
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

HIV-1 latency in proliferating T cells

van der Sluis, R.M.

Publication date
2013
Document Version
Final published version

Link to publication

Citation for published version (APA):
van der Sluis, R. M. (2013). HIV-1 latency in proliferating T cells. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/hiv1-latency-in-proliferating-t-cells(ff05e105-8899-4fa8-98a6-2ddf0457605d).html




 

 

 

HIV-1 LATENCY 

IN PROLIFERATING T CELLS 

 

 

 

Renée M. van der Sluis 



HIV-1  LATENCY IN PROLIFERATING T CELLS 
 
ISBN: 978-94-6191-755-3 
 
The research described in this thesis was performed at the Department of Medical 
Microbiology, Laboratory of Experimental Virology, Centre for Infection and           
Immunity Amsterdam (CINIMA), Academic Medical Centre, University of Amsterdam, 
The Netherlands 
 
Research was supported by a grant of the Dutch AIDS Funds  
(AIDS Fonds 2008014) 
 
Cover and first page chapter design by Leon Römer 
Printed by Ipskamp Drukkers 
Layout by Renée van der Sluis 
 
Printing of this thesis was financially supported by a gift from 
ViiV Healthcare 
Gilead Sciences Netherlands 
Boehringer Ingelheim 
The University of Amsterdam 
 
Copyright © 2013 by R.M. van der Sluis 
All rights reserved. No part of this publication may be reproduced, stored or transmitted in any way 
without prior permission from the author. 



 

 
 
 
 

HIV-1 LATENCY 
IN PROLIFERATING T CELLS 

 
 
 
 
 

ACADEMISCH PROEFSCHRIFT 
 
 
 
 
 

ter verkrijging van de graad van doctor aan de Universiteit van Amsterdam 
op gezag van de Rector Magnificus prof. dr. D.C. van den Boom 

ten overstaan van een door het college voor promoties ingestelde 
commissie, in het openbaar te verdedigen in de Agnietenkapel 

 
 
 
 
 
 

op 
woensdag 26 juni 2013, te 14:00 uur 

door 
 
 
 

Renée Marije van der Sluis 
geboren te Amsterdam 



PROMOTIECOMMISSIE 
 
Promotor: 
 Prof. dr. B. Berkhout 
 
Co-promotor: 
 Dr. R.E. Jeeninga 
 
Overige leden:  
 Prof. dr. R.J. de Boer 
 Dr. E.C. de Jong 
 Prof. dr. Y. van Kooyk 
 Dr. M.J.G. Nijhuis 
 Prof. dr. J. Schuitemaker 
 
Faculteit der Geneeskunde 



 

‘Science cannot be divided into what is up to date  
and what is merely of antiquarian interest;  

it is to be regarded as the product of a growth of thought.’ 
 

Peter B. Medawar 
 





 

CONTENTS 
 
Chapter One  General introduction     9 

HIV-1 latency      15 
Outline of this thesis     20 

 
Chapter Two  Quantitation of HIV-1 DNA with a sensitive 

TaqMan assay that has broad subtype specificity 27 
 
Chapter Three  Latency profiles of full length HIV-1 molecular 

clone variants with a subtype specific promoter  45 
 
Chapter Four Dendritic cell-induced activation of latent 
 HIV-1 provirus in actively proliferating 
 primary T lymphocytes     65 
 
Chapter Five LTR promoter characteristics and the latency 
 profile of the HIV-1 subtypes B and AE   93 
 
Chapter Six  Activation of latent HIV-1 provirus by different 
   dendritic cell subsets isolated from blood  115 
 
Chapter Seven  Further characterization of the 
   dendritic cell-mediated activation of latent 
   HIV-1 provirus in primary T lymphocytes   143 
 
Chapter Eight  Establishment and molecular mechanisms 
   of HIV-1 latency in T cells    167 
 
Chapter Nine  General discussion     181 

 
Addendum  Summary      191 
   Samenvatting      195 
   Dankwoord      200 

PhD Portfolio      203 
List of Publications     205 
Curriculum vitae     207 





 



