viral suppression, with a robust 

establishment of the viral reservoir. Any viral replication activity detected 

before complete viral suppression could represent a false appearance of 

ongoing replication even in the presence of ART, although not yet 

representative of the durable reservoir(Kearney et al., 2017). Rosenbloom et 

al. additionally comment that the evolutionary patterns observed in the three 

individuals presented in the Lorenzo-Redondo study are in fact artefacts of the 

rapidly decaying viral subpopulations present during initial ART(Rosenbloom 

et al., 2017). Kearny and colleagues reanalyzed the sequences published in 

this study with superior mathematical modeling and were unable to replicate 

their results, suggesting that the concept of ongoing viral replication in 

individuals on ART has not yet been established(Kearney et al., 2017).  
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Kearney and colleagues have demonstrated that there is no ongoing viral 

replication in the durable latent reservoir in a study including a larger sample 

size of individuals living with HIV (n=14) on long-term ART (up to 15 

years)(Kearney et al., 2014). Only one participant in this study demonstrated 

molecular evolution of their viral sequence. There was otherwise no evidence 

of the appearance of new sequence variants and even through treatment 

interruption, rebounding viral sequences were homogeneous with little 

divergence from pre-ART virus(Kearney et al., 2014). In this study, only 

plasma sequences were obtained, limiting the results to investigation of 

peripheral blood and not tissue sanctuaries. Additional studies by Kearney’s 

group demonstrate there is no viral evolution in tissue compartments of 

individuals on long-term ART, supporting the notion that there is no ongoing 

viral replication of the established reservoir when individuals living with HIV 

are suppressed by ART (8th HIV Persistence during therapy, Miami; Dec 

2017).  

The proviral landscape 
 
Currently, researchers debate the best way to quantify HIV persistence on 

ART as different techniques have been used to measure latent HIV infection 

and each provide an answer to a slightly different question, highlighted in 

Figure 4(Chun et al. 1995; Chun et al. 1997; Deeks et al. 2016; Boulassel et 

al. 2012). This field of research is fast-moving and we have evolved from 

asking how many cells in peripheral blood contain HIV DNA to asking how 

many cells contain replication-competent viral sequences (Hosmane et al. 

2017) and most importantly can lead to viral rebound once ART is ceased. 

 

The quantitative viral outgrowth assay (QVOA) was the first to characterize the 

frequency of latently infected cells, and identifies the frequency of rCD4+ T 

cells carrying replication-competent proviral sequences that can be stimulated 

with one round of T cell activation(Finzi et al. 1997; Finzi et al. 1999; Siliciano 

and Siliciano 2005). Using this technique, it is estimated that approximately 
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one in one million rCD4+ T cells contain replication-competent virus in 

peripheral blood(Bruner, Hosmane, and Siliciano 2015). PCR-based assays 

including quantitative real-time PCR or droplet digital PCR designed to 

measure total or integrated HIV DNA estimate that ~300 rCD4+ T cells per 

million contain viral DNA(Eriksson et al. 2013).  

 

The inconsistencies between proviral DNA and infectious particle is a 

consequence of defective proviral sequences(Bruner et al. 2016; Ho et al. 

2013; Pollack et al. 2017; Sanchez et al. 1997) or viral sequences that are 

intact but not induced following T-cell stimulation(Ho et al. 2013; Crooks et al. 

2015; Siliciano et al. 2003; Bruner et al. 2016). Using a conventional QVOA, 

once-induced intact provirus was sequenced wells that were negative for viral 

outgrowth as determined by absence of p24 detection. These viruses could be 

induced following a second round of mitogen stimulation(Ho et al. 2013; 

Hosmane et al. 2017). That intact viral sequences remain following strong T 

cell activation present a major barrier to the likelihood that reactivation of 

latent infection will lead to elimination of all latently infected cells(Ho et al. 

2013; Hosmane et al. 2017). This concept supports that agents including 

HDACi that are not as potent as the positive controls PMA/PHA used in these 

studies, may not be strong enough to reactivate all latent proviruses that exist 

within the proviral landscape. One way to address this would be to stimulate 

the cells with multiple rounds of HDACi, to mimic some in vivo clinical trials, 

although toxicity particularly of romidepsin may make these studies difficult to 

achieve ex vivo. 

 

The majority of latently infected cells in peripheral blood contain defective 

proviral genomes(Ho et al. 2013) that accumulate rapidly after infection and 

persist in vivo(Bruner et al. 2016). Around 98% of viral sequences are 

defective, identified primarily to contain APOBEC3G-induced hypermutations, 

internal deletions or frame-shift nonsense mutations obtained during 

recombination or error-prone reverse transcription respectively, as well as 
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sequences containing mutations in splice donor and acceptor sites(Sanchez 

et al. 1997; Ho et al. 2013; Yu et al. 2004; Kieffer et al. 2005; Pollack et al. 

2017). Many of the larger internal deletions detected encompass the tat and 

rev open reading frames, as well as the RRE(Ho et al. 2013). However, 

defective proviruses are inducible and can be transcribed and translated to 

express viral proteins(Pollack et al. 2017).  

 

While QVOA can identify inducible replication-competent viral sequences, 

PCR-based assays that quantify viral DNA or RNA in latently infected cells 

cannot distinguish between defective or intact sequences, making it difficult to 

define the proviral landscape and to identify the best way to target 

physiologically relevant genomes during reactivation.  

 

In addition to quantifying intact versus defective proviral sequences, newer 

techniques have enabled the identification of where HIV has integrated into 

the host genome in latently infected cells, which enables researchers to track 

identical sequences through cell proliferation events(Symons et al. 2017; 

Maldarelli et al. 2014; Wagner et al. 2014; Wang et al. 2007; Cohn et al. 2015; 

Simonetti et al. 2016; Schroder et al. 2002; Vatakis et al. 2009; Hosmane et 

al. 2017; Lorenzi et al. 2016; Chomont et al. 2009; Tobin et al. 2005). 

Although it may be somewhat surprising that proliferating cells can maintain a 

state of latency, mounting evidence of either identical viral sequences within 

one viral gene in plasma and/or cells(Bruner et al. 2016; Bailey et al. 2006; 

Tobin et al. 2005; von Stockenstrom et al. 2015; Lorenzi et al. 2016) or 

identical integration sites across many cells(Symons et al. 2017; Maldarelli et 

al. 2014; Buonaguro et al. 2001; Wagner et al. 2014; Cohn et al. 2015; 

Hosmane et al. 2017) suggests this can occur in vivo. This was best 

demonstrated through the isolation of cells from individuals on ART that were 

expanded ex vivo and identical env sequences were identified from multiple 

separate wells(Hosmane et al. 2017). 
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Figure 4. Assays used to quantify HIV persistence on ART 
The frequency of cells that produce infectious virus is only a subset of cells 
that are infected with intact (highlighted in a red line) and defective genomes 
(total pool of infected cells). US = unspliced; MS = multiply spliced; QVOA = 
quantitative viral outgrowth assay; MVOA = murine viral outgrowth assay 
(Figure from (Deeks et al. 2016)) 
 

In vitro models of latency 
 
There are multiple cell lines that contain stably integrated HIV DNA that can 

be used as models for HIV latency, including ACH2(Folks et al. 1989), 

U1(Folks et al. 1987), various J-lat clones(Jordan, Bisgrove, and Verdin 2003) 

and TZMbl cells(Platt et al. 1998). Although useful for many studies, they do 

not necessarily represent the characteristics observed in latent infection in 

vivo(Wightman et al. 2012). Many groups have designed primary cell models 

to study latency in vitro, which are highlighted in Table 1, although 

inconsistencies exist across these models as well(Spina et al. 2013; Margolis 

2017). It remains the gold standard to perform studies in ex vivo cultures from 

samples isolated from individuals living with HIV of suppressive ART.  
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Table 1. Primary cell models of HIV latency (Adapted from Hakre and 
colleagues and Pace and colleagues)(Pace et al. 2011; Hakre et al. 2012).  
 
 

Molecular control of HIV latency 
 

Once HIV has integrated into the host genome of resting CD4+ T cells and 

has established latent infection, numerous epigenetic mechanisms control the 

maintenance of latency within these cells. These mechanisms act 

predominantly on the LTR, the viral promoter.  

 

Nucleosomes along the LTR  
 
Nucleosomes represent the first level of the structural organization of DNA into 

chromatin. The protein core of a nucleosome consists of two copies of each 

histone, H2A, H2B, H3 and H4, assembled into an octamer. 146 nucleotides 

of an adenine- and thymine-rich DNA sequence are wrapped 1.65 times 

around the histone octamer(Luger et al. 1997). This stable yet reversible 

action occurs due to the electrostatic interactions between the negatively 

charged DNA and positively charged basic side chains of the amino acids 

predominantly found in histones(Shahbazian and Grunstein 2007; Verreault 
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2000). As the major DNA-packaging element within the nucleus, nucleosomes 

determine the accessibility of DNA to other cellular factors, and thus play a 

key role in the regulation of gene transcription, DNA replication and 

repair(Shahbazian and Grunstein 2007; Verreault 2000; Davie 1998; Hartzog 

and Winston 1997).  

 

Whether integrated within a euchromatic or heterochromatic region of the 

human genome, the latent 5’ LTR of HIV is consistently wrapped around two 

nucleosomes, nuc-0 and nuc-1, where the provirus remains in a 

transcriptionally quiescent state(Verdin, Paras, and Van Lint 1993; Siliciano 

and Greene 2011; Li et al. 2012). Nuc-0 and nuc-1 are positioned at 

nucleotides 40 to 200 and 465 to 610, respectively, along the LTR(Verdin, 

Paras, and Van Lint 1993). Nuc-1 sits just downstream the transcriptional start 

site, overlapping the region of DNA that will become the trans-activation 

response element (TAR) once transcription has been initiated. A nucleosome-

free region of 265 nucleotides separates nuc-0 from nuc-1 and contains the 

most significant transcription factor binding sites(Verdin, Paras, and Van Lint 

1993; Siliciano and Greene 2011). 

 

Histone acetyltransferases (HATs) and Histone deacetylases (HDACs) 
 
The N-terminal tails of each of the histones protrude from the nucleosomal 

core and are involved in the control of gene expression through changing the 

structure or position of the nucleosome, and through interacting with various 

regulatory factors(Luger et al. 1997; Hartzog and Winston 1997; Morales and 

Richard-Foy 2000). This occurs as specific sites within the N-terminal tails can 

be acetylated, phosphorylated, and methylated. These posttranslational 

modifications each affect the function of the nucleosome in a different 

manner(Davie 1998; Morales and Richard-Foy 2000).  

 



19 
 

Transcription is positively correlated with the acetylation of highly conserved 

lysine (K) residues within the N-terminal tails of H3 (K9, K14, K18, K23, K27) 

and H4 (K5, K8, K12 and K16)(Shahbazian and Grunstein 2007; Kurdistani, 

Tavazoie, and Grunstein 2004). Acetylation of these lysine residues is 

accomplished by Type A Histone Acetyltransferases (HATs), including 

CBP/p300, p/CAF, TAFII250 and Tip60. Various HATs preferentially acetylate 

different lysine residues within the N-terminal tails. For example, CBP/p300 

can acetylate all lysine residues but favours K14 and K18 on H3, and K5 and 

K8 on H4, whereas p/CAF preferentially acetylates K14 on H3(Pumfery et al. 

2003). Acetylated histones enable the relaxation of DNA around nucleosomes, 

allowing various transcription factors to interact with and promote the initiation 

of DNA transcription(Williams et al. 2006; Zhong et al. 2002). 

 

The viral protein Tat recruits and interacts with various transcriptional 

coactivators to help stabilize the transcriptional pre-initiation complex. Tat has 

been shown to interact with CBP/p300, enhancing its HAT activity for 

acetylating H4(Pumfery et al. 2003). Tat can also be acetylated on K28 by 

p/CAF, enhancing the Tat:P-TEFb interaction. Also, Tat K50 and K51 

acetylation by CBP/p300 and GNC5 leads to the dissociation of Tat from TAR 

to promote viral transcriptional elongation(Pumfery et al. 2003). 

 

Histone Deacetylases (HDACs), in contrast, catalyse the removal of acetyl 

groups from these lysine residues, enabling the DNA to remain stably 

wrapped around the nucleosome, thus repressing transcription(Pumfery et al. 

2003; Shi and Xu 2013). There are three classes of HDACs (I, II and III), 

where class I HDACs include HDAC1, HDAC2, HDAC3 and 

HDAC8(Wightman et al. 2012; Shi and Xu 2013). The HIV LTR contains 

specific binding sites that facilitate and maintain transcriptional quiescence—

cellular transcriptional repressors act in concert with DNA-binding proteins to 

recruit HDAC1, HDAC2 and HDAC3 to these repressor sequences within the 

LTR(Williams et al. 2006; Zhong et al. 2002; Coull et al. 2000; Romerio, 
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Gabriel, and Margolis 1997; Imai and Okamoto 2006; Jiang et al. 2007; 

Marban et al. 2007). Cellular transcription factors that exist in their inactive 

state also play a role in recruiting HDACs to the LTR(Williams et al. 2006). 

 

NF-ĸB and Sp1: Repression and Activation of Transcription 
 
HIV-1 transcription is highly regulated and many cellular transcription factors 

interact with the LTR to enhance or repress transcriptional activation(Harrich 

et al. 1990). The nucleosome-free region of the LTR contains two NF-ĸB 

binding sites, directly next to three Sp1 binding sites(Burnett et al. 2009; 

Harrich et al. 1990; Ross et al. 1991). The elimination of these five sites 

renders a virus incapable of replicating in T cells(Ross et al. 1991). 

 

NF-ĸB can exist in p50:p50 homodimers, predominantly in resting CD4+ T 

cells(Pazin et al. 1996). The p50 subunit of NF-ĸB does not contain a 

transcriptional activation domain, but binds to the ĸB II sites in the LTR as well 

as histone deacetylases HDAC1 and HDAC3, contributing to the deacetylation 

of surrounding histones and thus gene silencing observed in latency(Williams 

et al. 2006; Zhong et al. 2002; Burnett et al. 2009). p50 has been shown to 

mediate recruitment of HDAC1 to the LTR of latently infected cells, and 

consequent changes to the chromatin architecture diminish the capacity of 

RNA Polymerase II (Pol II) association, highlighting that the p50:p50:HDAC1 

complex acts as a repressor to HIV transcription(Williams et al. 2006). The 

addition of shRNA against p50 or the addition of the HDACi Trichostatin A 

(TSA) has been shown to reverse these effects and allow the binding of Pol II; 

in these experiments, without p65, Tat, or P-TEFb, Pol II remains paused at 

the LTR(Williams et al. 2006). 

 

NF-ĸB can also exist as a heterodimeric complex including p50 and p65. p65 

contains a transcriptional activation domain at its C-terminus(Pazin et al. 

1996). When unphosphorylated, the p50:p65 complex of NF-ĸB exists 
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inhibited in the cytoplasm, bound to IĸB(Williams et al. 2006; Zhong et al. 

2002). IĸB –bound NF-ĸB does not have the capacity to enter the nucleus and 

bind ĸB enhancer sequences in the LTR(Williams et al. 2006; Barboric et al. 

2007). When a cell is stimulated, p65 of the p50:p65 heterodimers become 

phosphorylated, as do two serines at the N-terminus of IĸB. Phosphorylated 

IĸB leads to its degradation and consequent dissociation from p50:p65(Pazin 

et al. 1996; Barboric et al. 2007; Karin and Ben-Neriah 2000). p50:p65 can 

then enter the nucleus, where p50:p65 displaces DNA-bound p50:HDAC1 and 

binds to the ĸB site II in the LTR(Williams et al. 2006; Zhong et al. 2002; 

Burnett et al. 2009). Phosphorylated p50:p65 also recruits CBP/p300 HATs, 

which acetylate surrounding histones, relaxing chromatin and assisting in 

transcriptional activation (Fig. 5)(Williams et al. 2006; Zhong et al. 2002). 

  

The binding of transcription factor Sp1 to the Sp1 sites within the LTR also 

play an important role in activating or repressing HIV gene expression and act 

cooperatively with ĸB sites(Pazin et al. 1996; Karn 2011). Specifically, when 

Sp1 is bound to the Sp1 site III, which lies adjacent to ĸB site II, Sp1 acts to 

recruit the active form of NF-ĸB and the p300 HAT, thus enabling the 

recruitment of Pol II and the necessary elongation factors(Burnett et al. 2009). 

Mutations in the Sp1 sites significantly reduce the capacity of HIV to replicate 

in T cells(Ross et al. 1991). Additionally, mutations in the Sp1 sites are more 

detrimental to HIV transcription than are mutations to the ĸB sites(Burnett et 

al. 2009; Ross et al. 1991). Interestingly, whilst the p65 subunit of NF-ĸB 

contains the transcriptional activation domain, its presence does not affect 

local chromatin architecture. The cooperation between the p50 subunit of NF-

ĸB and Sp1 is necessary to remodel chromatin at the latent LTR, enabling the 

successful initiation of transcription by p65(Pazin et al. 1996). 
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Figure 5. Nucleosomes around the LTR. Nucleosomes around integrated 
HIV proviruses restrict access of key transcription factors to the 5′ LTR. 
However, this compacted state is reversed when cells are activated. Activation 
leads to transcription factor access and effective RNA Pol II elongation, giving 
rise to high-level virus production when HIV-1 Tat is produced (Image 
from(Siliciano and Greene 2011)). 

 

P-TEFb and Tat: Initiation of transcriptional elongation 
 
Even after nuc-1 has been remodelled initiating viral transcription, and the 

TAR region has been transcribed, the C-terminal domain of Pol II remains 

unphosphorylated and thus paused at the LTR(Williams et al. 2006). These 

promoter-proximal short abortive transcripts, indicative of transcriptional 

initiation with the absence of further elongation can be quantified in latently 

infected cells as the 58 nucleotides of the TAR element, consistent in their 

tight stem-loop structure and remain un-polyadenylated(Lassen, Bailey, and 

Siliciano 2004; Lin, Irwin, et al. 2003; Kaiser et al. 2017; Adams et al. 1994; 

Adams et al. 1999). These short abortive transcripts predominate the pool of 

transcriptionally initiated HIV RNA in latently infected cells and can be 

distinguished from distal, elongating transcripts(Lassen, Bailey, and Siliciano 

2011 by Cold Spring Harbor Laboratory 
P
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2004; Kaiser et al. 2017; Lin, Irwin, et al. 2003; Adams et al. 1994; Adams et 

al. 1999). Improved technology has enhanced the detection of these TAR-

containing RNAs, demonstrating they exist up to 2-fold higher than elongating 

transcripts, indicating a significant block to elongation in maintaining 

latency(Kaiser et al. 2017). 

 

P-TEFb, a cyclin-dependent kinase, promotes transcriptional elongation by 

reversing the Pol II pause. P-TEFb is made up of a catalytic Cyclin-dependent 

kinase 9 (CDK9) subunit and a regulatory Cyclin T1 (CycT1) subunit(Karn 

2011; Cho et al. 2009; D'Orso and Frankel 2009). In latently infected cells, P-

TEFb remains in a reversible association with 7SK snRNP, where RNA-

binding proteins HEXIM1 or HEXIM2 hold the complex in an inhibited state in 

the cytoplasm (Fig. 6)(Cho et al. 2009; Tahirov et al. 2010). Generally, the 

acetylation of CycT1 is required for the dissociation of P-TEFb from 7SK 

snRNP, but can be overcome by the addition of the HDACi TSA or by the 

presence of free Tat protein(Cho et al. 2009). Additionally treatment with 

HDACi vorinostat releases P-TEFb from its inhibitory complex and recruits p-

TEFb to the HIV LTR(Contreras et al. 2009). Tat competes with HEXIM1 for 

CycT1 binding—when Tat is expressed in the cell, P-TEFb is released from 

the 7SK snRNP and the Tat•P-TEFb complex is created(Barboric et al. 2007; 

Cho et al. 2009; Tahirov et al. 2010; Schulte et al. 2005; Sedore et al. 2007).  

 

The formation of the Tat•P-TEFb complex is permitted by the flexibility of free 

Tat protein(Tahirov et al. 2010). Thirty-seven percent of Tat’s first 49 amino 

acids are complementary to P-TEFb, enabling Tat to bind tightly to both CDK9 

and CycT1(Tahirov et al. 2010). Tat-induced conformational changes in P-

TEFb constitutively activate the enzymatic action of CDK9, and enable 

transcriptional elongation by facilitating the recruitment of P-TEFb to the HIV-1 

LTR and changing the substrate specificity of P-TEFb so that the Tat•P-TEFb 

complex can bind to TAR (Fig 6)(Karn 2011; Tahirov et al. 2010). 
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After transcriptional initiation yet prior to P-TEFb recruitment, the LTR is 

associated with a negative transcription elongation factor (NTEF) which 

inhibits continued elongation of HIV-1 transcription(Fujinaga et al. 2004). 

NTEF has two components. The first, 5,6-dichloro-1-β-D-

ribofuranosylbenzimidazole sensitivity-inducing factor (DSIF) is composed of 

Spt4 and Spt5, which binds to the unphosphorylated form of the CTD of Pol II, 

inhibiting elongation(Karn 2011; Fujinaga et al. 2004; Wada et al. 1998). The 

second, negative elongation factor (NELF) has four subunits, importantly, 

NELF-E contains an RNA-binding domain of dipeptide arginine/aspartic acid 

repeats (RD)(Fujinaga et al. 2004; Yamaguchi et al. 2002). The RD domain 

binds TAR, further supporting the transcriptional pause71,73. In the absence of 

Tat, ChIP assays reveal that unphosphorylated Pol II is paused at the LTR 

(Fig. 5)(Jablonski et al. 2010). 

 

Once recruited to the LTR, the CDK9 subunit of Tat-bound P-TEFb 

phosphorylates RD and Spt5, dissociating NELF from TAR and DSIF from the 

CTD of Pol II, respectively71,73. Tat:P-TEFb then binds TAR, and the CDK9 

subunit of P-TEFb phosphorylates Ser2 and Ser5 in the CTD of Pol II(Tahirov 

et al. 2010). This activation of Pol II lifts the transcriptional pause at the LTR 

and enables the elongation of HIV (Fig. 6)(D'Orso and Frankel 2009; Tahirov 

et al. 2010). 
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Figure 6. Schematic diagram of P-TEFb inhibition and activation. One the 
left, P-TEFb remains in an inhibitory complex with HEXIM1 in the cytoplasm. 
The addition of Tat or HDACi releases P-TEFb from this complex and P-TEFb 
is activated. On the right, Pol II remains paused at the LTR after the initiation 
of transcription, with negative elongation factors bound to the CTD of Pol II as 
well as TAR. Active P-TEFb and Tat bind to the TAR, displacing negative 
elongation factors and enabling the phosphorylation of Pol II to initiate 
transcriptional elongation.  
 
Further, in the absence of Tat, NF-ĸB can bind to the HIV LTR, recruit P-

TEFb, which phosphorylates the seines in the CTD or Pol II, thus P-TEFb acts 

as a coactivator of NF- ĸB in the stimulation of transcriptional activation and 

elongation. This is possible because the p65 subunit of the NF-ĸB complex 

binds CycT1 of P-TEFb(Barboric et al. 2007). This Tat-independent 

mechanism demonstrates how the first rounds of HIV replication can occur 

before Tat protein is present in the cell(Barboric et al. 2007). 
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Splicing  
 
Once transcription and elongation have been activated, the transcribing 

genome undergoes a complex and tightly controlled process of co-

transcriptional alternative splicing that determines what and when specific viral 

products are expressed(Purcell and Martin 1993; Martin Stoltzfus 2009; Karn 

and Stoltzfus 2012). Although HIV only has nine genes, the genome itself 

generates 46 different species of HIV RNA in a series of multiply spliced (MS), 

singly spliced (SS) and unspliced (US) gene products(Purcell and Martin 

1993). It is critical that precise levels of these RNAs exist in the cytoplasm 

throughout different stages of viral transcription; changing the balance of 

splicing can have profound effects on viral replication and infectivity(Purcell 

and Martin 1993; Martin Stoltzfus 2009; Karn and Stoltzfus 2012; Damier, 

Domenjoud, and Branlant 1997; Zahler et al. 2004). 

 

In the earliest stage of viral transcription, ~1.8kb MS RNAs encoding 

regulatory proteins Tat, Rev, and Nef accumulate. As transcription continues, 

~4kb SS RNAs are generated that encode Env as well as accessory proteins 

Vif, Vpr and Vpu. The late stage of replication occurs after Rev protein levels 

reach a threshold and a full-length US 9.2kb genome accumulates that to be 

packaged into virus particles, or translated into Gag-Pol protein(Purcell and 

Martin 1993; Martin Stoltzfus 2009; Karn and Stoltzfus 2012). 

 

Cooperation between proviral DNA and cellular factors 
 
RNA splicing is a multifaceted process involving the precise coordination of 

many cellular factors that assemble into a spliceosome, requiring the 

hydrolysis of a large amount of ATP(Matera and Wang 2014; Will and 

Luhrmann 2011). Exon definition is a crucial first step in the splicing process 

that predisposes RNA to an irreversible commitment to undergo splicing at the 
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defined splice donor and acceptor sites(Robberson, Cote, and Berget 1990; 

Martin Stoltzfus 2009; Chabot and Steitz 1987; Fox-Walsh et al. 2005; De 

Conti, Baralle, and Buratti 2013). This is achieved given the sequence of the 

particular splice site (ss) enables recognition of specific cellular factors that 

facilitate the connection of the correct exons in the correct order(Robberson, 

Cote, and Berget 1990; Chabot and Steitz 1987; Frendewey and Keller 1985; 

Fox-Walsh et al. 2005). This independent recognition of splice sites makes it 

difficult for the accurate manifestation of splicing, particularly in transcriptional 

units with alternative exons, especially along the genome of HIV, where 

neighbouring best-fit or cryptic splice sites may be selected 

instead(Robberson, Cote, and Berget 1990; Wentz et al. 1997; Fox-Walsh et 

al. 2005; Sterner, Carlo, and Berget 1996).  

 

U1 snRNP, required for the initial assembly of the spliceosome(Robberson, 

Cote, and Berget 1990; Hoffman and Grabowski 1992), is recruited by the 

phosphorylated CTD of elongating RNA Pol II(Morris and Greenleaf 2000) to 

recognize and bind the sequence of the 5’ss, which is stabilized by 

serine/arginine-rich (SR) proteins, particularly SRSF1(Staknis and Reed 1994; 

Cho et al. 2011; Matera and Wang 2014). U2 snRNP then recognizes the 3’ss 

and branch point sequences and interacts with U1 snRNP(Robberson, Cote, 

and Berget 1990; Hoffman and Grabowski 1992; Matera and Wang 2014). 

This pairing of 5’ and 3’ splice sites by U1 and U2 snRNPs defines the 

exon(Fox-Walsh et al. 2005; Sterner, Carlo, and Berget 1996; Martin Stoltzfus 

2009; Matera and Wang 2014) and the subsequent intron defining interaction 

brings the 5’ss, branch point and 3’ss into close proximity to form a complex 

that is then recognized by a tri-snRNP (containing U4, U5 and U6)(De Conti, 

Baralle, and Buratti 2013; Sun and Manley 1995; Will and Luhrmann 2011). 

Conformational and compositional changes within this complex activate the 

catalytic steps of splicing, enabling the formation of the intron-containing lariat 

intermediate that is released as exons undergo ligation(Matera and Wang 

2014; Will and Luhrmann 2011). 
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Exon definition is further established through cis-acting elements that repress 

or facilitate alternative splicing(Martin Stoltzfus 2009). Exonic splicing 

enhancer (ESE) sequences reside within exons and bind SR proteins that 

contain N-terminal RNA recognition motifs and an arginine/serine-rich (RS) 

domain that act with RS domains of other splicing factors to promote 

spliceosome assembly(Martin Stoltzfus 2009; Hertel and Graveley 2005). 

Exonic splicing silencers (ESSs) repress exon definition by binding 

preferentially to hnRNP proteins to inhibit splicing.  

 

Five main donor splice sites (D1, D1A, D2, D3 and D4) and 9 main acceptor 

splice sites (A1, A1A, A2, A3, A4c,a,b, A5 and A7) have been identified in the 

genome of HIV(Jablonski et al. 2010; Martin Stoltzfus 2009; Purcell and Martin 

1993; Karn and Stoltzfus 2012; Furtado et al. 1991; Schwartz et al. 1990). 

Splicing events all begin at D1 and connect across downstream donor and 

acceptor splice junctions in different combinations to enable the appropriate 

assembly of the various gene products(Karn and Stoltzfus 2012; Martin 

Stoltzfus 2009; Purcell and Martin 1993). Splicing is more efficient at 5’ss 

(including D1 and D4), with intrinsic inefficiency of 3’ss due to nonconsensus 

polypyrimidine tracts and branch point sites, including the major site that 

splices tat RNA (A3)(Martin Stoltzfus 2009; Dyhr-Mikkelsen and Kjems 1995; 

Amendt et al. 1994; Staffa and Cochrane 1994; Damier, Domenjoud, and 

Branlant 1997). 

 

The main splicing focus of this work deals with the multiply spliced isoforms of 

tat and rev, which are associated with different 5’ splice donors and 3’ splice 

acceptor sites, as well as their designated ESE and ESS binding partners to 

control gene expression. Tat can be expressed from MS or SS RNAs, where 

tat RNA is created through splicing from D1 and D2 or D3, to A3 (remains as 

SS RNA), or completely spliced from D4 to A7(Martin Stoltzfus 2009; Purcell 

and Martin 1993; Si, Rauch, and Stoltzfus 1998). Two dominant ESSs, 
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particularly ESS2, exist 70 nucleotides downstream the suboptimal 3’ss A3 

and bind hnRNPs to prevent early spliceosomal assembly and therefore inhibit 

the splicing of tat RNA(Amendt et al. 1994; Amendt, Si, and Stoltzfus 1995; Si, 

Amendt, and Stoltzfus 1997). Directly upstream of ESS2 exists ESE2, and 

these juxtaposed splicing silencer and enhancer elements control splicing at 

3’ss A3, where hnRNP A1 binds ESS2 and competes with the SR binding 

partners of ESE2, SRSF2 and SRSF5, preventing recruitment of U1 snRNP to 

A3(Zahler et al. 2004; Hallay et al. 2006; Martin Stoltzfus 2009; Ropers et al. 

2004). The inefficiency of splicing at 3’ss A3 acts in part to regulate the levels 

of tat RNA spliced compared to the much more abundant MS RNAs rev and 

nef, which utilize A4cab and A5, respectively(Purcell and Martin 1993; Martin 

Stoltzfus 2009). Completely spliced RNAs that encode tat, rev, and nef, are 

also spliced between 5’ss D4 and 3’ss A7 to remove the RRE-containing env 

intron(Purcell and Martin 1993). Inhibition at this splice junction includes 

hnRNPs binding to ESS3 as well as intronic splicing silencers (ISSs) 

surrounding A7(Amendt, Si, and Stoltzfus 1995; Staffa and Cochrane 1994; 

Si, Rauch, and Stoltzfus 1998). ESE3 sits directly upstream to ESS3 and 

binds SRSF1 and SRSF2 to promote splicing by enabling spliceosome 

assembly co-transcriptionally(Mayeda et al. 1999; Tange and Kjems 2001; 

Ropers et al. 2004; Zahler et al. 2004; Jablonski et al. 2010). Additionally, 

SRSF1 has been shown to shift splicing between early and late events in viral 

replication(Berro et al. 2006). 

 

Research over recent years has shown that transcription promotes splicing 

and splicing promotes transcription(Jablonski et al. 2010). The activation state 

of the cell determines what chromatin remodelling factors are nearby, which 

transcription factors are active, and what splicing factors are present—the 

availability or unavailability of these cellular factors all have an effect on the 

way HIV RNA is spliced(Jablonski et al. 2010). It will be important to identify 

which factors are available in the latently infected cell and how latency 
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reversing agents, such as HDACi, change the accessibility of these factors to 

interact with the newly activated HIV genome. 

 

Tat in splicing 
 
Tat is essential in initiating viral transcriptional elongation. Independently from 

this role, Tat also mediates viral splicing(Jablonski et al. 2010). When Tat is 

acetylated on lysine 50 (K50) by host p300, this interaction helps to dissociate 

the Tat•P-TEFb•TAR complex to transfer Tat onto the elongating RNA Pol 

II(Kaehlcke et al. 2003). Phosphorylation of the CTD of RNA Pol II is 

hypothesized to enable the association and dissociation of transcribing RNAs 

and RNA-associated factors throughout elongation, as well as the control the 

processivity and pausing of RNA Pol II(Jablonski et al. 2010). In splicing, Tat 

associates with Tat Specific Factor 1 (Tat-SF1), a cellular factor that interacts 

with spliceosomal components, as well as with the transcriptional-splicing 

coupling factor CA150(Jablonski et al. 2010). The association of Tat with 

splicing increases env mRNA production, enabling the correct feedback loop 

expected during replication(Jablonski et al. 2010). 

 

Additional studies show that acetylated Tat can inhibit splicing. The HDACi 

TSA can synergize with Tat in transcriptional activation of the LTR(Kiernan et 

al. 1999) but decreases the production of MS HIV RNAs while increasing the 

levels of US RNAs(Berro et al. 2006). Additionally, when Tat is acetylated at 

K50 and K51, it can bind to cellular p32. p32 associates with SRSF1 by 

sequestering this essential RNA splicing factor into an inhibitory 

complex(Petersen-Mahrt et al. 1999). p32 is thus a negative regulator that 

inhibits splicing. Treatment with TSA enabled the recruitment of p32 and 

acetylated Tat to the LTR, which normally occurs late in viral transcription in 

order to inhibit splicing and allow US messages to dominate, as a shift from 

early to late viral transcription(Berro et al. 2006).  
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These studies highlight that Tat has important roles in controlling viral 

replication, and must be present early, in differing post-modification states, to 

direct successful viral production. A deeper understanding of the role Tat plays 

in co-transcriptional splicing is necessary, especially in the context of 

reactivating the latent genome with HDACi.   

 

Nuclear Retention of MS RNAs in latency 
 
MS HIV RNAs travel freely from the nucleus to the cytoplasm in activated 

CD4+ T cells by utilizing host nuclear export machinery. US and SS HIV 

RNAs, however, contain the Rev-responsive element (RRE), a 351nt 

elongated stem-loop structure transcribed within the env intron—these RNAs 

are retained inside the nucleus(Karn and Stoltzfus 2012). The HIV regulatory 

protein, Rev, binds to the RRE to facilitate nuclear export of these US and SS 

RNAs(Karn and Stoltzfus 2012). 

 

Two important studies have demonstrated the unexpected nuclear retention of 

MS RNAs in latently infected primary rCD4+ T cells. MS and US HIV RNAs 

were detected in rCD4+ T cells from individuals on suppressive ART that did 

not initiate the Tat-mediated amplification of viral gene expression(Lassen et 

al. 2006). Both MS and US RNAs were retained within the nucleus and were 

not detected in the cytoplasm(Lassen et al. 2006; Saleh et al. 2011), which 

was attributed to a lack of polypyrimidine tract binding protein (PTB) in resting 

cells(Lassen et al. 2006), which plays an undefined role in post-transcriptional 

regulation of RNA. Adding back PTB to latently infected rCD4+ T cells 

reversed the block of nuclear retention by indirectly promoting the export of 

MS RNAs to the cytoplasm(Lassen et al. 2006).  

 

Because MS RNAs are retained within the nucleus of latently infected cells, 

the products they encode, Tat and Rev, will not be expressed and thus will not 

function to initiate transcription, splicing, or nuclear export. In reactivation 
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studies, it will be important to elucidate how drugs like HDACi affect the 

splicing patterns of HIV RNAs, specifically how they change the levels of MS 

and US RNAs and their distribution in the cell, in order to gain a deeper 

understanding of why they stimulate low levels of viral production.  

 

Viral Proteins Expressed in Latency 
 
HIV Gag protein can be detected in cells from individuals living with HIV on 

suppressive ART in the absence of, or with suboptimal levels of regulatory 

RNAs including tat and rev(Pace et al. 2012; Graf et al. 2013). This 

observation is unusual, given that US RNAs contain the RRE—this nuclear 

export of gag RNA, in theory, should not occur without Rev, which is required 

to facilitate this process. The accumulation of high levels of gag RNA in the 

nucleus could surpass a threshold in maintaining the retention of these RNAs, 

allowing some to leak into the cytoplasm and be translated(Pace et al. 2012). 

This could be possible given the high levels of gag RNA, yet only 4% of cells 

express Gag(Pace et al. 2012). 

 

Understanding the balance of transcription, splicing, and protein production in 

latently infected cells is important. In reactivation studies that examine HDACi 

like vorinostat, it will be crucial to reveal how exactly these drugs affect the 

RNAs and proteins made, to understand how they contribute to viral 

production.  

 

Strategies to achieve HIV remission 
 

To date, only one individual has been cured of HIV infection. 

Timothy Ray Brown was living with HIV for 11 years and treated with ART 

before developing acute myeloid leukaemia (AML) and received a 

hematopoietic stem-cell transplant from an HLA-matched donor homozygous 

for a 32-basepair deletion (Δ32) in the CCR5 gene which confers resistance to 
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viral entry(Hutter et al. 2009)—he discontinued ART on the day of his 

transplant in 2007 and remains HIV-free today(Brown 2015; Cohen Sep. 25, 

2014). This demonstrates a cure for HIV is achievable, yet studies attempting 

to replicate this have not been successful(Mavigner et al. 2014). Currently, 

there are a variety of molecular and immunological approaches being 

investigated towards sustainable remission, and it is likely that this will require 

a combination of separate techniques that all target the latent reservoir in a 

different way. Here, we highlight pertinent molecular tools currently being 

explored. 

 

Remission Strategies 
 
CCR5 gene therapy is under investigation as a strategy to make CD4+ T cells 

resistant to new infection, including zinc-finger nucleases engineered to 

disrupt CCR5 by binding specifically to the open reading frame of CCR5 in 

which the fused endonuclease domain of the zinc fingers dimerize, resulting in 

a double-strand break in the DNA(Holt et al. 2010). Another gene-editing tool, 

clustered regularly interspaced short palindromic repeats and associated 

protein 9 (CRISPR/Cas9), in which a single-guided RNA complementary to the 

CCR5 open reading frame resulting in double-stranded breaks that trigger 

cellular repair by error-prone-non-homologous end joining, permanently 

disrupts CCR5 expression(Li, Guan, et al. 2015; Xu et al. 2017). Both 

technologies are also being explored to excise the viral genome from latently 

infected cells through targeting the LTR—using a sequence conserved across 

the 5’ and 3’ LTRs enables the complete excision of the provirus using either 

system(Ebina et al. 2013; Hu et al. 2014; Qu et al. 2013). 

 

While both zinc finger nucleases and CRISPR/Cas9 both aim to permanently 

silence the provirus or disable the viral coreceptor, gene therapy is difficult to 

deliver into primary cells as well as in vivo. Other mechanism to enforce 

latency include the potent Tat inhibitor, didehydro-cortistatin A (dCA), which 
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inhibits Tat function by binding to the TAR-binding domain of Tat preventing 

transcriptional initiation and elongation(Mousseau et al. 2012; Mousseau et al. 

2015). In combination with ART, dCA promotes a more quiescent state of 

latency by inhibiting residual viral transcription and reactivation of viral ‘blips’, 

potentially enabling a more rapid decay of the viral reservoir (Mousseau et al. 

2015). Another technique to maintain a latent state involves the development 

of short interfering/hairpin (si/sh) RNA-induced transcriptional gene silencing; 

si/shPromA targets the NF-kB motifs with in the 5’ LTR by inducing histone 

deacetylation, maintaining a transcriptionally silent provirus(Ahlenstiel et al. 

2015).  

 

Reactivating Latent Infection: The “shock” 
 
Rather than locking the virus in a latent state, the most extensively studied 

approach to eliminate latency is to activate HIV gene expression without 

spreading infection as this would be blocked by ART. This strategy could 

potentially eliminate the latent CD4+ T cell reservoir in the individual as the 

activated cells may die via cell mediated cytolysis or induction of an effective 

HIV-specific T cell response(Wightman et al. 2012; Archin et al. 2009).  The 

initial hypothesis was that viral induction would lead to cell death via apoptosis 

of the transcriptionally active cell.  

 

Histone Deacetylase inhibitors: vorinostat, panobinostat, romidepsin  
 

HDACi contain an active domain with a zinc-binding site and two Asp-His 

charge-relay systems(Finnin et al. 1999). This domain interacts with the 

catalytic core of HDACs, demonstrating the mechanism for how HDACi inhibit 

HDACs and consequently enable the acetylation of histone tails(Finnin et al. 

1999). HDACi are subdivided into four different classes based on their 

chemical structure, including hydroxamates, cyclic peptides, aliphatic acids 
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and benzamides(Wightman et al. 2012; Minucci and Pelicci 2006; Finnin et al. 

1999). 

 

Vorinostat, was the first HDACi FDA approved for clinical treatment of 

advanced forms of cutaneous T cell lymphoma (CTCL)(Mann et al. 2007). 

Vorinostat is a pan-HDACi and acts selectively against Class I HDACs (1, 2, 3 

and 8) and has some activity against Class II HDACs(Wightman et al. 2012; 

Archin et al. 2009; Rasmussen, Tolstrup, et al. 2013; Finnin et al. 1999). In the 

context of HIV, where the latent LTR is transcriptionally quiescent and 

associated with Class I HDACs, treatment with HDACi can initiate viral 

transcription by displacing HDAC1(Archin et al. 2009; Wightman et al. 2012; 

Wightman et al. 2013; Wei et al. 2014; Huber et al. 2011; Keedy et al. 2009). 

Various groups performed in vitro studies using latently infected cells lines or 

latently infected primary CD4+ T cells, as well as ex vivo studies on rCD4+ T 

cells isolated from infected donors, and have shown that HDACi can disrupt 

transcriptional repression in HIV latency and induce the transcription of viral 

RNA(Archin et al. 2009; Keedy et al. 2009; Wei et al. 2014; Dorr et al. 2002; 

Huber et al. 2011; Wightman et al. 2013; Saleh et al. 2011) . 