10  

GENERAL INTRODUCTION 
HIV origin and diversity. In 1983 human immunodeficiency virus (HIV) was            
discovered as the causative agent of acquired immunodeficiency syndrome (AIDS)1. 
Since the beginning of the epidemic in the 1970’s an increasing number of people 
died of AIDS-related causes and in 2011 it was estimated that more than 34 million 
people, including 3.3 million children, were living with an HIV infection worldwide 
(www.unaids.org). The first infections in humans occurred long before the AIDS     
epidemic became apparent. The oldest HIV-positive blood sample dates back to 1956 
and, based on HIV sequence analysis, it was estimated that the first HIV infections in 
humans occurred around 1920-19302-4. 
 
HIV originated from zoonotic transmissions of simian immunodeficiency virus (SIV) 
from non-human primates to humans in West and Central Africa (reviewed in       
Hemelaar)5. The cross-species transmission probably occurred during the hunting of 
primates for meat or the capture, trade and housing of monkeys as pets6. Several 
independent transmission events have occurred, resulting in 2 different lineages of 
HIV, known as HIV type 1 (HIV‑1) and type 2 (HIV-2), each of which can be further 
subdivided into several groups and subtypes. The contribution of each virus type and 
subgroup to the pandemic differs significantly. 
 
HIV‑1 comprises 4 groups, each originating from an independent zoonotic transmis-
sion: M (for major/main), N (for new or non-M/non-O), O (for outlier) and P. Group 
M and N originate from SIV found in chimpanzees in West and Central Africa7-9. 
Group N has only infected a small number of individuals in Cameroon. Group M    
viruses most likely spread from Cameroon via the Congo River to Kinshasa in the  
Democratic Republic of Congo to initiate the epidemic and is now responsible for the 
HIV‑1 pandemic. Group O and P probably originate from SIV in gorillas living in   
Cameroon10-12. Group O has infected about ten thousand individuals in Cameroon 
and surrounding countries. Group P has thus far been detected in only 2 individuals 
from Cameroon. 
 
HIV-2 can be subdivided into 7 groups termed A through G. It appears that these 
strains resulted from 7 individual transmission events from the sooty mangabey to 
humans. HIV-2 infections occur primarily in Western Africa, but a significant number 
of infected individuals have also been reported in India, Brazil and Portugal 
(reviewed in Reeves and Doms)13. 
 
The pandemic. The pandemic is caused predominantly by virus variants of HIV‑1 
group M, which can be divided into subtypes A through K. In addition, recombination 
between the different subtypes occurs frequently and this  resulted in more than 51 
circulating recombinant forms (CRFs, http://www.hiv.lanl.gov/content/sequence/
HIV/CRFs/CRFs.html). The different subtypes and CRFs are unequally distributed over 
the world5 (Fig. 1). The   subtype B variants are mainly found in Western Europe and 

http://www.unaids.org/
http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html
http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html
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Northern America, whereas in Thailand the recombinant AE (CRF_01) subtype is    
dominant. All HIV‑1 subtypes and many different CRFs circulate in Africa, but       
subtype C viruses dominate the Sub-Saharan area and recombinant AG (CRF_02) 
variants are prevalent in West and West-Central Africa. However, these geographical 
boundaries are slowly disappearing as the number of non-B infections in Europe and 
Northern America is increasing due to immigration and tourism14. In addition, the 
prevalence of recombinant forms is still increasing15,16. 
 
In countries where infected individuals have access to antiretroviral therapy, the 
HIV‑1 infection has become a chronic disease. Unfortunately, there are still many 
regions worldwide where infected individuals have limited or no access to therapy; 
for these people HIV‑1 remains a life-threatening infection. 
 
The HIV‑1 genome and proteins. The HIV genome, as present in the virion particle, 
consists of 2 copies of a single stranded RNA molecule of 9.7 kb encoding 9 open 
reading frames (ORFs) (Fig. 2). The three major ORFs gag, pol and env are translated 
into the Gag, Pol and Env polyproteins that are processed into functional proteins. 
Gag is cleaved into 4 proteins that are important for the structure of the virion and 
packaging of the viral RNA genome. Pol is cleaved into 3 enzymes: protease (PR),   
reverse transcriptase (RT) and integrase (IN). PR cleaves the polyproteins Gag and Pol 
into the functional units, RT reverse transcribes the viral RNA into DNA, and IN         
facilitates integration of the viral DNA into the host cell genome. Env encodes the 
precursor gp160 glycoprotein that is cleaved into a gp41 transmembrane domain 

Fig. 1. Global distribution of different HIV‑1 subtypes and CRFs. Letter sizes indicate the relative     
frequency of that particular subtype in a region. URFs are unique recombinant forms. The figure is 
adapted from the review by Hemelaar5. 
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and a gp120 outer surface domain. Trimeric gp41 together with trimeric gp120 forms 
the envelope on the outer surface of the virus particle that is required for binding to 
the target cell. Two smaller ORFs encode the essential regulatory proteins Tat and 
Rev. The Tat protein is important for transcription of the viral genome and Rev is  
essential in regulation of viral mRNA biosynthesis. For a more extended overview of 
the HIV‑1 genome and the encoded proteins see the review by Frankel and Young17. 
Additionally, there are 4 ORFs encoding the “accessory” proteins Nef, Vpu, Vif and 
Vpr. The term accessory was applied because these proteins are dispensable for viral 
replication in T cell lines. However, in the search for new viral functions that can be 
therapeutically targeted, these accessory proteins have gained renewed interest  
because they are well conserved among virus isolates, are important for viral    
pathogenesis and mediate evasion from host restriction factors. For a recent update 
on the function of the accessory proteins, see the reviews by Vermeire et al.18 and 
Malim and Bieniasz19. 

The HIV‑1 replication cycle. HIV‑1 is a lentivirus belonging to the Retroviridae      
family. The viral replication cycle is initiated by binding of the viral envelope protein 
(Env) to the CD4 receptor on the target cell (Fig. 3, step 1). This interaction induces a 
conformational change in Env that triggers binding to a co-receptor. HIV‑1 generally 
uses the chemokine receptors CCR5 or CXCR4 as co-receptor, but others such as 
CCR3 have been described (reviewed by Pollakis and Paxton)20. Binding to the          
co-receptor triggers fusion of the viral and cellular membrane, such that the viral 
core containing the viral RNA genome is released into the host cell cytoplasm. The 

Fig. 2. HIV‑1 genome and virus particle. A: Schematic representation of the HIV‑1 DNA.   Indicated are 
the open reading frames (ORFs) encoding the structural proteins Gag, Pol, Env, the regulatory proteins 
Tat, Rev and the accessory proteins, Vif Vpr, Vpu and Nef. B: Mature HIV‑1 particle. Depicted are the 
Env spikes on the outer surface and the typical cone shaped structure containing the two single 
stranded RNA molecules. 
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viral RNA genome is reverse transcribed into double stranded DNA by the viral RT      
enzyme, one of the unique characteristics of the Retroviridae family. The viral IN  
protein inserts the viral DNA into the host cell genome, which is the second hallmark 
of this virus family. The integrated form is termed the provirus, which uses the       
cellular gene expression machinery (transcription, splicing and translation) for the 
production of new viral mRNAs, proteins and viral RNA genomes. The structural    
proteins, together with two single stranded RNA genomes, assemble at the plasma 
membrane to form new virus particles that bud from the cell. Within the newly 
formed virion the viral PR induces proteolytic cleavage of the Gag polyprotein into 
the different structural proteins. A mature infectious virion is formed upon Gag 
cleavage and formation of the typical cone-like structure with the viral genome. For a 
more  detailed description of the HIV‑1 replication cycle see the review by Freed21. 
 