 

Panobinostat is another pan-HDACi and romidepsin is a more targeted Class I 

specific HDACi, and all have been investigated in clinical trials to measure 

latency reversal in HIV infected individual on ART(Archin et al. 2012; Elliott et 

al. 2014; Archin, Bateson, et al. 2014; Rasmussen et al. 2014; Sogaard et al. 

2015; Leth et al. 2016). Although it remains unclear what the best virological 

assay is to measure latency reversal in vivo, currently, increases in US HIV 

RNA have been reported, indicative of the initiation of viral transcription, as 

well as plasma RNA, indicative of virus particle release from reactivating cells. 

 

A single dose of vorinostat in HIV-infected patients on ART led to an increase 

in cell associated gag RNA within resting CD4+ T cells collected by 

leukapheresis.(Archin et al. 2012) After treating 8 patients on ART with 
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clinically undetectable viral loads with 200mg of vorinostat to determine 

tolerability, a 400mg dose was shown to increase the expression of US gag 

RNA 1.5- to 10-fold (mean 4.8-fold) within the resting cells of all eight 

patients(Archin et al. 2012).  

 

Our lab completed a 14 day study in 20 participants of 400 mg/day of 

vorinostat, and identified a significant increase in CA-US HIV RNA in 

circulating total CD4+ T cells using only 1 million cells. 80% of participants had 

a significant increase in cell associated HIV RNA and in one participant had a 

significant increase in HIV RNA in plasma(Elliott et al. 2014). In the 3 months 

of follow up of the study, there was no change in the levels of HIV DNA. 

Importantly, throughout the study and 84 days after the trial, vorinostat 

consistently upregulated host genes as measured through gene arrays(Elliott 

et al. 2014). Future trials investigating epigenetic modifiers should consider 

their effects on the host transcriptome. 

 

Panobinostat was also evaluated in a clinical trial including 15 individuals, 

where participants on ART received panobinostat 20mg/day three times per 

week, every other week repeated four times for eight weeks(Rasmussen et al. 

2014). US RNA significantly increased at all time points while individuals were 

taking panobinostat, with a median 3.5-fold (2.1-14.4) maximum increase in 

US RNA and odds ratio of 10.5 increase in plasma RNA, with no overall 

reduction the HIV DNA, integrated HIV DNA, or infectious unit as measured 

through viral outgrowth(Rasmussen et al. 2014). 

 

Ex vivo studies have shown that romidepsin is the most potent HDACi to 

induce viral transcription(Wei et al. 2014). A proof-of-concept phase Ib/IIa 

clinical trial in 6 individuals who received 5mg/m2 or romidepsin once weekly 

for 3 weeks and demonstrated a 2.4-5-fold increase of US RNA with plasma 

RNA increasing in 5 of 6 individuals(Sogaard et al. 2015). Using a combined 

shock and kill approach,20 participants first received multiple doses of a 
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therapeutic vaccine, Vacc-4x, which contains four peptides corresponding to 

conserved regions within HIV Gag protein followed by 5mg/m2 of romidepsin 

once a week for 3 weeks(Leth et al. 2016). This study was interesting because 

it was the first to demonstrate a significant reduction in the amount of total HIV 

DNA however there was no change in the size of the reservoir as measured 

by integrated HIV DNA. They additionally performed a treatment interruption 

and showed that this combined intervention did not prolong the time to viral 

rebound when individuals were taken off their antiretroviral medication(Leth et 

al. 2016). 

 

To date, clinical trials of HDACi have all demonstrated increases in US RNA 

and variable changes in plasma RNA across the studies. However, no study 

has revealed a decrease in the size of the latent reservoir when HDACi were 

used alone. 

 

 

Bromodomain inhibitors: JQ1 
 

Another class of LRAs being explored include the bromodomain inhibitor JQ1. 

The family of bromodomain and extra-terminal (BET) proteins, including BRD2 

and BRD4, contain two amino-terminal bromodomains with high sequence 

conservation and an extra terminal (ET) domain(Jeanmougin et al. 1997; 

Filippakopoulos et al. 2010). BRD4 carries out various functions in the cell, 

noted for its stoichiometric association with the active form of P-TEFb, which is 

mutually exclusive from the binding of P-TEFb in the inhibitory 7SK snRNP 

complex(Jang et al. 2005; Yang et al. 2005; Barboric et al. 2007). BRD4 has 

been implicated as the factor that recruits P-TEFb for most RNA Pol II-

dependent transcriptional elongation(Yang et al. 2005; Jang et al. 2005; Patel 

et al. 2013) by enabling the phosphorylation of serine 2 in the CTD of RNA Pol 

II(Zhang et al. 2012). BRD4 also marks genes with transcriptional memory by 
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binding to acetylated H3 and H4 during mitosis(Dey et al. 2009). Both 

bromodomains of BRD4 can simultaneously bind acetylated histones and P-

TEFb, particularly in the presence of an HDACi, where histone acetylation 

increases the recruitment of BRD4:P-TEFb to RNA Pol II(Jang et al. 2005; 

Yang et al. 2005).  

 

Overexpression of BRD4 in A2 cells (LTR-Tat-IRES-GFP in the background of 

Jurkats) was shown to disrupt the action of Tat-mediated recruitment of P-

TEFb(Bisgrove et al. 2007), suggesting BRD4 can outcompete Tat for their 

shared P-TEFb binding domain in order to direct elongation of host genes 

rather than HIV(Li et al. 2013). JQ1 was developed as a small molecule 

inhibitor that binds to the acetyl-lysine recognition motifs of bromodomains in 

BET proteins and inhibits the interaction between BRD4 and P-

TEFb(Filippakopoulos et al. 2010). JQ1 was suggested as an LRA with early 

studies showing it could reactivate latent infection in a variety of latent cell 

lines including ACH2s, U1s and J-Lats, as well as in primary resting CD4+ T 

cells from suppressed individuals(Banerjee et al. 2012; Zhu et al. 2012; Li et 

al. 2013; Darcis et al. 2015). JQ1 was also demonstrated to positively 

influence genes association with the regulation of Tat activity(Banerjee et al. 

2012). 

 

The mechanistic action of JQ1 in reactivating latent provirus relies on the 

presence of P-TEFb where JQ1 can direct the release of P-TEFb from its 

inhibitory complex with 7SK snRNP(Bartholomeeusen et al. 2012) and enable 

its recruitment to the HIV LTR to increase transcriptional elongation(Banerjee 

et al. 2012; Zhu et al. 2012; Li et al. 2013). Importantly, JQ1 has been shown 

to work in both a Tat-dependent manner exploiting the competition between 

Tat and BRD4 for P-TEFb(Bartholomeeusen et al. 2012; Zhu et al. 2012; Lu et 

al. 2014) and a Tat-independent manner, hypothesized to turn BRD2 into and 

activator that can enhance HIV transcription(Boehm et al. 2013). This Tat-

independent reactivation is particularly interesting and JQ1 can increase 
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transcriptional elongation from the LTR without Tat(Boehm et al. 2013). The 

action of JQ1 likely depends on the environment of the cell being treated – in 

rCD4+ T cells, the levels of P-TEFb are prohibitively low due to the expression 

of microRNAs that inhibit the translation of the regulatory subunit of P-TEFb 

(Cyclin T1) in the cell’s resting state(Chiang, Sung, and Rice 2012; 

Bartholomeeusen et al. 2012), which could limit the potency of JQ1 as an 

LRA. 

 

Histone Methyltransferase inhibitors: Chaetocin  
 

In addition to HDAC-mediated transcriptional repression of HIV during latency, 

the di- or tri-methylation of histone H3 lysine 9 (H3K9) within nucleosome nuc-

1 at the LTR has also been implicated in maintaining transcriptional silencing 

of HIV(du Chene et al. 2007; Imai, Togami, and Okamoto 2010). Various 

groups have demonstrated that the host histone methyl transferases (HMT), 

including Suv39H1, facilitates transcriptional repression of HIV(Marban et al. 

2007; Imai, Togami, and Okamoto 2010; du Chene et al. 2007; Friedman et al. 

2011), including in PBMCs from infected individuals on ART(du Chene et al. 

2007). 

 

Histone Methyltransferase inhibitors (HMTi) are therefore another epigenetic 

modifier under investigation for latency reversal. Chaetocin has been identified 

as an inhibitor of host Suv39H1 HMT(Greiner et al. 2005) and was shown to 

reverse latency in cell lines(Bernhard et al. 2011; Friedman et al. 2011) as well 

as in CD8-depleted PBMCs and rCD4+ T cells from individuals on 

ART(Bouchat et al. 2012). Although chaetocin cannot safely be administered 

to humans(Bouchat et al. 2012), we have used this agent in our studies to 

compare a variety of epigenetic modifiers that activate transcription from the 

HIV LTR in different ways.  
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Anti-alcoholic: Disulfiram 
 

Disulfiram has been used as an anti-alcoholic for many years given its ability 

to inhibit aldehyde dehydrogenase. Although studies investigating the use of 

disulfiram in cancer describe its mechanism of action specifically as an 

inhibitor of NF-kB(Zha et al. 2014; Paranjpe and Srivenugopal 2013; Han et al. 

2015; Matsuno et al. 2012; Yip et al. 2011; Lovborg et al. 2006; Wang, 

McLeod, and Cassidy 2003; Westhoff et al. 2013; Liu et al. 2014), HIV 

investigators postulate that disulfiram acts to reactivate latent infection by 

activating NF-kB(Laird et al. 2015; Bullen et al. 2014), although this has not 

been demonstrated experimentally. The indirect mechanism of disulfiram in 

latency reversal is by depleting phosphatase and tensin homolog (PTEN) 

enabling the activation of the Akt signalling pathway, thought to release P-

TEFb from its inhibitory complex in the cytoplasm(Doyon et al. 2013). 

However, these studies were done in cell lines, where the environment of 

establishing latency and the capacity to reactivate will differ from primary 

rCD4+ T cells, particularly with the low levels of P-TEFb in rCD4+ T cells, 

which would limit activity dependent on this reaction.  

 

Disulfiram failed to induce measurable changes in both intracellular and 

supernatant RNA in ex vivo cultures containing rCD4+ T cells from 

suppressed individuals(Bullen et al. 2014), but was able to increase 

intracellular RNA in a BCL2-transduced primary T cell model(Bullen et al. 

2014; Xing et al. 2011), highlighting the differences observed in cell models 

compared to treating cells from infected individuals. Additionally, treatment 

with disulfiram in ex vivo cultures in combination with HDACi or JQ1 did not 

exhibit synergy as calculated by the rigorous Bliss independence model(Laird 

et al. 2015). 

 

In a pilot study investigating the safety and efficacy of disulfiram as an LRA, 

16 HIV-infected individuals on ART were treated with 500mg of disulfiram daily 
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for 14 days(Spivak et al. 2014). There were no significant changes in residual 

viremia or the size of the reservoir, and a high degree of variability in the 

plasma levels of disulfiram across participants was observed(Spivak et al. 

2014). Our lab, together with investigators from UCSF enrolled 30 individuals 

on suppressive ART and allocated them to three dosing groups (500mg, 

1000mg, and 2000mg).All doses of disulfiram significantly increased the levels 

of cell-associated US RNA, and the latter two doses increased the level of 

plasma RNA in at least on time point(Elliott et al. 2015). 30 days after the trial, 

there were no changes in HIV DNA compared to baseline(Elliott et al. 2015). 

 

Given the range of activity of the various LRAs, in this thesis we have chosen 

to focus mostly on HDACi, including vorinostat, romidepsin and panobinostat, 

the bromodomain inhibitor JQ1, and HMTi chaetocin, and the anti-alcoholic 

disulfiram. Given their current use in clinical trials, vorinostat, panobinostat, and 

romidepsin were selected for this study to investigate their effects ex vivo(Archin 

et al. 2012; Archin et al. 2014; Elliott et al. 2014; Rasmussen et al. 2014; 

Sogaard et al. 2015). JQ1 was additionally used given its activity as a 

bromodomain inhibitor may affect the reactivation of the viral life cycle in a 

separate way(Bartholomeeusen et al. 2012; Boehm et al. 2013; Laird et al. 

2015; Li et al. 2013; Zhu et al. 2012; Darcis et al. 2015). 
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Hypothesis  
 

We hypothesize that LRAs differentially affect distinct aspects of the viral 

replication cycle. Particularly, that the use of HDACi act as an on switch for 

viral transcription yet fail to induce splicing, leading to increases in US HIV 

RNA without the accumulation of MS HIV RNA, and that this may contribute to 

the limited potency observed by HDACi in vivo. Although the effects of HDACi 

are thought to be transient, given their ability to acetylate multiple different 

host proteins, we also hypothesized that their direct action on Tat protein, will 

also determine their potency in activating latent infection.  

 

Aims  
 
1. To determine the long-term virological and clinical effects of vorinostat 

in vivo. 

2. To determine the effect of LRAs on viral splicing in latently infected 

CD4+ T cells from suppressed individuals, as well as on the expression of 

proteins crucial to drive elongation, splicing, and nuclear export of viral genes. 

3. To measure the direct effects of LRAs on the behaviour of Tat protein in 

driving transcription and/or splicing  
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Chapter 2: No adverse safety or virological 
changes 2 years following vorinostat in HIV-
infected individuals on antiretroviral therapy  
 

Chapter included as PDF from publication: 

Mota, T. M. et al. No adverse safety or virological changes 2 years following 
vorinostat in HIV-infected individuals on antiretroviral therapy. AIDS 31, 1137-
1141, doi:10.1097/QAD.0000000000001442 (2017). 
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Objective: To determine the long-term effects of vorinostat on safety and virological 
parameters in HIV-infected individuals on suppressive antiretroviral therapy (ART). 
Design: Prospective longitudinal observational extended follow-up of 20 HIV-infected 
individuals on ART previously enrolled in a clinical trial of daily vorinostat 400 mg for 14 
days. Extended follow-up included visits at 6, 12, 18 and 24 months postenrolment in the 
initial clinical  trial. 
Methods: Cell-associated unspliced HIV RNA, total HIV DNA and plasma HIV RNA were 

quantified by PCR, and CD4þ and CD8þ T cells quantified by flow cytometry. Changes 
over time in each parameter were assessed using the Wilcoxon matched pair signed-rank 
test and generalized estimating equations for trend modelling. 
Results: We recorded a total of 31 adverse events (26 grade 1 and five grade 2) in all study 

participants (n ¼ 20). There were no significant changes in the number of CD4þ or CD8þ T 
cells or plasma HIV RNA over time. In 12 participants for whom baseline samples were 
available, there were no significant changes in total HIV DNA, cell-associated unspliced 

HIV RNA, plasma RNA or CD4þ and CD8þ T cells at 6, 12, 18 or 24 months. 
Conclusion: Extended follow-up for 24 months did not reveal any long-term toxicity or 
changes in markers of HIV persistence or transcription in participants on ART who had 
received 14 days of vorinostat. 
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Introduction                                                           
. 

Long-lived latently infected resting CD4þ T cells persist 
in HIV-infected individuals on suppressive antiretroviral 
therapy (ART) [1,2]. These latently infected cells remain 
the major barrier to HIV cure. One strategy for 
eliminating these cells is activating HIV production to 
trigger immune-mediated or viral-mediated lysis, often 
referred to as ‘shock and kill’. Histone deacetylase 
inhibitors (HDACi) have been investigated in clinical 
trials in HIV-infected individuals on ART and have been 
shown to increase viral transcription in total and resting 
CD4þ T cells in blood and rectal tissue [3–6]. However, 
the long-term effects of these drugs in people living with 
HIV remain unknown. 

 
We previously conducted a clinical trial of 400 mg of 
vorinostat once daily for 14 days in HIV-infected 
individuals on suppressive ART with prespecified 
follow-up for 84 days [3]. Vorinostat administration led to 
significant increases in cell-associated unspliced (CA- 
US) HIV RNA in CD4þ T cells during treatment and up 
to 70 days after completing vorinostat. However, there 
were no changes in the levels of total HIV DNA or plasma 
HIV RNA. In addition, we observed significant changes 
in host gene expression up to 70 days posttreatment [3]. 
We and others have also observed similar sustained 
increases in CA-US HIV RNA in HIV-infected 
participants on ART following the HDACi panobinostat [5] 
and with standard and high doses of another latency- 
reversing agent (LRA) disulfiram [7,8]. 

 
In this current study, we aimed to determine the long- 
term safety and changes in HIV transcription in HIV- 
infected participants on ARTwho had received 14 days of 
vorinostat. During 24 months of extended follow-up, 
we found no evidence of long-term toxicities, and all 
markers of viral persistence, including CA-US HIV 
RNA, returned to baseline levels. 

Patients and methods                                              
. 

Patients 
The original 20 participants from the vorinostat trial [3] 
were enrolled in a prospective extension study. Study visits 
were conducted at 6, 12, 18 and 24 months following initial 
enrolment in the clinical trial and included clinical 
assessment, collection of blood and storage of peripheral 
blood mononuclear cells (PBMCs) and plasma. The study 
was approved by the Human Research Ethics Committee 
of Alfred Hospital, Melbourne, Australia and was 
conducted in accordance with the ethical principles laid 
out in the Declaration of Helsinki (1996) and the National 
Health and Medical Research Council (NHMRC) of 
Australia National Statement on Ethical Conduct in 
Human Research (2007). 

 

Clinical and laboratory assessment 
To assess long-term safety, we evaluated the clinical 
status of study participants at each study visit during 
extended follow-up and recorded any incident adverse 
events. For each adverse event, we assessed severity 
and the causal association with previous vorinostat 
treatment. 

 
Long-term changes in CD4þ T-cell count, CD8þ T-cell 
count and CD4þ/CD8þ ratio were determined by flow 
cytometry. Changes in plasma HIV RNA were measured 
using a conventional clinical assay (Roche Cobas 
Taqman, Indianapolis, Indiana, USA), with a lower limit of 
detection of 20 copies/ml. 

 

Quantitative real-time PCR for 
cell-associated-HIV  RNA  and DNA 
To analyse the long-term effects on CA-US HIV RNA 
and HIV DNA, total CD4þ T cells were isolated from 
PBMCs, and RNA and DNA were extracted using the 
Qiagen All-prep kit (Qiagen, Hilden, Germany). CA-US 
HIV RNA and HIV DNA were quantified using real- 
time PCR as described previously [3]. Only participants 
with baseline PBMC were evaluated. Cellular DNA and 
RNA were extracted from all time points for each 
participant at the same time, frozen for subsequent 
analysis and then run on the same PCR plate. 

 

Statistical analysis 
Pairwise comparisons of actual values and median fold 
changes from baseline were performed using Wilcoxon 
matched pairs signed-rank. In addition, we analysed the 
overall change from baseline using generalized estimating 
equation statistics. P < 0.05 was considered statistically 
significant. 

Results                                                                 
. 

All 20 individuals who enrolled in the original vorinostat 
study provided consent to prolonged follow-up and 
completed all study visits up to 24 months. During 
follow-up, we recorded a total of 31 adverse events (26 
grade 1 and five grade 2). Of these, only one adverse 
clinical event was possibly related to previous vorinostat 
treatment (grade 1 acid reflux, which resolved to the level 
of severity present prior to vorinostat) (Table 1). There 
were some minor changes to ART regimens over the time 
of the study in four participants (one for adverse events 
related to efavirenz, two for simplification and one for 
whom no reason was provided). 

 
In the 20 participants, the levels of CD4þ or CD8þ T cells 
did not change significantly during follow-up (Supple- 
mentary Fig. 1a and b, http://links.lww.com/QAD/B55, 
respectively). The ratio of CD4þ to CD8þ T cells was 
significantly higher at 24 months compared with baseline 
(P ¼ 0.012), although the median fold change was 1.1 
(interquartile range 0.67 –1.24), and there was no upward 
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Table 1. Adverse events during extended 24-month follow-up after 
daily vorinostat for 14 days.    

Gradea
 

 
 

Adverse events 1 2 3 4 Total 

Unrelated to vorinostat 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Possibly related to vorinostat 
   Acid reflux 1 1   

 
aGrading according to National Cancer Institute Common 
Terminol- ogy Criteria for Adverse Events v 4.0. 

trend over the 24-month period (P ¼ 0.206) (Supple- 
mentary Fig. 1c, http://links.lww.com/QAD/B55). 
Plasma HIV RNA remained undetectable (<20 
copies/ml) throughout the extension study, with the 
exception of three participants in whom plasma HIV 
RNA was detected at low levels at one time point for each 
participant (Supplementary Fig. 1d, http://links.lww. 
com/QAD/B55). 

 
Of the original 20 individuals, 12 had baseline PBMCs 
available, and these samples were used for the 
comparison with samples obtained during the extended 
follow-up period. These participants were all men, 
and their demographics (Supplementary Table S1, 
http://links. lww.com/QAD/B55) were not significantly 
different from the total cohort that we have previously 
described [3]. Compared with baseline, there were no 
significant differences in the absolute levels of total HIV 
DNA at any time point (Fig. 1a) or when analysed as 
fold changes relative to baseline (Fig. 1b). Trend 
analysis revealed no change in total HIV DNA in CD4þ 

T cells over the 24-month period (P ¼ 0.723). 
Similarly, there were no changes in the levels (Fig. 1c) 
or fold change (Fig. 1d) of CA-US HIV RNA at each 
time point compared with baseline and no changes in 
trend across the 24 months (P ¼ 0.518). 

 

 

 

Fig. 1. Changes in total HIV DNA and cell-associated unspliced (US) HIV RNA over 24-month (M) follow-up after daily 
vorinostat for 14 days. (a) Total HIV DNA was measured per million cells, and (b) fold changes in DNA were calculated relative to 
baseline (BL) values. (c) Cell-associated unspliced HIV RNA was measured relative to 18S RNA, and (d) fold changes were 
calculated relative to baseline. Median and interquartile range are shown for each time point. Comparisons of RNA or DNA with 
baseline were made using the Wilcoxon test. There were no significant changes in these parameters over time. 

Respiratory tract infection 3 1 4 
Sinusitis 1 1 
Cough 4 4 
Rhinorrhoea 2 2 
Nasal congestion 1 1 
Rectal bleeding 2 2 
Anal lump 1 1 
Abdominal pain 1 1 
Shigellosis 1 1 
Sore throat 1 1 
Urethral discharge 1 1 
Rectal chlamydia 1 1 
Boil (posterior neck) 1 1 
Tympanomastoidectomy 1 1 
Paraesthesia 1 1 
Bruised ribs 1 1 
Epididymitis/orchitis 1 1 
Rash 1 1 
Knee pain 1 1 
Sprained ankle 1 1 
Sore shoulder 2 2 
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Discussion   

In this observational follow-up study of HIV-infected 
individuals on suppressive ART who had received 
vorinostat for 14 days, extended clinical follow-up for 
24 months did not reveal long-term adverse effects of 
vorinostat. We observed no changes in total HIV DNA, 
CA-US HIV RNA or plasma HIV RNA compared with 
prevorinostat levels. Taken together, these data show that 
vorinostat treatment is not associated with long-term 
adverse effects or sustained increases in HIV transcription. 

 
Understanding the long-term effects of HDACi on the 
host transcriptome, viral transcription and safety in HIV- 
infected individuals on ART is important but, to date, this 
has not been explored. We were the first to show that 
changes in host gene expression and CA-US HIV RNA 
were significantly increased from baseline to 70 days 
after the last dose of vorinostat [3]. Short-term follow-up 
at 30 days following panobinostat [5] and 84 days 
following disulfiram [8], respectively, also demonstrated 
elevated CA-US HIV RNA that persisted after cessation 
of the LRA. In this study, we demonstrate that,  by 
6 months following vorinostat, CA-US HIV RNA 
returned to baseline and remained stable over extended 
follow-up. 

 
The current follow-up extension study was designed to 
measure CA-US HIV RNA at an initial time point of 6 
months postvorinostat initiation. We therefore are unable 
to determine exactly when CA-US HIV RNA returned 
to baseline levels, which we assume was sometime 
between 3 and 6 months after vorinostat was initiated. 
Although the optimal dosing schedule for LRAs to 
achieve maximal efficacy in latency reversal and minimal 
effects on T-cell function [9] remains unclear, following 
HDACi including vorinostat, increases in CA-US HIV 
RNA occur quickly, and in most studies the maximal 
increases were observed within the first 12 h [3–6] and 
when repeated dosing was used, some studies demon- 
strated further increases in CA-US HIV RNA following 
additional doses [3,6,8]. Additional increases in CA-US 
HIV RNA with multiple dosing of vorinostat were not 
observed in all participants [10], and with repeated dosing 
of panobinostat, no further increases in CA-US HIV 
RNA were observed [5]. Here, our main goal was not to 
identify the optimal dosing for efficacy of latency reversal 
but rather to determine the long-term safety of vorinostat 
and to ensure there were no long-term changes in HIV 
expression. 

 
In conclusion, we show that following 14 days of 
vorinostat in HIV-infected participants on ART, all 
changes in viral transcription returned to baseline by 6 
months, and there were no long-term adverse effects up 
to 24 months posttreatment. Given that HIV-infected 
individuals on ART have an excellent prognosis, careful 
attention to any long-term adverse consequences   of 

LRAs or other interventions aimed at achieving HIV 
remission is warranted. Here, we demonstrate no long- 
term adverse events related to vorinostat. 
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Chapter 3: Histone Deacetylase Inhibitors alter 
the accumulation of spliced HIV RNA: 
Implications for latency reversal 
 

Abstract 
 

Histone deacetylase inhibitors (HDACi) have been evaluated in clinical trials 

for HIV cure. However, no trial has demonstrated a statistically significant 

decline in the number of latently infected cells. The potency of HDACi as 

latency reversing agents (LRAs) has largely been assessed by measuring 

increases in cell-associated unspliced (US) HIV RNA, but the effect of HDACi 

on viral splicing is not known. Here we show that while HDACi increase the 

levels of US HIV RNA, they reduce the accumulation of cell-associated 

multiply spliced (MS) HIV RNA, and do this in the presence or absence of viral 

transactivator protein Tat. We show that this change in splicing is mediated 

through a reduction in HDAC1. Romidepsin, a potent HDACi, also inhibits a 

number of key splicing factors, as well as polypyrimidine tract-binding protein 

(PTB), and CyclinT1. Our data provide evidence of the limited potency of 

HDACi to reverse latency as a result of adverse effects on HIV splicing, a key 

step required for HIV protein and virion production in latently infected cells. 

 

Introduction 
 
Long lived latently infected resting CD4+ (rCD4+) T-cells in HIV-infected 

individuals treated with combined antiretroviral therapy (ART) remain an 

important barrier to HIV cure. Strategies currently being explored to eliminate 

latently infected cells include activating latent virus in the presence of ART 

using latency reversing agents (LRAs) such as histone deacetylase inhibitors 

(HDACi)(Kent et al. 2013; Wightman et al. 2012; Archin, Sung, et al. 2014). 

The main goal of this approach, often called “shock and kill”, is to initiate the 

viral replication cycle to trigger cell death through virus mediated cytolysis or 

induce protein expression to allow recognition of the infected cells by an 
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effective HIV-specific immune response(Kent et al. 2013; Wightman et al. 

2012; Archin, Sung, et al. 2014). 
 

Multiple compounds, including HDACi(Archin et al. 2009; Wightman et al. 

2013; Saleh et al. 2011), bromodomain inhibitors such as 

JQ1(Bartholomeeusen et al. 2012; Boehm et al. 2013; Laird et al. 2015; Li et 

al. 2013; Zhu et al. 2012; Darcis et al. 2015), PKC agonists(Saleh et al. 2011; 

Laird et al. 2015) and others have been shown to active transcription in 

models of latent infection in vitro. Clinical trials of HDACi in HIV-infected 

individuals on ART have demonstrated consistent yet modest increases in 

HIV transcription, measured as an increase in cell-associated unspliced HIV 

RNA (US RNA), variable changes in plasma HIV RNA but no significant 

decline in the number of latently infected cells(Archin et al. 2012; Archin, 

Bateson, et al. 2014; Elliott et al. 2014; Rasmussen et al. 2014; Sogaard et al. 

2015). These trials highlight that HDACi may not be sufficiently potent to 

either “shock” or “kill” latently infected cells. A deeper understanding of how 

HDACi alter the viral replication cycle is warranted in order to determine 

strategies to enhance the potency of LRAs.  

 

While increases in US RNA indicates the induction of viral transcription, cell-

associated multiply spliced HIV RNAs (MS RNA) may be more indicative of 

successful viral replication(Purcell and Martin 1993). HIV RNA splicing is an 

essential step required for efficient protein and virion production. Briefly, MS 

RNAs encode regulatory proteins Tat, Rev, and Nef, which prime the cell for 

efficient expression of US RNA and facilitate the production of viral structural 

proteins and virus particles(Purcell and Martin 1993; Martin Stoltzfus 2009). 

Tat particularly recruits many cellular factors that support transcriptional 

elongation and splicing of the viral genome(Jablonski et al. 2010; Karn and 

Stoltzfus 2012). Suboptimal levels of Tat protein or function play a key role in 

restricting virus production(Razooky et al. 2015; Lassen et al. 2006; Saleh et 

al. 2011; Li et al. 2016; Pace et al. 2012; Graf et al. 2013). 

 

HDACi have been shown to inhibit splicing of host genes(Hnilicova et al. 

2011; Khan et al. 2014; Nogues et al. 2002; Kuhn et al. 2009) but the effects 
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of HDACi, compared to other LRAs or T-cell activation, on HIV RNA splicing 

has not previously been explored. Here, we examine the effects of LRAs, 

including HDACi, the bromodomain inhibitor JQ1, and mitogen, on HIV 

transcriptional initiation, elongation, and splicing, in ex vivo models of HIV 

latency, as well as in vivo. We demonstrate that HDACi initiate LTR-driven 

transcription but are unable to drive accumulation of spliced HIV RNA. We 

show that this reduction in splicing is due to the removal of HDAC1 through 

HDAC-inhibition, as well as a decrease in the level of splicing factors. Our 

data provide a mechanism for the limited potency of HDACi to reactivate HIV 

virion production from latency. 

Methods 

Ex vivo studies of CD4+ T-cells from HIV-infected individuals on ART 
 
Total CD4+ T-cells collected by leukapheresis from HIV-infected individuals 

on suppressive ART (San Francisco, CA) or resting CD4+ T cells (Melbourne, 

VIC) were thawed and rested in RF10 [RPMI (Life Technologies; Grand 

Island, NY) + 10%FBS (Bovogene, Keilor East, Australia) with 

Pen(100U/ml)/Strep(100ug/ml) (Life Technologies; Grand Island, NY)] for 12 

hours. Cells were cultured between 2 and 3 million per well in a 48 well plate 

depending on cell numbers post-thaw. Cells were reactivated with DMSO 

(1:5000), vorinostat (0.5μM), romidepsin (40nM), panobinostat (30nM), JQ1 

(1uM), or PMA/PHA (10nM; 10 μg/mL), all in the presence of an integrase 

inhibitor Raltegravir (1uM, AIDS Research and Reference Reagent Program, 

Division of AIDS, NIAID, NIH) and IL-2 (1U/ml). Cells were harvested at 6, 24, 

48 and 72 hours in Trizol (Life Technologies, Carlsbad, CA) and RNA was 

extracted as per the manufacturer’s protocol and treated with DNase (Qiagen, 

Hilden, Germany). 400ng of RNA for each sample was reverse transcribed 

into cDNA using random hexamers and oligo(d)T and Superscript reverse 

transcriptase (Life Technologies, Austin TX). Evidence of histone 3 acetylation 

following treatment with various HDACi that has led to the induction of viral 

transcription ex vivo and in vivo has been well demonstrated in the 

literature(Shehu-Xhilaga et al., 2009, Wightman et al., 2013, Archin et al., 
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2012, Wei et al., 2014, Rasmussen et al., 2014, Sogaard et al., 2015) and 

therefore was not reexamined in this thesis.  

Studies of CD4+ T-cell from HIV-infected individuals on ART treated with 
Panobinostat. 
 
These samples were accessed from a clinical trial previously described (7; 

ClinicalTrial.gov, number NCT01680094) (collected from HIV-infected 

individuals on suppressive ART treated with panobinostat; Aarhus University 

Hospital, Denmark). Briefly, participants received oral panobinostat (20mg) 

three times per week, every other week for 8 weeks. Total CD4+ T-cells were 

sorted from PBMCs collected at various time points and RNA was reverse 

transcribed to cDNA. 

Quantitative PCR of viral RNA species 
 
To measure US RNA, we exploited the first major splice donor site (SD1) 

such that “US” RNA describes the lack of a splicing event at that site. To 

measure MS RNA, we measured RNAs that have been spliced between 

splice donor 4 (SD4) and splice acceptor 7 (SA7) which represent the most 

common form of MS RNA and capture tat and rev RNA—tat RNA encodes 

predominantly tat and rev RNA encodes rev and nef (See Supplementary 

Table 2 for complete list of primer sets)(Purcell and Martin 1993; Schwartz et 

al. 1990). Primers for this new MS assay have been designed using the Los 

Alamos National Laboratory Sequence Database to ensure consensus across 

subtype B, which is the subtype of individuals in this study. No noRT control 

was used for these assays. 

Samples from HIV-infected individuals 
 

Semi-nested PCRs were performed for all samples from HIV-infected 

individuals to improve the limit of detection of each qPCR. 100ng of cDNA per 

condition was first amplified using AmpliTaq Gold DNA polymerase (Applied 

BioSystems, Austin, TX, USA) for 15 (US) and 17 (MS) cycles. First round 

primers for US were forward 5’- AACTAGGGAACCCACTGCTTAAG-3’ 

(MH535) and reverse SL20 and MS were forward SL28 and reverse 5’-

TCAAGCGGTGGTAGCTGAAGAGG-3’ (TM1). Second round SYBR Green 
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(Agilent Technologies, Santa Clara, CA, USA) qPCRs were performed using 

the following primer sets (all primers from Sigma Aldrich, Castle Hill, Australia) 

for US HIV RNA forward 5’-TCTCTAGCAGTGGCGCCCGAACA-3’ (SL19) 

and reverse 5’-TCTCCTTCTAGCCTCCGCTAGTC-3’ (SL20) and MS HIV 

RNA forward 5’-CTTAGGCATCTCCTATGGCAGGAA-3’ (SL28) and reverse 

5’-TTCCTTCGGGCCTGTCGGGTCCC-3’ (SL29). Readthrough cDNA was 

amplified with Taq polymerase for 15 cycles using forward 5’-

CAGATGCTGCATATAAGCAGCTG-3’(Bullen et al. 2014) and reverse 5’-

GGGCGCCACTGCTAGAGATTT-3’(Lin, Irwin, et al. 2003) primers. The 

reverse primer was chosen because it amplifies only the 5’ LTR and excludes 

the 3’LTR. This method is similar to Bullen and colleagues but allows 

measurement of other HIV RNAs as well as cellular RNAs as all CA-RNA will 

be converted to cDNA here. A second round SYBR Green qPCR was 

designed to detect readthrough transcripts using the same forward and 

reverse 5’-CACAACAGACGGGCACACAC-3’(Bullen et al. 2014). The limit of 

detection for the qPCR for US RNA was one copy, for MS RNA two copies 

and for readthrough was 1.5 copies per well. If there was no detectable 

product in a well, this was reported as zero. 18S qPCRs were run using a 

Taqman probe and the limit of detection was 10 copies per million cells(Elliott 

et al. 2014).  

Standards 
 

Standards for CA-US and MS RNA were in vitro transcribed from SP5-Δ33-

NL4.3, SP5-Δ33-Tat2 and SP5-Δ33-NL4.3-Env2 respectively. Molecular 

weights of each transcript were used to calculate molecules per µl for qPCR. 

Readthrough transcript standards were NL4.3 plasmid, also calculated to 

molecules per µl. Total PBMCs were used as standards for 18S RNA, 

reported as per million cells.  

Splicing Reporter Experiments 
 
2x104 HEK293T-cells (human embryonic kidney cells that stably express the 

SV40 large T antigen; American Tissue Culture Collection) were seeded per 

well into 96-well plates with DMEM (Gibco) + 10%FCS with 

Pen(100U/ml)/Strep(100ug/ml) overnight then transfected (in the absence of 
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antibiotics) using Lipofectamine 2000 (ThermoFisher) with 400ng of an LTR-

driven splicing reporter pLTR.gp140/EGFP.Rev∆38/DsRed (Fig. 4a), a 

previously determined saturating dose (20ng) of pRevNL4.3, with or without 

pTatHXB2 in triplicates on 4 separate occasions for n=4 or with a titration of 

pTatHXB2 in triplicates on 3 separate occasions for n=3. A matched empty tat 

vector was used for experiments without Tat. Control experiments were run in 

parallel using a CMV-driven reporter pCMV.gp140/EGFP.Rev∆38/DsRed 

containing the CMV major immediate-early promoter(Liu et al., 1991). The 

LTR and CMV-driven reporters have the same transfection efficiency, 

because the plasmids were delivered as a mixture that contained empty 

vectors used as filler to make an equal amount of plasmid DNA promoter. The 

plasmid mixtures were delivered in cationic liposomes that cannot separate 

the plasmids according to the promoter. Single color positive controls were 

used to measure pEGFP and pDsRed. Cells were incubated for 5 hours prior 

to treatment with DMSO (1:5000), vorinostat (0.5μM), romidepsin (40nM), 

panobinostat (30nM), JQ1 (1uM) or PMA/Ionomycin (10nM; 0.5µM). Cells 

were washed 24 hours later, harvested at 48 hours and eGFP and dsRed 

were measured by flow cytometry. 

Immunoblotting 
 
PBMCs were isolated from buffy coats obtained from the Australian Red 

Cross Blood Service (Carlton, Australia) via Ficoll-Paque (GE Healthcare, 

Uppsala, Sweden) density centrifugation. rCD4+ T-cells were isolated by 

magnetic bead depletion as published(Saleh et al. 2007). rCD4+ T-cells were 

assessed by flow cytometry showing >95% purity. 10 million rCD4+ T-cells 

were treated with DMSO (1:5000), romidepsin (40nM), or PMA/PHA (10nM; 

10 μg/mL), and lysed at 72 hours in RIPA buffer (50 mM Tris-HCl pH7.4, 150 

mM NaCl, 1% NP-40, 0.1% SDS, 50 mM NaF) supplemented with HaltTM 

protease inhibitor cocktail (cat. #78430, ThermoFisher) followed by sonication 

and centrifugation at 12,000xg for 15 min. The supernatant was mixed with 2x 

Laemmli sample buffer containing 200 mM DTT and 40ug of cell lysates were 

added to each well of a SDS-PAGE gel. 

Antibodies 
 



55 
 

Commercial primary antibodies used for immunoblotting were rabbit anti-

HDAC1 (ab19845; abcam), mouse anti-SRSF1 (#32-4500; Invitrogen), rabbit 

anti-SRSF2 (#PA5-12402, Invitrogen), mouse anti-SRSF5 (ab67175), rabbit 

anti-Cyclin T1 (ab106968, abcam), mouse anti-PTB (#32-4800, Invitrogen), 

rabbit anti-AFF4 (#ab103586, abcam) and rabbit anti-GAPDH (#14C10, cell 

signaling). Anti–mouse IgG-HRP (#7076, cell signaling) and anti–rabbit IgG-

HRP (#7074, cell signaling) were used as secondary antibodies for 

immunoblotting. 

siRNA knockdown 
 
For HDAC1 and SRSF5 knockdown, HEK293T-cells were transfected twice at 

24 hour intervals with a mixture of 4 siRNAs (25nM each) directed either 

against HDAC1 (cat. #GS3065, Qiagen), or SRSF5 (cat. #GS6430, Qiagen) 

or negative control (cat. #1022076, Qiagen) using Lipofectamine 2000. 24 

hours following the first siRNA treatment, cells were transfected with the LTR-

driven splicing reporter and a mixture of siRNAs 25 nM each, with pRev 

(20ng) and in the presence or absence of pTat (100 ng). Cells were harvested 

and analysed by flow cytometry 48 hours later. 

Statistical Analyses  
 
GraphPad PRISM version 6 software was used for statistical analyses. For 

analyses with n ≥ 6, nonparametric statistics were used (Fig. 1-4). Pairwise 

comparisons using Wilcoxon matched-pairs signed rank test were compared 

to baseline or DMSO, as indicated. Changes over time were calculated using 

the Friedman test. For analyses with n < 6, parametric statistics were used 

(Fig. 5-6). Paired T-tests were used to compare values to DMSO, as 

indicated.  

 

Results 

No accumulation of MS HIV RNA following ex vivo treatment of CD4+ T-
cells from HIV-infected individuals on ART with HDACi 
 

To measure the effect of LRAs, including HDACi, on the levels of spliced HIV 

RNA, we evaluated the effect of either romidepsin (n=6; Fig. 1) or multiple 



56 
 

LRAs ex vivo (n=9; Fig. 2) using CD4+ T-cells from HIV-infected individuals 

on ART with plasma HIV RNA < 20 copies/ml (See Supplementary Table 1 for 

patient demographics). Peripheral blood mononuclear cells (PBMCs) were 

collected by leukapheresis and sorted into CD4+ T-cells and frozen. Aliquots 

were thawed and rested for 12 hours and cultured at 2-3 million cells per well 

in a 48-well plate and treated with DMSO, romidepsin, or phorbol myristate 

acetate/phytohaemagglutinin (PMA/PHA) in the presence of the HIV integrase 

inhibitor raltegravir and interleukin (IL)-2 (Fig. 1a). Cells were harvested at 6, 

24, 48 and 72 hours in Trizol, RNA was extracted and 400ng of RNA per 

condition was converted to cDNA and US(Elliott et al. 2014) and MS RNA 

quantified by qPCR. Additionally, we quantified readthrough transcripts 

initiated from a promoter upstream from the HIV long terminal repeat 

(LTR)(Bullen et al. 2014) and designed a  

semi-nested qPCR to exclude the 3’ LTR (Supplementary Table 2).  