Fig. 3. The HIV‑1 replication cycle. Replication starts by binding of the viral Env protein to CD4 and a   
co-receptor (1), mediating fusion of viral and cellular membranes (2). The viral core is released into the 
host cell cytoplasm (3) and the viral RNA genome is reverse transcribed by the viral RT (4) into dsDNA 
that migrates into the nucleus (5). The viral IN protein integrates the dsDNA into the host cell genome 
(6), the integrated viral DNA is termed the provirus. Production of viral mRNAs (7) and proteins (8)   
depends on the host cell transcription and translation machinery. Viral proteins and the viral RNA    
genome assemble at the plasma  membrane (9) to form new virus particles that subsequently bud from 
the cell surface (10). Proteolytic cleavage of the Gag polyprotein into the different structural proteins, 
forming the typical cone structure with the viral genome, induces maturation of the virion (11) to    
become an infectious particle. 
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Disease course. HIV‑1 infects cells of the immune system and causes chronic        
immune activation, which can over time result in the collapse of this defense system, 
leading to opportunistic infections, various forms of cancer and eventually death of 
the infected individual. The natural course of an untreated HIV‑1 infection can be 
divided into four stages, (reviewed in Sierra et al.)22. The first stage is the incubation 
period, also known as the primary phase, lasting 2 to 4 weeks, in which the viral RNA 
load in plasma increases, concomitant with a decrease in the number of CD4+ 
T lymphocytes. The second stage is known as the acute phase, lasting for 1 to 3 
months, which can include fever-like symptoms, rash and sores. During this period 
the immune system becomes fully activated in response to the HIV‑1 infection. As a 
consequence, the viral RNA load declines, HIV‑1-specific cytotoxic CD8+ 
T lymphocytes emerge, HIV‑1-specific antibodies are produced and CD4+ 
T lymphocyte counts are partially restored. When the viral load stabilizes at a relative 
low level, known as the viral setpoint, replication is controlled by the immune       
system, which can last for 2 to 15 years. This third stage of disease represents clinical 
latency, which should not be confused with viral latency. During this asymptomatic 
period the virus continues to replicate but the infected cells are cleared by the       
immune system and replaced by new cells, creating an equilibrium between cell 
death and cell replacement. This process results in exhaustion of the immune system 
over time. The CD4+ T cell numbers gradually decline when the immune system can 
no longer produce a sufficient number of new lymphocytes, which leads to the 
fourth phase. This is the stage in which the patient will be diagnosed with AIDS.      
Cell-mediated immunity is lost and the immune system can no longer protect the 
patient from opportunistic infections or tumors, which will eventually lead to death 
of the infected individual. 
 
The rate of disease progression leading to AIDS differs significantly between           
individuals. There are patients who will develop AIDS within 5 years after infection, 
the so-called rapid progressors, and there are patients that effectively control viral 
replication, such that the asymptomatic phase can last up to 25 years. These patients 
are known as long term non-progressors. A very select group of HIV‑1 infected      
individuals are known as elite controllers, their immune system controls virus        
replication so efficiently that they do not progress towards AIDS. 
 
Anti-retroviral therapy. Therapy for HIV‑1 became available in 1987 and consisted 
of a single RT inhibitor (AZT). Therapy success was limited due to the rapid           
emergency of drug-resistance by selection for viruses with point mutations in the RT 
encoding gene23. The discovery in 1996 that HIV‑1 replication can be durably         
inhibited by a combination of minimal 3 anti-retroviral drugs has led to a significant 
decrease in HIV-related mortality. The triple therapy or combined anti-retroviral 
therapy (cART) usually consists of two RT inhibitors and one PR inhibitor. In theory 
many steps of the viral replication cycle can be inhibited and several drug classes 
have been developed; fusion and entry inhibitors prevent viral infection of the target 
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cell, RT inhibitors prevent the formation of viral DNA, IN inhibitors prevent              
integration of the viral DNA, PR inhibitors prevent maturation of the newly formed 
virus particles. Triple therapy is very efficient in suppressing HIV‑1 replication to   
levels below the detection limit, but will not cure the infected individual and       
medication has to be administered on a daily basis for a lifetime. 
 
HIV‑1 evolution. Because the viral RT enzyme lacks a proofreading mechanism the 
process of reverse transcription has a high error rate of about one mutation per 
round of viral genome amplification24. In combination with the estimated production 
of 1010 viral particles per day in infected individuals and the high rate of genomic  
recombination, HIV‑1 has a high overall mutation rate25,26. Due to this high mutation 
rate many closely related, yet genetically distinct virus variants will emerge over time 
in an infected individual. This pool of closely related viruses is termed the viral      
quasispecies. The introduced mutations will be random in nature and can either be 
neutral or affect the viral replication capacity in a positive or negative manner. It is 
also possible that mutations are introduced that will cause the formation of a        
defective provirus: a dead end product. The high diversity also enables HIV‑1 to    
escape from the pressure imposed by the patient’s immune system and to become 
resistant to anti-retroviral drugs. 
 
 

HIV‑1 LATENCY 
Proviral latency is the primary obstacle to a cure for HIV‑1. Combined                    
anti-retroviral therapy (cART) is very successful in suppressing the plasma viral RNA 
load below the limit of detection (50 copies HIV RNA / ml plasma), providing lifelong    
protection in drug-adherent patients. Unfortunately, even after many years of      
continuous treatment, the virus persists and the plasma viral load will rebound      
rapidly when cART is interrupted27-29. The reason for this rapid virus repopulation is 
the presence of a long-lived reservoir of latent HIV‑1 proviruses in resting memory 
T lymphocytes that was first described in 199530. Viral latency is defined as a silent or 
non-productive state of infection that can be reversed. Such latent viruses are not 
sensitive to cART and will persist in infected individuals. Consequently, when cART is 
interrupted, these viruses can re-establish systemic infection. Cells carrying a latent 
provirus are difficult to detect in the infected individual because they differ only 
from uninfected cells in having a transcriptionally inactive HIV‑1 genome. Attempts 
to eliminate these proviruses have thus far not been successful31-35. The long-lived 
latent reservoir is therefore considered a major obstacle towards a cure for HIV‑1. 
 
Cellular reservoirs for HIV‑1. The cART drugs prevent new rounds of viral replication 
and as the half-life of a viral particle is estimated to be only 6 hours, the reduction of 
HIV‑1 RNA levels in plasma is determined by the half-life of virus-producing cells25. 
Therefore, effective cART allowed measurement of decay rates of different         
populations of virus producing cells that were infected prior to the start of therapy 
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(Fig. 4A). A very fast initial decline in viral load reflects the loss of virions produced by 
activated CD4+ T lymphocytes that have a half-life of approximately 1 to 2 days when         
infected (Fig. 4B)36,37. The second phase decline reflects virus production by infected 
cells with half-lives of several weeks to months that steadily produce small amounts 
of virus38,39. It is not yet fully clear which cell types belong to this population, but 
macrophages are most likely part of it (Fig. 4C)33. Based on these two phases of viral 
decay it was predicted that cART could cure HIV‑1 infected individuals within 2 to 3 
years25. Unfortunately this proved not to be the case, as there is a third phase that 
shows no further (or hardly detectable) viral decay, reflecting virus production by 
long-lived memory T lymphocytes (Fig. 4D). Because of their long half-life and their 
ability for self-renewal this population allows for HIV‑1 persistence. Other cell types 
have been suggested to contribute to the viral reservoir as well, including dendritic 
cells40, monocytes41,42, astrocytes43 and different subsets of hematopoietic            
stem cells44. 
 
Establishment of the long-lived HIV‑1 reservoir. Latently infected resting T cells are 
present in all infected patients45,46. Despite ongoing therapy, the frequency of these 
HIV‑1 infected memory cells remains fairly constant over time47,48. This is probably 
due to the homeostatic proliferation of the resting T lymphocyte49,50. The latent     
reservoir is established early after infection of the individual, but exactly how this 
reservoir in resting T lymphocytes is established is not known51. Two possible         
scenarios have been proposed: direct infection of resting memory T lymphocytes or 
infection of activated T lymphocytes that subsequently return to the resting state. 
 