 

We first evaluated the kinetics of changes in US (Fig. 1b), MS (Fig. 1c) (n=6 

for both) and readthrough (Fig. 1d; n=5) transcripts following treatment with 

romidepsin. Compared to DMSO, romidepsin and PMA/PHA increased US 

RNA in CD4+ T-cells from each donor (Fig. 1b) but there was no increase on 

the level (Fig. 1d) or proportion ((readthrough/ (readthrough+US))* 100; Fig. 

1h) of readthrough transcripts. PMA/PHA increased the level of MS RNA over 

72 hours (Fig. 1c) and PMA/PHA, but not romidepsin, increased the 

proportion of MS RNA ((MS/(MS+US)*100; Fig. 1g). When compared as fold 

change over DMSO, both PMA/PHA and romidepsin increased the levels of 

US RNA (Fig. 1e), yet only PMA/PHA increased the levels of MS RNA (Fig. 

1f). To determine whether this was a global effect on cellular RNA 

transcription, we also looked at changes in 18S RNA over time following each 

treatment and saw no statistically significant changes over time (n=4) 

(Supplementary Fig. 1). 
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Fig 1. Effect of romidepsin ex vivo on viral transcripts in CD4+ T-cells from HIV-
infected individuals on ART. (a) Total CD4+ T-cells isolated from PBMCs collected by 
leukapheresis from HIV-infected individuals on ART (n=6), were treated ex vivo with the 
latency reversing agent (LRA) romidepsin, DMSO, or PMA/PHA and cells harvested at 
indicated intervals. RNA was extracted, cDNA synthesised and qPCR performed. Changes 
over time in (b) unspliced (US) RNA, (c) multiply spliced (MS) RNA, and (d) readthrough 
transcripts following ex vivo stimulation are shown as raw copy number per 100ng RNA for 
each patient. Fold changes over DMSO for (e) US RNA (f) MS RNA (g) % MS 
((MS/(MS+US))*100) and (h) % readthrough ((readthrough/(readthrough+US))*100) are all 
data for e-h represents the median+IQR; only statistically significant comparisons are shown * 
p<0.05; ** p<0.01. RNA values that were undetectable “0” were changes to “1” for the 
purpose of graphing on a log scale and calculating fold changes. Statistics were performed on 
original values, including zeros.  
 

We next evaluated the effect of multiple LRAs on changes in HIV transcription 

at 72 hours (total n=9) (Fig. 2), since production of US RNA was maximal at 

this time in our kinetic experiments using romidepsin (Fig. 1). All LRAs 

significantly increased the levels of US HIV RNA at 72 hours; the median 

(IQR) fold change relative to DMSO for vorinostat was 4.3 (1.9-5.6), 

romidepsin 15.3 (6.5 – 115.3), panobinostat 8.8 (7.4 – 37.9), JQ1 8.5 (5.5 – 
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13.8) and PMA/PHA 19.76 (3.5 - 401.5); Wilcoxon test; p ≤ 0.01 for all 

comparisons (Fig. 1a). JQ1 and PMA/PHA consistently and significantly 

increased the levels (Fig. 2b) and proportion (Fig. 2c) of MS RNA compared 

to DMSO. While in some individuals, treatment with HDACi did increase the 

levels of MS RNA (Fig. 2b), this was only in a minority of donors and was not 

a statistically significant increase, and the proportion of MS RNA compared to 

US RNA did not change compared to DMSO (Fig. 2c).  

 

Overall, these data demonstrate that following ex vivo treatment of CD4+ T-

cells from HIV-infected individuals on ART with multiple HDACi, despite 

increases in the levels of US RNA, there was limited accumulation of MS 

RNA. This was not explained by HDACi only driving readthrough transcription. 
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Fig 2.  Effect of LRAs at 72 hours ex vivo on the level of US and MS RNA in CD4+ T-
cells from HIV-infected individuals on ART. Total CD4+ T-cells isolated from PBMCs 
collected by leukapheresis from HIV-infected individuals on ART, were treated ex vivo with 
LRAs and cells harvested at 72 hours (as outlined in figure 1a). RNA was extracted, cDNA 
synthesised and qPCR performed. (a) unspliced  (US) and (b) multiply spliced (MS) RNA was 
measured and the (b) proportion of MS RNA was calculated as MS/(MS+US) and shown as a 
percentage. Each symbol represents a different donor. Median+IQR are shown as black lines. 
Pairwise comparisons were performed relative to DMSO (Wilcoxon). Only statistically 
significant comparisons are shown * p<0.05, ** p<0.01. VOR=vorinostat, RMD=romidepsin, 
PAN=panobinostat, PMA=phorbol myristate acetate/phytohaemagglutinin. Note: For DMSO, 
RMD, PMA/PHA (n=9); PAN, JQ1 (n=8), VOR (n=6).  
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No accumulation of MS HIV RNA following administration of 
panobinostat in vivo in HIV-infected individuals on ART 
 

Panobinostat is an HDACi with activity similar to vorinostat, but is a less 

potent HDACi than romidepsin(Wei et al. 2014). In our ex vivo assays 

described in figure 2, both panobinostat and romidepsin had similar effects on 

production of US RNA but limited accumulation of MS RNA. We therefore 

next measured MS RNA in CD4+ T-cells collected in a previously reported 

clinical trial of intermittent administration of panobinostat in HIV-infected 

individuals on suppressive ART(Rasmussen et al. 2014). In this clinical trial, a 

significant increase in the fold change from baseline of US RNA following 

treatment with panobinostat has been previously reported(Rasmussen et al. 

2014). We measured the levels of MS RNA by semi-nested qPCR in the same 

samples (n=14) and found that in CD4+ T-cells from six of 14 participants, 

there was no detectable MS RNA (< 2 copy/million 18S RNA) at any time 

point. Overall, the administration of panobinostat in vivo led to an initial 

decline of MS RNA that was statistically significant by day 4 (p=0.03). MS 

RNA returned to baseline over time but never increased (Wilcoxon test; Fig. 

3a). In contrast, using the identical approach to compare changes in the 

absolute US RNA copy number per million 18S RNA equivalents, there was a 

statistically significant increase in US RNA at multiple time points post 

administration of panobinostat (Fig. 3a). These data show a very different 

pattern of change in MS RNA compared to US RNA(Elliott et al. 2014; Archin 

et al. 2012) following administration of an HDACi in vivo and are consistent 

with our in vitro findings of limited accumulation of MS RNA, in contrast to US 

RNA, following activation of latency with an HDACi. 
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Fig 3. Effect on cell associated HIV RNA of the HDACi panobinostat when administered 
in vivo to HIV-infected individuals on ART. HIV-infected individuals on ART were treated 
with 20mg of panobinostat 3 times per week (on Monday, Wednesday and Friday), repeated 
every second week for 4 cycles. The 5 day periods when panobinostat was administered is 
shown as grey boxes. Cell associated (a) multiply spliced (MS) and (b) unspliced (US) HIV 
RNA was quantified by qPCR and presented as copy number per million 18S RNA (n=14). 
The data for each participant is shown as a green closed circle and the median+IQR shown 
as black lines. Comparison between each time point and baseline were performed using the 
Wilcoxon test. Only statistically significant comparisons are shown * p<0.05; ** p<0.01; 
***p<0.001; ****p<0.0001. BL = baseline; hr = hours. 
 

HDACi and not JQ1 inhibit viral splicing using a fluorescent splicing 
reporter system  
 

To investigate the mechanism of why HDACi did not lead to an increase in 

levels of MS RNA, we next determined the differential effects of LRAs in the 

presence and absence of Tat, given Tat’s important role in splicing(Jablonski 

et al. 2010). We designed a simple model system employing a splicing 

reporter in HEK293T cells (Fig. 4a). Briefly, we generated a single HIV LTR-

driven subgenomic reporter construct that produced both unspliced and 

spliced products fused to a reporter fluorescent protein. These products 
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include an unspliced 4kb RNA encoding HIV Envelope (Env) gp140 fused to 

enhanced green fluorescent protein (Env-eGFP) or a 2kb RNA that required 

splicing across the naturally occurring splice donor 4 and splice acceptor 7 

within env that encoded a non-functional Rev protein truncated at amino acid 

38 fused to dsRed fluorescence protein (Δ38Rev-dsRed) (Fig. 4a). This 

system therefore allowed for the detection of protein expression from the 

‘unspliced’ RNA encoding eGFP and the ‘spliced’ RNA encoding dsRed which 

could be distinguished by flow cytometry (Fig. 4b). As we used a single 

plasmid that expressed US and spliced products, and spliced products were 

derived from the US products, spliced product was only detected in cells that 

also contained unspliced product. 

 

Fig 4. LTR-driven splicing in the presence and absence of Tat. (a) An in vitro model to 
determine specific effects of LTR-driven splicing was established using HEK293T-cells co-

transfected with an LTR reporter construct together with a plasmid expressing Rev, with or 
without a plasmid expressing Tat (pTat). The LTR reporter construct expressed either spliced 
protein together with dsRed or unspliced protein together with enhanced green fluorescent 
protein (eGFP). (b) Gating strategy for expression of spliced (dsRed) or unspliced (eGFP) 
product in the presence (100ng Tat expression plasmid) and absence of Tat (with DMSO 
alone).  In the presence of increasing quantities of pTat we quantified the percentage of cells 
expressing (c) unspliced product (eGFP); (d) spliced product (dsRed); and (e) the proportion 
of cells expressing spliced product as a percentage of total protein expression (dsRed/(dsRed 
+ eGFP)). The mean+SEM are shown for 3 separate experiments, each run in triplicate. 
Comparisons were made to samples without pTat using a two-sided paired t test. Only 
statistically significant comparisons are shown * p<0.05, ** p<0.01, ***p<0.001. 
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HEK293T cells were transiently transfected with the reporter as well as a Rev 

expression plasmid (pRev) to enable the nuclear export of the unspliced RNA, 

and a Tat expression plasmid (pTat) (n=3). Given Tat increases transcription 

as well as splicing(Jablonski et al. 2010), we also measured the proportion of 

spliced product versus total product (dsRed/(dsRed+eGFP)) to measure the 

effects of Tat on splicing specifically, separate to its effects on transcription 

(Fig. 4c-e). Both 10- and 100ng of pTat significantly increased the amount of 

unspliced product and the proportion of spliced product (Paired T-test, both 

p<0.05; Fig. 4e). eGFP expression plateaued after 10ng of pTat, while 100ng 

of Tat led to a continued increase in the proportion of spliced product and was 

therefore chosen in further experiments to investigate Tat as a positive control 

for splicing in this system (Fig. 4e).  

 

Next, we investigated the effects of LRAs on the proportion of spliced product 

in the absence or presence of Tat (100ng pTat) (Fig. 5). Transfected cells 

were treated with DMSO, vorinostat, romidepsin, panobinostat, JQ1 or 

PMA/ionomycin (PMA/I) and cells were harvested at 48 hours for flow 

cytometry (See Fig. 4b for example with DMSO and pTat). Romidepsin, 

panobinostat, JQ1, and PMA/I significantly increased the expression of eGFP 

in the absence of Tat (4.3, 1.6, 2.9, 6.8 FC over DMSO respectively; n=4, 

Paired T-test, all p<0.05) (Fig. 5a). When Tat was added in trans, as 

expected, eGFP expression was significantly higher in the presence of Tat 

(Fig. 5b) and vorinostat, romidepsin, panobinostat, JQ1 and PMA/I all 

significantly increased the expression of eGFP compared to DMSO (1.5, 1.7, 

1.5, 1.2, 1.7 FC respectively; n=4, Paired T-test, all p<0.05) (Fig. 5b).  

When measuring the proportion of spliced product under these same 

conditions, in the absence of Tat, only JQ1 and PMA/I significantly increased 

the proportion of spliced product compared to DMSO (4.9, 4.6 FC 

respectively; Paired T-test, both p<0.05) while there was no increase in 

spliced products with HDACi (Fig. 5c). In the presence of Tat, only JQ1 

significantly increased the proportion of spliced product, whilst all HDACi led 

to a significant reduction in the proportion of spliced product compared to 
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DMSO (paired T-test, all p<0.05) (Fig. 5d). Taken together, when compared to 

DMSO, JQ1 was the only LRA that increased the level of spliced product in 

the absence of Tat. And in the presence of Tat all HDACi, whilst significantly 

increasing the levels of unspliced product, strikingly reduced the proportion of 

spliced product. These data suggest that different classes of LRAs have 

differential effects on splicing, and HDACi have a negative impact on HIV 

splicing even when sufficient Tat is present.  

 

 

Fig 5. Effects of LRAs on LTR-driven splicing in the presence and absence of Tat. LRAs 
were added to a splicing reporter system (as outlined in Fig. 4) in the (a,c) absence or (b,d) 
presence of 100ng Tat expression plasmid. (a) The percentage of cells that expressed 
unspliced product (eGFP) without Tat and (b) with Tat were quantified. The proportion of cells 
expressing spliced product as a percentage of total protein expression (dsRed/(dsRed + 
eGFP)) (c) without Tat and (d) with Tat is shown. The mean+SEM of 4 experiments run in 
triplicate are shown. Comparisons of each condition to DMSO were made using a paired T-
test (two-sided). Only statistically significant comparisons are shown * p<0.05; ** p<0.01; 
***p<0.001. VOR=vorinostat, RMD=romidepsin, PAN=panobinostat, PMA/I= phorbol myristate 
acetate/ionomycin 

An identical CMV-driven reporter system was also established and used to 

determine whether the effects of Tat and the LRAs were unique to the HIV 

LTR promoter (Supplementary Fig. 2). In contrast to the LTR-driven reporter, 
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with the CMV promoter, Tat had no effect on the proportion of spliced product 

expressed (Supplementary Fig. 2a). In the absence of Tat, the CMV promoter, 

compared to the LTR promoter, induced a higher level of spliced product and 

there was no change following addition of an LRA (Supplementary Fig. 2b). 

Therefore, these features of Tat and LRAs were specific to the HIV LTR and 

were not observed with other promoters such as the CMV promoter. 

 

Romidepsin decreases the level of key cellular factors that aid in viral 
replication 
 

To further investigate mechanisms behind why HDACi fail to consistently 

accumulate MS HIV RNA during reactivation, we measured the effect of 

romidepsin on the expression of cellular factors important in the viral 

replication process, including proteins involved in transcriptional elongation 

(Cyclin T1 and AF4/FMR2 family member 4 (AFF4)), splicing (Serine/arginine-

rich splicing factor 1 (SRSF1 also called [ASF/SF2], SRSF2 [SC35], and 

SRSF5 [SRp40])), and further steps in nuclear export (polypyrimidine tract-

binding protein (PTB)) of viral RNAs. 10 million rCD4+ T-cells from uninfected 

donors (n=4) were treated with romidepsin, DMSO, or PMA/PHA and 

harvested at 72 hours for detection of SRSF1 RNA by qPCR (Supplementary 

Fig. 3), or protein expression which was measured using Western Blot, 

including GAPDH as a control (Fig. 6). 
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Fig 6. Effects of romidepsin on cellular proteins in rCD4+ T-cells. Resting CD4+ T-cells 
were isolated from PBMCs from healthy donors and treated with romidepsin, DMSO or 
PMA/PHA and western blots were performed at 72hrs measuring the expression of HDAC1, 
SRSF1, SRSF2, SRSF5, polypyrimidine tract-binding protein (PTB), Cyclin T1 and AFF4 
displayed as (a) western blot (WB) from one representative donor of n=4 and (b-h) 
densitometry of the WB bands displayed as fold change (FC) over DMSO with mean+SEM 
shown as black lines. Comparisons of protein expression to the control (GAPDH) were made 
using a paired T-test. Only statistically significant comparisons are shown * p<0.05; ** p<0.01. 
 

 

Romidepsin significantly decreased the level of SRSF1 RNA compared to 

DMSO (Supplementary Fig. 3) and significantly decreased the expression of 

SRSF1 protein, relative to GAPDH (paired T-test; Fig. 6). Romidepsin also 

significantly reduced the levels of SRSF2, SRSF5, PTB, and Cyclin T1, but 

not AFF4 or HDAC1. In contrast, PMA/PHA significantly increased the levels 

of Cyclin T1 and PTB, but did not change expression levels of the other 

proteins measured (paired T-test; Fig. 6). Together, these data show that 

romidepsin decreased the expression of proteins fundamental to HIV RNA 

processing in rCD4+ T-cells during reactivation. This was not due to toxicity, 
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as the changes in proteins were quite specific and there was no change in 

many of the proteins evaluated. 

 

Knockdown of HDAC1 decreases viral splicing using a fluorescent 
splicing reporter system 
 

Given HDAC1 acts in concert with SRSF5 in regulating co-transcriptional 

splicing(Hnilicova et al. 2011), we investigated the effects of siRNA against 

both of these proteins (figure 7a) using our splicing reporter system 

(described in Fig. 4). In the absence of Tat, as expected, knockdown of 

HDAC1 with siRNA significantly increased the levels of transcription of the US 

product (eGFP) from the reporter whereas knockdown of SRSF5 alone did not 

significantly change the levels of US product (Fig. 7b). In the presence of Tat, 

there was an increase in the proportion of cells expressing US product, and 

knockdown of HDAC1 and SRSF5 had no effect on the level of US product 

(Fig. 7c). 

 

In contrast, the results were quite different for spliced products. Knockdown of 

HDAC1 with siRNA significantly reduced the accumulation of spliced product, 

and did so in the absence (Fig. 7d) or presence (Fig. 7e) of Tat, consistent 

with our findings using HDACi (figure 5 c and d) and previous reports(Khan et 

al. 2014; Hnilicova et al. 2011). Knockdown of SRSF5 in the presence of Tat 

also significantly reduced the levels of spliced product (Fig. 7e). Together, 

these data demonstrate that knockdown of HDAC1 (through siRNA or HDACi) 

inhibits the accumulation of spliced HIV products. 
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Figure 7. Effects of HDAC1 and SRSF5 knockdown on LTR-driven splicing in the 
presence and absence of Tat.  (a) Expression of HDAC1 or SRSF5 proteins were reduced 
with siRNAs using a splicing reporter system in 293T cells (as outlined in Fig. 4) in the (b,c) 
absence or (d, e) presence of 100ng Tat expression plasmid. (b) The percentage of cells that 
expressed unspliced product (eGFP) without Tat and (d) with Tat were quantified and 
represented as FC over control siRNA. The proportion of cells expressing spliced product as 
a percentage of total protein expression (dsRed/(dsRed + eGFP)) (c) without Tat and (e) with 
Tat is shown as FC over control siRNA. Mean+SEM is shown. Comparisons of each condition 
to control siRNA were made using a paired T-test. Only statistically significant comparisons 
are shown * p<0.05. 
  

Discussion   
 
Using multiple models of HIV latency, we show that HDACi had significant 

adverse effects on HIV splicing. In vivo, the administration of the HDACi 

panobinostat resulted in a significant decline in MS RNA, which returned to 

baseline over time but never increased. The adverse effects on HIV RNA 

splicing were unique to HDACi and not the bromodomain inhibitor, JQ1, and 

occurred in the presence or absence of Tat protein. Finally, we show that this 

change in splicing is mediated through a reduction in HDAC1 and that 

romidepsin, a potent HDACi, also inhibits a number of key splicing factors, as 

well as PTB and CyclinT1. 

 

Although HDACi initiate transcription, HDACi can alter splicing patterns of 

host genes by increasing RNA Pol II processivity and decreasing the 

association of co-transcriptional splicing factors at the target exon(Chang et 

al. 2001; Hnilicova et al. 2011; Khan et al. 2014; Kuhn et al. 2009; Nogues et 

al. 2002; Liao et al. 2013; Li, Shi, et al. 2015). This inhibition in splicing is due 

to the removal of HDAC1 by HDACi, suggesting that the enzymatic activity of 
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HDAC1 at the promoter is important in regulating splicing through the co-

transcriptional recruitment of serine/arginine-rich (SR) proteins(Hnilicova et al. 

2011; Khan et al. 2014). HDAC1 is strongly implicated in maintaining HIV 

latency in various in vitro and ex vivo models of latency, and is inhibited with 

HDACi(Wightman et al. 2012; Wei et al. 2014; Wightman et al. 2013; Archin et 

al. 2009; Huber et al. 2011; Keedy et al. 2009).  

 

The very action of removing HDAC1 to rearrange nucleosomes and enable 

access of transcription factors to the HIV LTR in latent infection does induce 

transcription and measurably increases the levels of US RNA, yet at the same 

time fails to appropriately organize efficient splicing machinery. This 

mechanism is further exaggerated following treatment with romidepsin, which 

also has negative effects on the expression of a number of key splicing 

factors, as well as PTB and CyclinT1 in rCD4+ T-cells (Fig. 6).  

 

While HDACi enable transcription of various genes, they are also known to 

downregulate other host factors at the RNA level and through disruption of 

protein expression or function(Edmond et al. 2011; Tiffon et al. 2011; Pace et 

al. 2016; Imesch et al. 2013). We showed that romidepsin decreased the 

expression of host proteins important in regulating viral splicing and the 

nuclear export of spliced HIV RNAs. HIV splice acceptor sites are strongly 

dependent on SR proteins to induce splicing(Zahler et al. 2004; Ropers et al. 