Direct infection of memory T cells can occur, but this is not efficient since reverse 
transcription and integration processes often remain incomplete52,53. Even if reverse 
transcription is completed, the linear non-integrated dsDNA is rapidly degraded with 
a half-life of approximately 1 day53. Immediate cellular activation can rescue viral 
integration, but subsequent replication is not always efficient54,55. Cytokine          
stimulation of quiescent T lymphocytes can increase HIV‑1 infection efficiency by 
boosting the reverse transcription and integration processes without inducing cell 
proliferation or up-regulation of cellular activation markers56-58. De novo infection of 
resting T lymphocytes is not likely to play a major role in the formation of the long-
lived reservoir, but it does represent a very stable component of the reservoir. The 
resting cells do not support virus production and the proviruses remain in a latent 
state. This can be alleviated via cellular activation, resulting in the production of new 
viral particles59. 
 
The alternative, more indirect route towards the long-lived reservoir is via infection 
of activated T lymphocytes. However, due to their short half-life, productively        
infected T cells can hardly revert back to the resting state37,60. Therefore, it seems 
more likely that the proliferating T lymphocyte returns to the resting state after     
infection, but before the production of new virus is initiated. 
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Regulation of HIV‑1 gene expression 
HIV‑1 transcriptional latency. Once the viral DNA is integrated into the host cell    
genome, regulation of HIV‑1 gene expression depends on the cellular transcription 
machinery. Transcription initiation is controlled by the viral promoter that is located 
in the U3 region of the Long Terminal Repeat (LTR). The promoter encodes             
numerous transcription factor binding sites (TFBSs) that bind cellular transcription 
factors (TFs), which can either induce or repress transcription61. The core promoter  
(-78 to -1, relative to the transcription start site at +1) plays a crucial role in HIV‑1 
transcription as deletion of the three SP1 sites or the two NF-ĸB binding sites         
severely impairs or even abolishes viral replication62-64. A low level of basal           
transcription is triggered by host TFs, but high levels of HIV‑1 gene expression and 
virus production require the viral Tat protein (Fig. 5). Tat interacts with the           
trans-activation-response region (TAR) element, an RNA motif located at the 5’ end 
of every HIV transcript65. Through this interaction transcription is induced by the 
positive transcription elongation complex-b (P-TEFb), composed of cyclin-dependent 
kinase 9 (CDK9) and cyclin T1. P-TEFb mediates hyperphosphorylation of the          
carboxy-terminal domain of RNA polymerase II, thereby strongly enhancing its     
elongation efficiency66,67. 

Fig. 4. Cellular reservoirs for HIV‑1. A: Schematic of the decay rates of different populations of virus 
producing cells as reflected by the drop in viral RNA load in plasma upon initiation of cART. B: Start of 
cART reveals the first fast phase of decline representing the virus produced by activated CD4+ 
T lymphocytes, which have a half-life of 1 to 2 days. C: The second phase reflects the loss of virus     
production by cells with a half-life of weeks to months, which includes macrophages and possibly other 
cell types. D: The third phase shows no or very little viral decay, reflecting a low level of virus             
production from long-lived memory T lymphocytes. If cART is interrupted, the virus will rebound from 
this cellular reservoir and re-establish systemic infection. 
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If the HIV‑1 promoter is not sufficiently active to support virus production, this      
results in transcriptional latency. Latently infected CD4+ T cells are enriched for  
HIV‑1 Tat variants with impaired activity68 and cellular models for HIV‑1 latency   
frequently carry inactivating Tat or TAR mutations. Fluctuations in Tat levels will   
result in stochastic gene expression69. Low levels of P-TEFb kinase activity can also 
prevent full HIV‑1 gene expression70. Additionally, host TF availability can be a      
limiting factor in viral transcription, especially in resting T lymphocytes that lack    
active NF-ĸB and NFAT71. HIV‑1 gene expression can subsequently be induced by 
cellular stimulation with compounds that (in)directly activate these host TFs. 
 
Transcriptional interference. It has been noticed that transcriptional interference   
mediated by flanking genes can contribute to proviral latency. HIV‑1 preferably    
integrates in introns of actively transcribed genes72. Transcription of that host gene 
can interfere with transcription initiation at the viral promoter when host gene   
transcription runs into the HIV‑1 genome. This block can be alleviated by silencing of 
the cellular promoter, e.g. during cell division, or by massively activating HIV‑1    
transcription by supplementing Tat protein73,74. 
 