2004; Amendt, Si, and Stoltzfus 1995; Si, Amendt, and Stoltzfus 1997; Jain et 

al. 2016; Damgaard, Tange, and Kjems 2002; Bakkour et al. 2007). Bakkour 

et al. have demonstrated that the indole derivative IDC16 inhibits SRSF1 

function which prevents the accumulation of multiple isoforms of tat, rev, and 

nef RNA, therefore blocking virus production(Bakkour et al. 2007). 

Additionally, in rCD4+ T-cells, the levels of P-TEFb are prohibitively low due to 

the expression of microRNAs that inhibit the translation of the regulatory 

subunit of P-TEFb (Cyclin T1) in a resting cell(Bartholomeeusen et al. 2012; 

Chiang, Sung, and Rice 2012). We showed that PMA/PHA significantly 

increased expression of Cyclin T1 while romidepsin significantly decreased 

the levels of Cyclin T1 protein. Additionally, a lack of PTB in rCD4+ T-cells 

has been implicated in the nuclear retention of MS HIV RNAs as a block to 
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viral replication during latency(Lassen et al. 2006; Saleh et al. 2011). A 

decrease in the levels of PTB would prevent efficient export and expression of 

spliced HIV RNAs including tat. Romidepsin clearly reduced the levels of 

multiple cellular proteins important for efficient virus production, which in 

addition to a reduction in HDAC1, would further limit the potency of latency 

reversal. 

 

Using an in vitro model, we clearly demonstrate in either the presence or 

absence of Tat, HDACi significantly increase the level of unspliced product 

but reduced or failed to increase the proportion of spliced product. Although 

our in vitro model used the human embryonic kidney 293T cell line and not a 

T-cell line, these experiments allowed us to measure the effects of Tat with or 

without LRAs on LTR-driven splicing. Our results suggest that HDACi have a 

direct negative effect on the process of splicing, even in the presence of Tat. 

HDACi could also alter acetylation of Tat itself. There are 14 lysine residues 

on Tat and the pattern of acetylation of these residues will change the activity 

of Tat(Ott et al. 1999; Deng et al. 2000; Kiernan et al. 1999; Kozlov et al. 

2013; D'Orso and Frankel 2009; Dorr et al. 2002). Kiernan et al. showed that 

splicing is inhibited when Tat is acetylated on lysine 50 and 51(Kiernan et al. 

1999). Similar to our findings, the HDACi TSA decreased the production of 

MS RNA while the levels of US RNA continued to increase(Berro et al. 2006).  

 

The bromodomain inhibitor JQ1 had a different effect on HIV splicing when 

compared to HDACi. The activity of JQ1 in reactivating latent provirus relies 

on the presence of P-TEFb, where JQ1 can direct the release of P-TEFb from 

its inhibitory complex with 7SK snRNP and enable its recruitment to the HIV 

LTR to increase transcriptional elongation(Bartholomeeusen et al. 2012; Li et 

al. 2013). Importantly, JQ1 has been shown to work in both a Tat-dependent 

manner exploiting the competition between Tat and BRD4 for P-

TEFb(Bartholomeeusen et al. 2012; Li et al. 2013) and a Tat-independent 

manner, hypothesized to turn BRD2 into an activator that can enhance HIV 

transcription(Boehm et al. 2013). Boehm and colleagues have demonstrated 

that JQ1 can increase transcriptional elongation from the LTR without 

Tat(Boehm et al. 2013) and in our study, JQ1 increased the proportion of 
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spliced product in the absence of Tat in 293T cells, which may reveal an 

additional action of JQ1 on splicing. The cellular state as well as the 

availability of splicing and elongation factors will differ in cell lines compared 

to primary cells as well as across various donors, yet we consistently 

observed differences in splicing between HDACi and JQ1. 

 

In this study, we focused on changes in intracellular RNA and splicing, rather 

than measuring HIV RNA production in culture supernatant. Although other 

investigators have assessed production of HIV RNA in supernatant to 

determine potency of latency reversal(Wei et al. 2014; Laird et al. 2015; 

Bullen et al. 2014), in our hands and using a highly sensitive assay to detect 

plasma HIV RNA that included an internal standard(Palmer et al. 2003), we 

did not consistently detect an increase in HIV RNA in supernatant even with 

maximal stimulation using PMA/PHA (data not shown). The optimal assay to 

assess potency of latency reversal in vivo (and in vitro) remains unclear. To 

date, CA US RNA and plasma HIV RNA have been mainly used in clinical 

trials of LRAs(Elliott et al. 2015; Elliott et al. 2014; Archin et al. 2012; 

Rasmussen et al. 2014; Sogaard et al. 2015). However, as the goal of latency 

reversal is to enhance detection of infected cells and immune-mediated 

clearance, other intermediary but essential steps in virus production such as 

MS RNA or viral protein may be of increased utility(Rasmussen and Lewin 

2016).  

 

Why would there be plasma RNA detected in the in vivo studies investigating 

panobinostat or romidepsin without increases in intracellular MS HIV RNA?  

Søgaard and colleagues reported that romidepsin induced increases in US 

RNA over time (2.8 to 5 fold-increase from BL) in 6 suppressed 

patients(Sogaard et al., 2015). Additionally, they reported increases in plasma 

HIV RNA that became statistically significantly higher after the second 

infusion of romidepsin. Similar to other trials, there was no observed decline in 

the size of the reservoir or even the inducible reservoir as measured by TILDA 

and QVOA(Sogaard et al., 2015). Although they describe plasma RNA as 

‘virus particle release into the plasma’ they have not shown this 

experimentally. The existence of RNA in plasma could indeed be virus particle 
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release but could also represent virus-like particles (VLPs) that have bud from 

cells. Many groups have demonstrated in various in vitro models that the Gag 

polyprotein can self-assemble and generate non-infectious VLPs that can bud 

from cells in the absence of viral regulatory or accessory RNAs or proteins, 

confirmed by electron microscopy(Buonaguro et al., 2001, Rovinski et al., 

1995, Cervera et al., 2013, Sakuragi et al., 2002). Additionally, latently 

infected cells have been observed to express Gag protein in the absence of 

necessary levels of MS HIV RNA(Graf et al., 2013, Pace et al., 2012). If 

increased levels of US RNA lead to Gag production in the absence of MS 

RNAs or their regulatory proteins post romidepsin treatment, VLPs could 

potentially be measured in plasma as US RNA. This concept has been 

determined experimentally through in vitro work by Pollack and colleagues, 

where they demonstrate that a variety of defective proviruses(Ho et al., 2013, 

Bruner et al., 2016), including mutant open reading frames within gag, tat, and 

rev, are capable of expressing viral proteins and can release VLPs from cells 

contributing to the detection of cell-free US RNA(Pollack et al., 2017).  

 

In conclusion, we demonstrate that HDACi alter the accumulation of spliced 

HIV RNA during latency reversal, which can be explained in part by the effect 

of HDACi in reducing splicing factors in rCD4+ T-cells as well as through the 

inhibition of HDAC1. Changing the balance of splicing can have profound 

effects on protein and virus production, and a failure to accumulate MS RNAs 

and stimulate the crucial Tat feedback loop explains the limited efficacy of 

HDACi in reactivating virus production in vivo. These adverse features on HIV 

RNA splicing appear to be specific to HDACi and are not shared by the 

bromodomain inhibitor JQ1. 
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Supplementary Figures 

 

Supplementary Figure 1. Changes in 18S 
RNA following ex vivo LRA stimulation of 
CD4+ T-cells from HIV-infected individuals on 
ART. PBMC were collected by leukapheresis 
and total CD4+ T-cells isolated from HIV-infected 
individuals on ART as described in Fig 2 (n=4), 
treated ex vivo with romidepsin, DMSO, or 
PMA/PHA and cells harvested at regular 
intervals, RNA was extracted, cDNA synthesised 
and qPCR performed for 18S RNA in 100ng 
RNA. Changes in 18S RNA over time was 
determined by the Friedman test. There were no 
statistically significant changes observed.  
 

Supplementary Figure 2. Comparison of CMV and LTR-driven RNA splicing in the 
presence of LRAs. The effects of LRAs on HIV LTR-mediated splicing was established as 
described in Fig 4. An identical reporter was generated but using the CMV promoter in place 
of the HIV LTR. The effects of a panel of LRAs on (a) the proportion of cells expressing 
spliced product as a percentage of total expression (dsRed/(dsRed+eGFP)) is shown with the 
CMV promoter in the absence (circles) and presence (squares) of Tat and (b) for the CMV 
and HIV LTR promoter in the absence of Tat. Results from individual experiments done in 
triplicate are shown and a horizontal line represents the mean+SEM. Comparisons between 
conditions for each LRA was performed using a paired T-test. Only statistically significant 
comparisons are shown * p<0.05, ** p<0.01. VOR=vorinostat, RMD=romidepsin, 
PAN=panobinostat, PMA/I= phorbol myristate acetate/ionomycin. 
 

Supplementary Figure 3. Changes in SRSF1 
RNA following stimulation with romidepsin in 
rCD4+ T-cells. PBMC were collected and rCD4+ 
T-cells were isolated from uninfected individuals 
on ART as described in Fig 6 (n=4), treated with 
romidepsin, DMSO, or PMA/PHA and cells 
harvested at 72 hours, RNA was extracted, cDNA 
synthesised and qPCR performed for SRSF1 in 
100ng. Changes in SRSF1 RNA per 100ng RNA 
was measured using a paired T-test. Only 
statistically significant comparisons are shown ** 
p<0.01. 
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Patient ID 
Age, 
years 

Duration on 
ART, years 

CD4, 
cells/µl 

VL, 
copies/mL 

2114 70 10 866 <40 
2208 60 13 577 <40 
3068 58 11 489 <40 
3162 50 13 696 <40 
3209 56 7 403 <40 

LKA002 45 6 722 <40 
LKA003 48 11 662 <40 
LKA004 65 19 767 <40 
LKA006 59 20 280 <40 

 
Supplementary Table 1. Patient demographics. 
 
 
Supplementary Table 2. Primer sequences and locations for PCR assays  
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Chapter 4: HIV Latency Reversing Agents act 
through Tat Post Translational Modifications 
 

Abstract 
 
Different classes of latency reversing agents (LRAs) are being evaluated to 

measure their effects in reactivating HIV replication from latently infected 

cells. A limited number of studies have demonstrated additive effects of LRAs 

with the viral protein Tat in initiation transcription, less is known about how 

LRAs interact with Tat, particularly through basic residues that may be post-

translationally modified to alter the behaviour of Tat. Here we show that 

various lysine and arginine mutations reduce the capacity of Tat to induce 

both transcription and splicing, and that modifications on lysine 28 and lysine 

50 are required for synergistic function between Tat and histone deacetylase 

inhibitors (HDACi), JQ1, or chaetocin in transcription. We also show that JQ1 

is the only LRA that can induce splicing without Tat, or rescue splicing in the 

presence of mutations in Tat. Our data provide evidence that Tat expression 

is crucial in reactivation of latent HIV infection and that HDACi act in concert  

with Tat to increase transcription, but JQ1 is more efficient in enabling 

splicing. Post translational modifications of different lysine residues of Tat are 

critical for synergism with LRAs. 

 

Introduction 
 

The major current barrier to a cure for HIV are long lived latently infected 

memory CD4+ T-cells that persist on antiretroviral therapy (ART)(Deeks et al. 

2016) . One strategy being investigated to eliminate latency is to activate virus 

production from latency in the presence of ART, so that no further rounds of 

infection occur and the cell dies either through immune mediated clearance of 

virus induce cytolysis(Deeks et al. 2016). Epigenetic modifiers including 

histone deacetylase inhibitors (HDACi) have been used to reverse latency in 

vitro and in vivo(Archin et al. 2012; Archin, Bateson, et al. 2014; Elliott et al. 

2014; Rasmussen et al. 2014; Sogaard et al. 2015; Leth et al. 2016). Although 



76 
 

clinical trials of these agents in HIV-infected individuals on ART demonstrated 

modest increases in cell-associated unspliced HIV mRNA (US RNA), 

indicative of the initiation of viral transcription, when used alone, these studies 

failed to show a reduction in the frequency of latently infected cells, as 

measured by HIV DNA(Archin et al. 2012; Archin, Bateson, et al. 2014; Elliott 

et al. 2014; Rasmussen et al. 2014; Sogaard et al. 2015; Leth et al. 2016). 

Understanding how different classes of latency reversing agents (LRAs) affect 

distinct aspects of virus production post integration is needed to define the 

optimal compounds to efficiently reverse latency. 

 

Tat is a critical viral protein required to transactivate viral transcriptional 

elongation and splicing(Jablonski et al. 2010; Karn and Stoltzfus 2012; 

Razooky et al. 2015; Lassen et al. 2006; Li et al. 2016; Pace et al. 2012; Graf 

et al. 2013). In active HIV replication, Tat undergoes various post-translational 

modifications including acetylation and methylation. Depending on which 

residue is modified and the type of modification it carries, the behaviour of Tat 

changes to regulate its activity(Kozlov et al. 2013; Ott et al. 1999; Ott, Geyer, 

and Zhou 2011; Pagans et al. 2010; Sakane et al. 2011; Kiernan et al. 1999; 

Col et al. 2001; Kaehlcke et al. 2003; Dorr et al. 2002; Huo et al. 2011; Van 

Duyne et al. 2008; Xie et al. 2007; Sivakumaran et al. 2009; Ali et al. 2016). 

These multiple mutations provide an interconnected regulatory network that 

enables Tat to control viral transcription, elongation, and splicing throughout 

viral replication(Kozlov et al. 2013; Ott et al. 1999; Ott, Geyer, and Zhou 2011; 

Pagans et al. 2010; Sakane et al. 2011; Kiernan et al. 1999; Col et al. 2001; 

Kaehlcke et al. 2003; Dorr et al. 2002; Huo et al. 2011; Van Duyne et al. 2008; 

Xie et al. 2007; Sivakumaran et al. 2009; Ali et al. 2016). These modifications 

will differ in active replication and latent infection, depending on the cellular 

environment, specifically the activation state of the cell.  

 

In this study, we generated a series of Tat mutants to determine their effects 

on viral transcription and/or splicing in the setting of latent HIV infection. We 

investigated the effects of Tat mutants on the activity of a panel of LRAs and 

found that post translational modifications of different lysine residues of Tat 
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are important for activity with different LRAs, with differing ability to activity to 

initiate transcription and and/or splicing. 

Methods 

Tat101 Mutants 
 
Tat101AD8 – Flag was inserted into pcDNA3.1(-) vector (Invitrogen) cleaved by 

XbaI and EcoRI. Site-directed mutagenesis was used to insert alanine 

substitutions at particular locations to knock out Lysine or Arginine function 

within Tat (See supplementary Table 1 for oligo sequences for each mutant). 

Mutagenesis PCR was performed using High-Fidelity PCR DNA Polymerase 

(Promega) according to the manufacturer’s instructions. The PCR reaction 

was performed as following: 98°C 5min, 30 cycles of 98°C 30 sec, 50°C 30 

sec, 72°C 7 min, and 72°C 10 min. After treatment with DpnI (NEB), amplified 

PCR product was purified with DNA gel extraction (Macherey-nagel 

nucleospin gel) and transformed into TOP10 competent E. coli bacteria. 

Sequencing analysis confirmed the accuracy of cloning. 

Immunoblotting 
 
HEK293T cells transfected with Tat WT and mutants were lysed with RIPA 

buffer (50 mM Tris-HCl pH8, 150 mM NaCl, 1% IgePal, 1mM EDTA) 

supplemented with protease inhibitor cocktail (Roche), followed by sonication 

and centrifugation at 12,000xg for 15 min at 4°C. The amount of proteins in 

the cell lysate was determined by Bradford assay (BioRad). Equal amounts of 

each sample were loaded on 12.5% SDS-PAGE, transferred to a 

nitrocellulose membrane (0.45μm BioRad) then blocked in 5% milk-PBS-T 

(0.1% Tween-20) for 1 h at room temperature. Blots were probed with anti-

Flag (ab1162, abcam, 1/2500°) and anti-GAPDH (#14C10, cell signalling, 

1/1000°). After several washes, the membrane was incubated with 1/5000° 

goat anti-rabbit IgG (HCL) HRP (Invitrogen, Cat. No. 656120) for 1 hour at 

RT. Blots were developed using Supersignal west pico chemiluminescent 

substrate (ThermoFisher Scientific) and visualized using MF-ChemiBis 3.2 

imaging system (DNR).  
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TZMbl Experiments 
 
TZMbl cells (NIH AIDS Reagent Program) were seeded into 96-well plates in 

DMEM (Gibco) + 10%FCS with Pen(100U/ml)/Strep(100ug/ml) overnight then 

transfected (in the absence of antibiotics) using Lipofectamine 2000 

(ThermoFisher) with or without WT or mutant pTat101AD8 (100ng) in triplicates 

on 3 separate occasions for n=3. Cells were incubated for 5 hours prior to 

treatment with DMSO (1:5000), vorinostat (0.5μM), panobinostat (30nM), JQ1 

(1uM), chaetocin (30nM), disulfiram (500nM), or PMA/PHA (10nM; 10 μg/mL). 

Cells were harvested at 48 hours and lysed and a luciferase assay was 

performed as per the manufacturer’s protocol (Promega) and quantified on a 

plate-reader.  

Splicing Reporter Experiments 
 
Splicing reporter experiments with pLTR.gp140/EGFP.Rev∆38/DsRed were 

performed as previously described. 2x104 HEK293T cells (human embryonic 

kidney cells that stably express the SV40 large T antigen; American Tissue 

Culture Collection) were seeded into 96-well plates with DMEM (Gibco) + 

10%FCS with Pen(100U/ml)/Strep(100ug/ml) overnight then transfected (in 

the absence of antibiotics) using Lipofectamine 2000 (ThermoFisher) with 

400ng of an LTR-driven splicing reporter pLTR.gp140/EGFP.Rev∆38/DsRed, 

20ng of pRevNL4.3, with or without wild type or mutant pTat101AD8 in triplicates 

on 4 separate occasions for n=4. A matched empty tat vector was used for 

experiments without Tat. Cells were incubated for 5 hours prior to treatment 

with DMSO (1:5000), vorinostat (0.5μM), panobinostat (30nM), JQ1 (1uM), 

chaetocin (30nM), disulfiram (500nM), or PMA/PHA (10nM; 10 μg/mL). Cells 

were washed 24 hours later, harvested at 48 hours and eGFP and dsRed 

were measured by flow cytometry.  

Statistical Analyses  
 
GraphPad PRISM version 7 software was used for statistical analyses. Paired 

T-tests were used to compare values to DMSO, as indicated.  
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Results 

Latency reversing agents (LRAs) change the behaviour of Tat during 
reactivation from the LTR in TZMbl cells 
 
To investigate the different effects of LRAs or LRAs in combination with full 

length wildtype (WT) Tat101 on the ability to induce LTR-driven transcription, 

we performed a series of experiments in TZMbl cells that contain a luciferase 

reporter expressed from a Tat-responsive LTR promoter. TZMbl cells were 

transfected with WT Tat101 or empty plasmid and represented as raw 

luciferase expression (Fig. 1A). As expected, Tat significantly increased LTR-

driven luciferase expression with a mean 40-fold increase compared to no Tat 

(Fig 1A; p=0.01; n=7; paired t test). Using the same reporter system, we then 

tested a panel of LRAs, including the two HDACi vorinostat and panobinostat, 

the bromodomain inhibitor JQ1, the methyltransferase inhibitor chaetocin, and 

the anti-alcoholic disulfiram with concentrations at the maximum tolerated 

doses to preserve cell viability (Fig. S1 and Fig. 1B). In the presence of WT 

Tat101, vorinostat, panobinostat, JQ1, and chaetocin significantly increased 

luciferase expression greater than WT Tat101 + DMSO alone (Fig. 1C; n=4; 

Paired T-test), with variability observed with PMA/PHA. Taken together, these 

data demonstrate that Tat is the most potent driver of LTR-driven transcription 

but may have additive effects in combination with relevant LRAs.  

 
 

 
Figure 1. Tat and some LRAs efficiently activate the LTR in TZMbl cells. (A) TZMbl 
cells were transfected in the absence or presence of 100ng of pTat101, harvested at 48 hours 
and expressed as raw luminescence data. (B) The same cells were treated with a panel of 
LRAs in the presence of Tat101 expression plasmid and luciferase expression was measured 
on the luminometer and expressed as fold change (FC) over DMSO (n=4). Comparisons of 
each condition to DMSO were made using a paired T-test. Only statistically significant 
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comparisons are shown * p<0.05; ** p<0.01. The black lines represent the mean+SEM. 
VOR=vorinostat, PAN=panobinostat, CTN=chaetocin, DIS=disulfiram, P/P=phorbol myristate 
acetate (PMA)/phytohaemagglutinin(PHA).  
 

Mutations in Lysine and Arginine residues in Tat101 reduce 
transcription efficiency in TZMbl cells 
 
To measure the effect of post-translational modifications on the ability of Tat 

to reactivate transcription in TZMbl cells, a variety of mutations were cloned in 

the basic Lysine (K) or Arginine (R) residues, using site-directed mutagenesis 

to change the described residues into Alanine (A). The expressed Tat proteins 

included a flag-tag for detection. Each mutant was transfected first into 293T 

cells and Tat expression was quantified by Western blot to confirm similar 

expression as wild type (WT) Tat(Fig. 2A).  

 

Next, we investigated the effects of the mutations on LTR-driven transcription 

by transfecting each mutant into TZMbl cells, which were harvested 48 hours 

later and luciferase expression was measured and represented as a 

percentage of expression relative to WT Tat (Fig 2B). Each mutation 

significantly reduced the ability of Tat to transactivate transcription from the 

LTR but to varying degrees (n=3; Paired T-test). These data demonstrate that 

mutations to specific lysine and arginine residues within Tat significantly 

inhibit the efficiency of Tat in driving luciferase expression. Additionally, the 

majority of mutants were significantly different from each other in their ability 

to suppress wild type Tat activity (supplementary figure S4). These data 

demonstrate that mutations to specific lysine and arginine residues within Tat 

significantly inhibit the efficiency of Tat in driving luciferase expression, with 

some mutants demonstrating a stronger effect in this inhibition.  
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Figure 2. Mutations in Tat at lysine 
and arginine residues reduce the 
efficiency of transcription.  Specific 
basic lysine (K)  and arginine (R) 
residues were mutated to alainine (A) 
in pTat101 using site-directed 
mutagenesis and including a flag. (A) 
Western Blot analysis of 293T cells 
transfected with the Tat mutants. (B) 
Luciferase expression of TZMbl cells 
following transfection of Tat mutants 
compared to WT Tat 101, represented 
as the % of WT activity. Only 
statistically significant comparisons are 
shown * p<0.05; ** p<0.01; ***p<0.001; 
****p<0.0001. The black lines 
represent the mean+SEM. 
 
 
 
 

 

 

JQ1 promotes splicing with or without WT Tat101 and its various 
mutants in a splicing reporter system  
 
We next investigated the effect of Tat mutants together on viral splicing using 

an in vitro model that can distinguish between unspliced and spliced viral 

products, measured by flow cytometry. Briefly, a subgenomic reporter 

construct called pLTR.gp140/EGFP.Rev∆38/DsRed generated LTR-driven 

‘unspliced’ or ‘spliced’ product. In this system, a 4kb mRNA remains unspliced 

and expresses Env (gp140) fused to eGFP. If splicing occurs across splice 

donor 4 and splice acceptor 7 within env, the spliced mRNA encodes a non-

functional Rev protein truncated at amino acid 38 fused to dsRed 

fluorescence protein. HEK293T cells were transfected with the reporter and a 

plasmid containing rev (pRev) to facilitate the nuclear export of Rev response 

element (RRE)-containing unspliced mRNA, in the presence or absence of 

pTat101 (Fig. 3). Flow cytometry was used to measure each fluorescent 

colour using the gating strategy shown for a representative sample of the four 

separate experiments, each performed in triplicate (Fig. 3A). Compared to the 

cells transfected with the reporter and pRev alone, in which 0.36% of cells 

expressed dsRed (representing efficient splicing that occurred in these cells), 

the addition of WT Tat101 enabled 17.74% of cells to express dsRed, 
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whereas only 6.2% of cells expressed dsRed in the presence of the K50/51A 

mutant (Fig. 3A). To control for Tat-induced increases in transcription and for 

transfection efficiency, we report the proportion of spliced product 

(spliced/(spliced+unspliced)*100), rather than the absolute values of spliced 

product. Similar to the TZMbl cell experiments above demonstrating the 

effects of Tat basic amino acid mutations on transcription, in this set of 

experiments, these same mutants also exhibited statistically significant 

reductions in the accumulation of spliced product, but also to a varying degree 

(Fig. 3B; n=4; paired T-test).  

 
 

 
Figure 3. Specific mutations 
with Tat reduce splicing in a 
splicing reporter system. 293T 
cells were transfected with the 

pLTR.gp140/EGFP.Rev∆38/DsRed  splicing reporter and 100ng of pTat101, or without 
pTat101, or with 100ng of Tat with specific mutations as described (K28A, K50A, K50/51A, 
K71A and R53A) and harvested at 48hr and dsRed expression was quantified using flow 
cytometry (n=4). (A) The gating strategy is displayed for % dsRed positive cells, representing 
spliced product and (B) represented as the proportion of spliced product 
((dsRed/(dsRed+eGFP))*100) relative to WT Tat. Comparisons of each condition to DMSO 
were made using a paired T-test. Only statistically significant comparisons are shown* 
p<0.05; ** p<0.01. The black lines represent the mean+SEM. 
 

We then investigated the effects on splicing with LRAs in the absence  and 

presence of WT Tat101 (Fig. S3). We found that in the absence of Tat, 
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panobinostat and JQ1 statistically significantly increased the percentage of 

cells expressing eGFP, indicative of expression from accumulating unspliced 

RNA transcripts, although the increase was modest (Fig. S3A). In the 

absence of Tat, only JQ1 increased the proportion of spliced product, to a 

similar level as WT Tat (Fig. S3B). In the presence of Tat, panobinostat and 

JQ1 significantly increased the amount of cells expressing eGFP (Fig. S3C), 

but only JQ1 increased the proportion of spliced product when compared to 

DMSO (Fig. S3D; all paired T-test). 

 

Given that only JQ1 had no effect on Tat induced splicing, using wild type Tat, 

we next examined the effects of the Tat mutants in this system (Fig. 4). 

HEK293T cells were transfected as described above, treated with a panel of 

LRAs, and flow cytometry was used to measure the percentage of cells 

expressing eGFP (Fig. S2) and dsRed, which was represented as the 

proportion of spliced product created using each mutant Tat relative to WT 

Tat101 (spliced/(spliced+unspliced)/WT) (Fig. 4). Although HDACi and JQ1 

increased the percentage of cells expressing the unspliced product (Fig. S2; 

n=4; Paired T-test), only JQ1 consistently increased the proportion of spliced 

product in the absence of Tat (Fig. 4A) and with each mutant (Fig. 4B-F; n=4; 

Paired T-test). 
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Figure 4. JQ1 rescued consistently rescued splicing. 293T cells were transfected with the 
pLTR.gp140/EGFP.Rev∆38/DsRed  splicing reporter and without pTat101 (A) or 100ng of 
pTat101 with specific mutations (B) K28A, (C) K50A, (D) K50/51A, (E) K71A and (F) R53A 
and were treated with a panel of LRAs, harvested at 48hr and dsRed expression was 
quantified using flow cytometry and represented as the proportion of spliced product 
((spliced/(spliced+unspliced))*100) relative to WT Tat. Comparisons of each condition to 
DMSO were made using a paired T-test. Only statistically significant comparisons are shown* 
p<0.05; ** p<0.01. The black lines represent the mean+SEM. VOR=vorinostat, 
PAN=panobinostat, CTN = chaetocin, DIS=disulfiram, P/P= phorbol myristate acetate 
(PMA)/phytohaemagglutinin(PHA). 
 

We directly compared these changes to DMSO within each mutant (Fig. 5A; 

n=4; Paired T-test), and displayed the difference in activity of JQ1 with each 

mutant and found statistically significant differences compared to WT Tat101 

(Fig. 5B; n=4; Paired T-test). Although in each mutant, JQ1 enabled a 

statistically significant increase in the proportion of spliced product compared 

to DMSO that was always greater than WT activity. When compared to WT 

Tat, the size of this difference was significant for only the K28A, K50A, and 
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K50/51A mutants, or without Tat. Taken together, these data show that the 

presence of WT Tat or JQ1 alone can both enable HIV RNA splicing to a 

similar degree, and when a specific Tat mutation reduced splicing efficiency, 

only JQ1 could rescue splicing. This was a feature unique to JQ1. Therefore, 

JQ1 may act directly or indirectly with Tat through these residues to enable 

HIV RNA splicing.  

 
Figure 5. JQ1 can rescue splicing inhibited by Tat mutants. 293T cells were transfected 
with the  pLTR.gp140/EGFP.Rev∆38/DsRed splicing reporter and 100ng of pTat101 WT or 
with specific mutations (K28A, K50A, K50/51A, K71A and R53A) and were (A) treated with 
DMSO (D) or JQ1 (J), harvested at 48hr and dsRed and eGFP expression was quantified 
using flow cytometry and represented as the proportion of spliced product 
((spliced/(spliced+unspliced))*100) relative to WT Tat; comparisons of each mutant were 
made to DMSO. (B) The differences between JQ1 and DMSO were calculated for each 
mutant and compared to the difference with WT Tat101. Comparisons of each mutant were 
made using a paired T-test. Only statistically significant comparisons are shown* p<0.05; ** 
p<0.01. D=DMSO; J=JQ1. The black lines represent the mean+SEM. 
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Discussion 
 

A variety of LRAs are currently being investigated ex vivo and in vivo for their 

efficacy to induce virus production from latently infected rCD4+ T cells. 

However, not much is known about how these LRAs affect different aspects of 

the viral replication cycle, such as the behaviour of Tat protein. Given the 

ability of Tat to be post-translationally modified, we were interested to 

investigate how different classes of LRAs acted in combination with Tat.  

 

We showed that the K28 and K50/51 residues are essential for synergism 

between LRAs and Tat. Interestingly, K28 and K50 are highly conserved 

across HIV-1, HIV-2 and SIV(Kiernan et al. 1999). These same residues, in 

addition to R53 were also required for efficient RNA splicing. Additionally, in 

the presence of K28A, K50A, and K50/51A mutations that deny acetylation at 

these positions, JQ1 alone could rescue this defect in splicing.  These data 

suggest that JQ1 can induce HIV RNA splicing independently of Tat, yet when 

Tat is present these residues are not essential. It is unclear if this activity of 

JQ1 and Tat extends to other alternatively spliced cellular RNAs.       

 

Suboptimal levels of Tat protein or Tat function facilitate the maintenance of 

HIV latency where the addition of exogenous or co-transfected Tat can 

efficiently reactivate virus production from latent HIV(Sonza et al. 2002; Kuhn 

et al. 2009; Cannon et al. 1994; Emiliani et al. 1996; Razooky et al. 2015; Lu 

et al. 2014). It remains unknown if Tat expression and appropriate post-

translational modification can be induced by LRAs in rCD4+ T cells, 

particularly since the long non-coding RNA NRON, which is highly expressed 

in rCD4+ T cells, can target Tat for degradation(Li et al. 2016). Our results 

suggest that the residues K28, K50 and K51, or the modifications that these 

basic amino acids acquire from cellular factors, are essential for Tat mediated 

HIV transcription and splicing. 

 

When Tat is expressed in the context of latent infection, we show that some 

LRAs more potently induce HIV transcription, than in the absence of Tat. This 

is due to the multifaceted behaviour of how Tat is controlled, in part, by the 
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cellular environment and the ability of Tat to be post-translationally modified 

by a variety of cellular factors at different stages of the viral life cycle(Kozlov 

et al. 2013; Ott et al. 1999; Ott, Geyer, and Zhou 2011; Pagans et al. 2010; 

Sakane et al. 2011; Kiernan et al. 1999; Col et al. 2001; Kaehlcke et al. 2003; 

Dorr et al. 2002; Huo et al. 2011; Van Duyne et al. 2008; Xie et al. 2007; 

Sivakumaran et al. 2009; Ali et al. 2016). Although the effects of post-

translational modifications on Tat are well characterised, it remains difficult to 

determine the exact trajectory of Tat in its feedback loop with regard to 

subcellular location, at which stage in viral replication, and by what cellular 

factor Tat is modified during the viral life cycle. Given these modifications can 

have positive or negative behaviour-changing effects on Tat function that can 

be transient or permanent, it makes sense that LRAs, which can act directly or 

indirectly on lysine or arginine residues, may enable the accumulation of a 

pool of modified Tat with altered behaviour that may change how Tat interacts 

and functions during latency reversal(Kozlov et al. 2013; Ott et al. 1999; Ott, 

Geyer, and Zhou 2011; Pagans et al. 2010; Sakane et al. 2011; Kiernan et al. 

1999; Col et al. 2001; Kaehlcke et al. 2003; Dorr et al. 2002; Huo et al. 2011; 

Van Duyne et al. 2008; Xie et al. 2007; Sivakumaran et al. 2009; Ali et al. 

2016) (see schematic in Fig. 7).  
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Figure 7. Proposed model of the effects of HDACi with Lysine 28 of Tat on inducing 
transcription. (A) Transcriptional initiation is the first step required for virus production from 
latency. When Tat is acetylated at Lysine (K) 28, this interaction strengthens the binding of 
Tat to TAR to promote transcriptional elongation. Given our results, we suggest HDACi may 
acetylate Tat at K28, promoting this binding. Such an interaction would constitutively enable 
transcriptional elongation creating a pool of US HIV RNA.  
 

HDACi have modest activity in activating transcription and their activity is 

enhanced in the presence of Tat, which could be due to the fact that Tat 

transactivation through the LTR is intricately controlled by lysine 

acetylation(He et al. 2013). Particularly, the acetylation of K28 is mediated by 

host histone acetyltransferases (HATs) p300, which strengthens the binding 

of Tat to the transactivation response (TAR) RNA element within the LTR to 

promote transcription(Kiernan et al. 1999; Dorr et al. 2002; Kaehlcke et al. 

2003). Yet when K50 is acetylated by p300, this interaction enables the 

dissociation of the Tat•P-TEFb•TAR complex to transfer Tat onto the 

elongating RNA Pol II(Kaehlcke et al. 2003; Kiernan et al. 1999). Tat is 

hypothesized to control elongation rates by orchestrating the phosphorylation 

of the C-terminal domain (CTD) of RNA Pol II to enable the association and 

dissociation of transcribing RNAs and RNA-associated factors throughout 

elongation, as well as the control the processivity and pausing of RNA Pol II to 

control viral splicing(Jablonski et al. 2010; Bentley 2005; Kornblihtt 2005). 

Given the additive affect on transcription between HDACi and Tat is lost with 

the K28A mutant but not K50A alone, we propose a model where HDACi act 

by enabling the acetylation of K28A to enhance transactivation by Tat-

mediated assembly of the transcription complex (Fig. 7). However, acetylation 

of Tat at K28, may continuously promote the Tat:TAR interaction in a way that 

precludes splicing.  

 

In our model system to assess transcription, while JQ1 had a similar activity to 

HDACi in enhancing transcription, JQ1 had a unique action in enabling 

splicing in the presence and absence of Tat101. JQ1 can act in both a Tat-

dependent(Li et al. 2013; Banerjee et al. 2012; Bartholomeeusen et al. 2012; 

Darcis et al. 2015) and Tat-independent(Boehm et al. 2013) manner to 

reverse latency, where the Tat-independent activity of JQ1 is crucial given 

that Tat protein is scarce in latency(Razooky et al. 2015). The positive effects 
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of JQ1 on HIV splicing may be explained by its ability to initiate the 

upregulation of the CDK9 subunit of P-TEFb and AFF4(Banerjee et al. 2012), 

as well as host genes crucial for chromatin reorganization and genes that 

influence posttranslational modifications of Tat(Banerjee et al. 2012). We 

demonstrated that the lysine residues at K28, K50, and K50/51 were critical 

for splicing but JQ1 was able to rescue this defect. Given that changes in the 

balance of splicing can perturb viral replicative fitness and infectivity(Purcell 

and Martin 1993), these alterations in splicing may have a major impact on 

the efficiency of virus production from latency. Therefore, bromodomain 

inhibitors may be more attractive compounds for latency reversal.  

 

Given the difficulty in measuring Tat protein and Tat activity ex vivo, there are 

several limitations in this study. We chose HEK293T cells given the feasibility 

in transfecting these cells with the multiple plasmids required to clearly 

visualize eGFP and dsRed expression, which proved more difficult in a T-cell 

line such as Jurkats. It would be interesting to test these mutants in a primary 

cell model of latency or ex vivo—given the different landscape of cellular 

factors in resting CD4 (rCD4)+ T cells compared to a cancer cell line that 

affect the capacity of a cell to reactivate a latent provirus. Differences in the 

availability of host transcription, elongation and splicing factors in a rCD4+ T 

cell may augment the results observed in this study. Primary resting cells lack 

sufficient levels of transcription and elongation factors that mainly remain in 

inhibitory complexes in the cytoplasm(Williams et al. 2006; Zhong et al. 2002; 

Cho et al. 2009). We predict our results may be more pronounced ex vivo 

given P-TEFb, which exists in very low levels in rCD4+ T 

cells(Bartholomeeusen et al. 2012; Chiang, Sung, and Rice 2012) can be 

released from its inhibitory complex with 7SK snRNP and HEXIM1 with the 

addition of an HDACi, JQ1 or Tat protein(Bartholomeeusen et al. 2012; Cho et 

al. 2009; Contreras et al. 2009; Barboric et al. 2007; Jamaluddin et al. 2016).  

Finally, we did not specifically address whether these same effects on 

transcription and splicing are relevant in other cellular reservoirs such as long 

lived infected macrophages. 

 



90 
 

A lack of Tat is important in maintaining latency in resting CD4+ T cells and 

therefore Tat is not readily available during the initial reactivation of provirus. 

This will limit the potency of some LRAs, such as HDACi, which fail to induce 

splicing in the absence of Tat. In contrast, JQ1 which also acts in combination 

with Tat to activate transcription, can enable splicing even in the absence of 

Tat. In conclusion, the potency of an LRA to induce virus production is 

enhanced if Tat is present, as certain agents may work directly or indirectly 

through post-translational modifications of Tat. Strategies to increase Tat 

expression during latency reversal should be explored to fully activate the viral 

replication cycle and further enhance the potency of LRAs.  

 

Supplementary Figures 

 
Supplementary Figure 1. Cellular toxicity of LRAs over a range of concentrations.  The 
MTS assay was used to measure the toxicity of a panel of LRAs on 293T cells (n=3). 
VOR=vorinostat; PAN=panobinostat; CTN=chaetocin; DIS=disulfiram. The lines represent the 
mean+SEM. 
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Figure S2. LRAs significantly 
increase expression of US 
product from an LTR-driven 
splicing reporter. 293T cells were 
transfected with the 
pLTR.gp140/EGFP.Rev∆38/DsRed  
splicing reporter and 100ng of 
pTat101 with specific mutations (A) 
K28A, (B) K50A), (C) K50/51A, (D) 
K71A and (E) R53A and were 
treated with a panel of LRAs, 
harvested at 48hr and eGFP 
expression from the US mRNA was 
quantified using flow cytometry and 
represented as % cells positive. 
Comparisons of each condition to 
DMSO were made using a paired 
T-test. Only statistically significant 
comparisons are shown* p<0.05; ** 
p<0.01; ***p<0.001; ****p<0.0001. 
The black lines represent the 
mean+SEM. VOR=vorinostat, 
PAN=panobinostat, CTN = 
chaetocin, DIS=disulfiram, P/P= 
phorbol myristate acetate 

(PMA)/phytohaemagglutinin(PHA). 
 

 
Figure S3. JQ1 but not HDACi can increase splicing in the absence of Tat. 293T cells 
were transfected with the pLTR.gp140/EGFP.Rev∆38/DsRed splicing reporter then treated 
with a panel of LRAs in the (A, B) absence and (C, D) presence of 100ng of Tat101 
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expression plasmid (n=4) and eGFP (unspliced) and dsRed (spliced) expression were 
measured using flow cytometry. Unspliced products were measured by eGFP expression (A, 
C) and the proportion of spliced products measured by both dsRed and eGFP expression (B, 
D). Comparisons of each condition to DMSO were made using a paired T-test. Only 
statistically significant comparisons are shown * p<0.05; ** p<0.01; *** p<0.001. The black 
lines represent the mean+SEM. VOR=vorinostat, PAN=panobinostat, CTN = chaetocin, 
DIS=disulfiram, P/P= phorbol myristate acetate (PMA)/phytohaemagglutinin(PHA). 
 

 

 
Mutant K28A K50A K5051A K71A R53A 
K28A   0.0616 0.0184 0.0004 0.0015 
K50A     0.0102 0.0122 0.062 

K5051A       0.0031 0.0061 
K71A         <0.0001 
R53A           

 
Supplementary figure S4. Mutations in Tat at lysine and arginine residues compared 
to each other.  Supplementary figure S4. Mutations in Tat at lysine and arginine 
residues compared to each other.  Specific basic lysine (K) and arginine (R) residues were 
mutated to alanine (A) in pTat101 using site-directed mutagenesis. Luciferase expression of 
TZMbl cells following transfection of Tat mutants compared to WT Tat 101, represented as 
the % of WT activity. Two-tailed paired t-tests were used to compare mutants to each other 
(Example, first white box compares K28A to K50A) and only statistically significant 
comparisons are shown * p<0.05; ** p<0.01; ***p<0.001; ****p<0.0001. Red shading are 
significant values.  
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Integrated Discussion  

Summary 
 

Latency reversal is one approach being investigated to enhance the clearance 

of latently infected cells in HIV-infected individuals on suppressive ART, but to 

date, clinical trials have demonstrated limited potency of LRAs, including 

HDACi and disulfiram(Archin et al. 2012; Archin, Bateson, et al. 2014; Elliott 

et al. 2014; Rasmussen et al. 2014; Sogaard et al. 2015; Leth et al. 2016; 

Elliott et al. 2015). We investigated the long term effects on safety and 

virological aspects in individuals who had participated in the first multi-dose 

clinical trial of vorinostat in HIV-infected individuals on ART(Elliott et al. 2014). 

We found that the vorinostat-induced significant increases in cell-associated 

HIV RNA observed during the trial with follow up out to 84 days(Elliott et al. 

2014) had returned to baseline levels as early as six months(Mota et al. 

2017). In addition, there were no clinical adverse effects of vorinostat over two 

years of follow up, particularly no malignancy detected in trial 

participants(Mota et al. 2017).  

 

In this thesis we also demonstrated that the potency of HDACi was limited by 

adverse effects on viral splicing in ex vivo experiments using CD4+ T cells 

from ART-treated individuals living with HIV, as well as in a clinical trial using 

the HDACi panobinostat. We demonstrated three mechanisms for inhibition of 

HIV splicing including: 1) the removal of HDAC1 from the LTR increased 

transcription yet failed to induce splicing; 2) specific reduction in the level of 

proteins involved in splicing (SRSF1, SRSF2, SRSF5), elongation (Cyclin T1) 

and the nuclear export (PTB) of viral RNAs; 3) splicing following activation 

with an HDACi required the presence of Tat. JQ1 was the only LRA found to 

increase the level of splicing ex vivo and in vitro with or without Tat, similar to 

full T-cell activation.  

 

Finally, we demonstrated that several specific posttranslational modifications 

of Tat significantly altered Tat function and these changes had an impact on 

LRA function. The K28A and combined K50/51A mutants severely reduced 
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transcription that was not reversed by any LRA. K28A, K50A and K50/51A 

significantly reduced splicing. Only JQ1 was able to rescue splicing in the 

presence of these mutants. Together, these data show the specific 

posttranslational modifications on Tat that can impair virus production 

 

Are epigenetic modifiers enough to drive latency reversal? 
 

Multiple factors determine the fate of a latent provirus. The virus and cellular 

environment together determine whether the provirus remains completely 

transcriptionally quiescent, or if transcription is initiated (Williams et al. 2006; 

Lin, Irwin, et al. 2003),  if elongation has proceeded(Kaiser et al. 2017), or if 

viral proteins are expressed(Pace et al. 2012; Graf et al. 2013). All steps will 

be required for latency reversal to ultimately lead to elimination of the infected 

cell. 

 

These different degrees of latency collectively predispose the ability of a 

provirus within a single cell to be reactivated using an LRA. The proviral 

integration site affects viral transcription rates, contributing to variation in the 

ability of an LRA to reactivate different proviruses(Chen et al. 2017). The 

activation state of the infected cell and availability of cellular factors will also 

influence virus production. In a rCD4+ T cell, restrictive levels of P-TEFb due 

to the expression of microRNAs that inhibit the translation of the regulatory 

subunit of P-TEFb (Cyclin T1)(Chiang, Sung, and Rice 2012; 

Bartholomeeusen et al. 2012), contribute to blocks in the elongation of viral 

RNAs(Kaiser et al. 2017). Additional post-transcriptional blocks have been 

demonstrated in latently infected cells including defects in splicing(Pace et al. 

2012), nuclear retention of MS HIV RNAs(Lassen et al. 2006; Saleh et al. 

2011), a lack of Tat protein(Razooky et al. 2015) and presence of factors in 

rCD4+ T cells that direct Tat degradation(Li et al. 2016). In addition, 

microRNAs enriched in rCD4+ T cells target the 3’ end of viral mRNAs and 

repress viral gene expression(Huang et al. 2007). Finally, the proviral 

sequence will govern the level of viral gene expression possible and particle 
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production during reactivation(Ho et al. 2013; Bruner et al. 2016; Pollack et al. 

2017).  

 

Using quantitative PCR to detect changes in HIV RNA does not tell us 

whether these changes occur in one cell or across mant cells. Is one proviral 

genome reactivating many RNA transcripts, or are many proviral genomes 

reactivating few transcripts? In a study that examined clones of HTLV-1 

infected T cells, Billman et al. described that even within clones, there was 

differential HTLV-1 RNA expression, depending on the phase of the cell 

cycle(Billman et al., 2017, Cook et al., 2012). Mahgoub et al. additionally 

demonstrated that the Tax protein, which is analogous to HIV Tat protein, is 

expressed sporadically and transiently in a small subset of cells that 

significantly changes the gene expression of progeny cells(Mahgoub et al., 

2018). Mechanisms of HTLV-1 latency are easier to research than HIV, given 

the higher proviral load. Single cell analysis has elucidated that T cells in 

different cell cycle phases differentially transcribe HTLV-1 RNAs leading to 

different protein profiles in maintaining viral latency(Billman et al., 2017, Cook 

et al., 2012, Mahgoub et al., 2018, Mosley et al., 2006). It is possible that 

single cell analysis of clonally expanded cells latently infected with HIV would 

provide an explanation for the various transcriptional profiles hypothesized 

throughout latency. Therefore, HDACi could very well activate the viral life 

cycle in different ways, depending on the depth of latency and cellular state. 

One proposed strategy would be to similarly clone cells latently infected with 

HIV, demonstrate they contain the same integration site and/or T cell receptor 

sequence, and submit the clones to HDACi treatment and measure, on a 

single cell basis, changes in the levels of US and MS HIV RNA, as wells as 

host transcriptome. This would enable the investigation of differential activity 

of HDACi on the same proviral genome.  

 

One concept of latency that has been promoted by some investigators is that 

a lack of Tat is more important than cellular state in maintaining HIV latency in 

rCD4+ T cells(Razooky et al. 2015) where low levels of Tat protein or function 

conserve latency(Sonza et al. 2002; Cannon et al. 1994; Lu et al. 2014; 

Emiliani et al. 1996). Tat can be acetylated, methylated, phosphorylated and 
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polyubiquitinated on various lysine, arginine, serine, and threonine residues 

and therefore can be directly affected through epigenetic modification(Kozlov 

et al. 2013; Ott et al. 1999; Ott, Geyer, and Zhou 2011; Pagans et al. 2010; 

Sakane et al. 2011; Kiernan et al. 1999; Col et al. 2001; Kaehlcke et al. 2003; 

Dorr et al. 2002; Huo et al. 2011; Van Duyne et al. 2008; Xie et al. 2007; 

Sivakumaran et al. 2009; Ali et al. 2016). Post translational modifications all 

affect the behaviour of Tat in different ways that can be temporary or stable, 

and are differentially affected based on which host factor facilitates the 

modification(Kozlov et al. 2013; Ott et al. 1999; Ott, Geyer, and Zhou 2011; 

Pagans et al. 2010; Sakane et al. 2011; Kiernan et al. 1999; Col et al. 2001; 

Kaehlcke et al. 2003; Dorr et al. 2002; Huo et al. 2011; Van Duyne et al. 2008; 

Xie et al. 2007; Sivakumaran et al. 2009; Ali et al. 2016). Additionally, the long 

non-coding RNA NRON, which is highly expressed in rCD4+ T cells compared 

to active T cells, specifically represses HIV transcription and directs the 

degradation of Tat protein. 

 

These multiple restrictions each contribute a unique limitation to the 

translation of viral proteins in latently infected cells, where blocks in translation 

have been demonstrated even in the presence of increasing amounts of viral 

RNA post-LRA treatment(Mohammadi et al. 2014). LRAs may therefore not 

be sufficient to reactivate many proviral sequences.  

 

Will splicing enable the expression of Tat? 
 

Splicing is a crucial stage of the viral life cycle. With transcription and 

elongation initiated, the transcribing genome undergoes an intricate process 

of co-transcriptional alternative splicing that controls which viral proteins are 

expressed(Purcell and Martin 1993; Martin Stoltzfus 2009).  

 

The balance of splicing, which is mediated by Tat in concert with cellular 

splicing factors(Jablonski et al. 2010), is critical to successful viral 

replication(Purcell and Martin 1993; Sonza et al. 2002; Michael et al. 1991; 

Pomerantz et al. 1990; Schwartz et al. 1990). SR proteins are essential in 
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coordinating viral splicing and outcompete hnRNPs to bind specific splicing 

enhancer elements to organize spliceosomal assembly along the HIV 

genome(Martin Stoltzfus 2009; Zahler et al. 2004; Hallay et al. 2006; Ropers 

et al. 2004; Si, Amendt, and Stoltzfus 1997; Si, Rauch, and Stoltzfus 1998; 

Amendt et al. 1994; Amendt, Si, and Stoltzfus 1995; Staffa and Cochrane 

1994). HDAC1, which is implicated in maintaining latency(Wightman et al. 

2013; Archin et al. 2009; Huber et al. 2011; Keedy et al. 2009; Wightman et 

al. 2012), has recently been described as a splicing factor where its enzymatic 

action at gene promoters was demonstrated to be important in promoting 

splicing through the co-transcriptional recruitment of SRSF1 and SRSF5(Khan 

et al. 2014; Kuhn et al. 2009). HDAC-inhibition altered splicing patterns in 700 

host genes, due to the removal of HDAC1 by HDACi(Hnilicova et al. 2011). 

HDACs together with SR proteins coordinate the interface between chromatin 

organization and alternative splicing(Khan et al. 2014; Schor et al. 2012), and 

the relaxed chromatin architecture induced by HDACi consistently depletes 

RNA splicing factors from the nucleus(Schor et al. 2012). SRSF2 was 

additionally shown to undergo proteasomal degradation if acetylated within its 

RNA recognition motif by the host acetyltransferase Tip60(Edmond et al. 

2011) and with similar mechanism, could possibly be acetylated by HDACi.  

 

In our research, the HDACi romidepsin, which relaxes chromatin through 

histone acetylation, was shown to also decrease the levels of SRSF proteins 

in rCD4+ T cells and decreased splicing similar to siRNA knockdown of 

HDAC1, providing a mechanism for the limited potency of HDACi as LRAs. 

This is not completely surprising, as HDACi have been used to inhibit aberrant 

splicing in malignancy and inherited disorders in order to restore full-length 

RNA and correct expression of wildtype protein(Chang et al., 2001, Liao et al., 

2013, Li et al., 2015). One example is elegantly presented by Garbes et al. 

who research spinal muscular atrophy (SMA), an autosomal recessive 

disorder that is caused by a homozygous absence of the survival motor 

neuron gene (SMN1) gene. In healthy individuals, the SMN1 genes creates 

full-length transcripts whereas those with a complete absence of the gene 

have a severe form of SMA. A nearly identical motor neuron gene, SMN2, 

encodes the same protein and can be expressed to restore function in these 
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individuals. However, SMN2 only produces ~10% full length transcripts, with a 

pathological splicing pattern that excludes exon 7 that is needed for full length 

expression. Panobinostat was demonstrated to inhibit splicing to correct the 

ability of this gene to transcribe its full length RNA, thus increasing the levels 

of expression of SMN(Garbes et al., 2009). In the HIV context, the cell may 

recognize US HIV RNA as the full-length “wildtype” protein while spliced 

variants of the complicated HIV genome would be considered “aberrant” 

splicing, particularly since the splice acceptors sites that permit splicing of tat 

RNA are quite weak(Martin Stoltzfus, 2009, Dyhr-Mikkelsen and Kjems, 1995, 

Staffa and Cochrane, 1994, Amendt et al., 1995). Garbes et al. additionally 

demonstrated that the increase in SMN protein expression due to 

panobinostat was a few fold higher than the increase in RNA transcripts from 

this gene. They showed this was due to post-translational activity of 

panobinostat by decreasing SNM ubiquitinylation, favoring its inclusion in the 

SMN complex(Garbes et al., 2009). Whether or not panobinostat or other 

HDACi similarly protect viral proteins such as Tat from degradation by 

preventing Tat ubiquitinylation, which can occur on various lysine residues, is 

warranted for further research and could support the use of HDACi in 

improving Tat function once an LRA is discovered that enhances MS HIV 

RNA expression.  

 

JQ1 has been shown to function in a Tat-independent manner, and 

interestingly can increase transcriptional elongation from the LTR without 

Tat(Boehm et al. 2013). In our study, JQ1 potently initiated transcription and 

splicing similar to PMA and did so in the absence of Tat as well as in the 

presence of Tat mutants. This may reveal an additional action of JQ1 that 

most likely depends on cellular factors available in the cell. For example, 

cellular jumonji domain-6 protein (JMJD6) co-localises with nascent RNA and 

SRSF proteins, and SR proteins hydroxylated by JMJD6 suppress the binding 

of spliceosomal components in a way that prevents splicing(Heim et al. 2014), 

while siRNA-mediated knockdown of JMJD6 enables splicing(Webby et al. 

2009; Boeckel et al. 2011; Heim et al. 2014; Kwok et al. 2017; Yi et al. 2017).  
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JMJD6 binds BRD4, and together they direct the release of PTEF-b from its 

inhibitory complex with HEXIM1 and lift the transcriptional pause by recruiting 

PTEF-b to gene promoters to promote elongation(Liu et al. 2013). JQ1 has 

been shown to displace JMJD6 from gene promoters(Hu et al. 2015). We 

therefore propose a model where the use of JQ1 prevents the association of 

both BRD4 and JMJD6 with PTEF-b, and the PTEF-b that is recruited to the 

HIV LTR via JQ1 to promote elongation can also enable splicing by 

preventing the recruitment of JMJD6. It remains to be experimentally 

determined whether the HIV LTR is associated with JMJD6 during reactivation 

with other LRAs that have different mechanistic action in recruiting PTEF-b. 

More research is warranted to determine if splicing is enough to drive virus 

production from a previously quiescent provirus in a rCD4+ T cell. Even if JQ1 

induces splicing, the environment of the rCD4+ T cell may still limit 

downstream steps required for virus production. If Tat is expressed, will Tat 

initiate its feedback loop, or will it be degraded by the long non-coding RNA 

NRON, and still fail to produce virus particles?   

 

Will virions be produced? 
 

We hypothesize that a failure to accumulate MS HIV RNA leads to reduced 

virus production. Other authors have assessed this using a modified viral 

outgrowth assay(Bullen et al. 2014). In this study, multiple HDACi failed to 

induce viral outgrowth from rCD4+ T cells from suppressed HIV-infected 

individuals, in contrast to PMA/ionomycin. Of note, JQ1 was not used in these 

LRA-QVOA studies(Bullen et al. 2014). Additionally in these same samples, 

no increase in CA-HIV polyadenylated mRNA was observed at 18 

hours(Bullen et al. 2014). Measuring polyadenylated mRNA confirms the 

existence of fully elongated and processed mRNA. In our studies, we 

measured various forms of HIV RNA in all stages of transcription, elongation 

and splicing. It is possible that not all RNAs detected in this study will undergo 

appropriate processing and this could explain why we observed a significant 

increase in US HIV RNA with romidepsin as soon as 6 hours whereas others 

have not observed increases in polyadenylated HIV RNA at 18 hours. In 
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future experiments, distinguishing between both forms within the same ex vivo 

cultures could help clarify if the activity of LRAs can induce transcription and 

elongation.  

 

In vivo studies with romidepsin, and to a lesser extent panobinostat, showed 

an increase in plasma HIV RNA in addition to cell-associated US 

RNA(Sogaard et al. 2015; Rasmussen et al. 2014). However, given that 

HDACi alter cellular activation, measured by transient yet statistically 

significant increases in the levels of the early activation marker CD69(Wei et 

al. 2014; Rasmussen, Schmeltz Sogaard, et al. 2013; Sogaard et al. 2015) 

and late activation markers HLA-DR/CD38(Sogaard et al. 2015) on CD4+ T 

cells ex vivo and in vivo, it is difficult to tease out whether HDACi-induced 

cellular activation or HDACi-induced transcription.  

 

Given our findings, how would the production of virions be explained in the 

absence of production of MS RNA? First, the detection of RNA in plasma 

could potentially represent virus-like particles (VLPs) that have budded from 

cells. In vitro, Gag polyprotein can self-assemble and generate non-infectious 

VLPs that can bud from cells in the absence of viral regulatory or accessory 

RNAs or proteins(Buonaguro et al. 2001; Rovinski et al. 1995; Cervera et al. 

2013; Sakuragi et al. 2002). If increased levels of US RNA lead to Gag 

production in the absence of MS RNAs or their regulatory proteins post 

romidepsin treatment, VLPs could potentially be produced, and could 

potentially be investigated using electron microscopy(Pace et al. 2012; Graf et 

al. 2013; Pollack et al. 2017).  

 

Second, an increase in plasma HIV RNA detection in vivo could represent 

enhanced production or reduced clearance by CTLs. A recent study of 

depletion of CD8+ T-cells in SIV-infected rhesus macaques on ART 

demonstrated an increase in plasma SIV RNA, in the absence of any other 

latency reversal agent(Cartwright et al. 2016). Given that HDACi have been 

demonstrated to reduce function of CTL(Jones et al. 2014) and natural killer 

(NK) cell(Pace et al. 2016; Rossi et al. 2012; Garrido et al. 2016) function in 
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vitro, a reduction in CTL and NK function, could also potentially explain blips 

in HIV RNA in vivo.  

 

We must be cautious in how we interpret clinical trial results 
 
It is already difficult to define the best way to measure the whole-body burden 

of latent reservoir in the presence of ART, and even more difficult to define 

the best way to measure latency reversal in vivo (reviewed in (Henrich, 

Deeks, and Pillai 2017)). A global increase in viral RNA in blood has not been 

associated with a reduction in infected cells, but also cannot distinguish 

between cell death or the return of a particular cell to a latent state after a 

burst of viral transcription. Similarly, a failure to reduce the frequency of 

latently infected cells in blood may not adequately reflect changes in tissue 

compartments(Fletcher et al. 2014; Banga et al. 2016; Perreau et al. 2013; 

Fukazawa et al. 2015). It is possible that in vivo, any reduction in latently 

infected cells  through latency reversal, may be masked by proliferation of 

latently infected cells(Chomont et al. 2009; Hosmane et al. 2017; von 

Stockenstrom et al. 2015), or reseeding of infected cells from tissue 

compartments such as bone marrow, lymph, or gut(Durand et al. 2012; Wong 

and Yukl 2016). These potential mechanisms need to be explored using in 

vitro or ex vivo models.  

 

How is this work significant; what does it mean? 
 

Even in the absence of splicing, an HDACi induces transcription and enables 

the accumulation of US RNA. With the most potent agent, the levels of US 

RNA could reach a threshold within the nucleus that force the export of 

transcripts even in the absence of Rev protein, in a way that enables the 

expression of sufficient Gag protein(Pace et al. 2012). Nef protein, which 

enables the downregulation of CD4 and MHC-I, is also derived from a MS 

RNA and if HDACi inhibit splicing, Nef would not be produced. If enough Gag 

is expressed in the absence of MHC-I downregulation, it is plausible that 

HDACi-treated cells could present antigen that could be detected by the 
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immune system. Recent work demonstrates that HDACi can also 

downregulate MHC-I independently of Nef, and although this did not 

significantly impact Gag-specific CTL killing(Pace et al. 2016), more research 

is warranted on the impact on both the viral and immune responses.   

 

We propose that measurement of MS HIV RNA following latency reversal in 

vitro, ex vivo and in vivo, is more indicative of successful viral 

replication(Purcell and Martin 1993). Our work also supports an approach 

whereby multiple steps in the virus production pathway should be assessed 

when evaluating novel LRAs for potency.  

 

Future directions 
 
We propose that JQ1 has many favourable properties as a LRA. Whether the 

JQ1-mediated accumulation of MS HIV RNA is sufficient to drive virus 

production needs to be determined. Future studies should also now 

investigate the optimal combination of agents that activate virus production 

i.e. LRAs and agents that eliminate latently infected cells  such as broadly 

neutralizing antibodies(Halper-Stromberg et al. 2014), immune checkpoint 

blockers(Fromentin et al. 2016), therapeutic vaccines(Leth et al. 2016), 

nanocapsules with HIV-specific CTLs(Jones et al. 2017), α4β7 antibody 

therapy(Byrareddy et al. 2016), among others.  

 

Concluding remarks 
 
In conclusion, HDACi act as an ‘on switch’ for transcription of integrated virus 

in a permissive cellular environment and integration site, yet spliced RNAs fail 

to accumulate, even in the presence of Tat. Overall, we provide evidence that 

HDACi are safe after prolonged follow up, that increases in US RNA return to 

baseline by at least 6 months and we have identified multiple mechanisms 

that explain the reduced potency of HDAC for latency reversal. In contrast, the 

bromodomain inhibitor JQ1 enhanced and rescued splicing in multiple in vitro 

and ex vivo models, yet it remains to be determined if this is sufficient to drive 

viral production from a latent provirus. Future studies of LRAs must evaluate 
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the impact on multiple blocks in virus production that persist in latency. 

Overcoming most, if not all of these restrictions will be necessary for the 

meaningful reactivation and clearance of latently infected cells.  

 

The accelerated pace of scientific discoveries in HIV latency is exciting, and 

the possibilities endless. Harnessing the power of our minds triggered by the 

passion we have for our science and the compassion we have for those living 

with HIV will hopefully enable me to see a cure for HIV in my lifetime.  
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