Chromatin restrictions. The cellular DNA genome is packaged by histone proteins in 
so-called nucleosomes (Fig. 6). A nucleosome consists of a histone octamer and    
double-stranded DNA. A DNA strand of approximately 146 bp is wrapped 1.7 times 
around the histone protein complex. Two nucleosomes are linked via a stretch of 
DNA that can be up to 80 bp long. A chain of nucleosomes is referred to as            
chromatin. Different signaling pathways can trigger enzymatic modification of       
specific amino acids in the histone tail (acetylation, methylation and phosphoryla-
tion). This may lead to a more open chromatin conformation, making the DNA more 
accessible, or a more closed conformation to suppress TF binding to the viral          
promoter. The “histone code” hypothesis states that combinations of distinct     

Fig. 5. HIV‑1 transcription regulation. Schematic of the viral transcriptional promoter in the Long    
Terminal Repeat. Transcription initiation depends on host cell TFs, depicted is the binding of NF-ĸB, SP-1 
and TATA Binding protein (TBP). A low level of basal transcription is mediated by host cell TFs but high 
level transcription requires the viral Tat protein. Tat interacts with the TAR RNA hairpin motif that is 
present on each viral mRNA and recruits P-TEFb that hyperphosphorylates RNA pol II, which strongly 
enhances elongation efficiency. 
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modifications at specific sites direct which proteins can interact with histone-DNA 
complexes to determine the transcriptional activity75. 
 
HIV‑1 transcription can be restricted by a nucleosome that is positioned close to the 
transcription start site (referred to as Nuc-1, +10 to +155)76. Transcriptional            
activation requires remodeling of Nuc-1 and increased accessibility of chromatin has 
been associated with transcriptional activation in models of chronic HIV infection 
(reviewed in Demonte et al.)77. Methylation of histone tails can either induce an 
open or closed chromatin conformation, depending on the amino acid residue that is 
modified. Histone acetylation correlates with a more open chromatin structure.    
Histone acetyl transferases (HATs) modify the histone tail and histone deacetylases 
(HDACs) remove the modification. HDACs are unable to bind to DNA directly, but can 
be recruited through cellular TFs that bind to the viral LTR, including YY1, NF-ĸB p50 
and AP-478,79. Alternatively, Tat-induced transcriptional activation recruits the      
transcriptional co-activator p300 and cAMP-responsive transcription factor binding 
protein (CBP)80,81. These large HAT proteins can induce an open chromatin              
conformation, thus favoring transcription. Additionally, Tat can be modified by   
p300/CBP to increase the transcription efficiency82,83. Consistent with a role for     
histone acetylation in HIV‑1 latency, many drugs that inhibit HDAC activity are      
effective inducers of HIV‑1 transcription in latently infected cells84 and some have 

Fig. 6. Chromatin organization. Cellular genomic DNA and the HIV‑1 proviral DNA are packaged by   
histone proteins into nucleosomes. HIV‑1 transcription can be restricted by a nucleosome (referred to 
as Nuc-1) that is positioned close to the transcription start site (+10 to +155). HATs can acetylate the 
histone tails, creating a more open chromatin conformation thereby making the HIV‑1 promoter more 
accessible to host cell TFs. HDACs can remove the acetyl-group from the histone tails, creating a less 
open chromatin conformation that will prevent TF binding to the viral promoter. The figure is adapted 
from Verdin et al76. 
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moved towards clinical trials31. For a more detailed description of the epigenetic 
regulation of HIV‑1, see the review by Hakre et al.85. 
 
DNA methylation. DNA methylation is a transcriptional silencing mechanism that  
restricts TF binding to the promoter. DNA can be methylated at cytosine residues in 
CpG sequences, in particular in CpG-rich stretches, the so-called CpG islands. DNA 
methyltransferases can maintain DNA methylation during cell division and              
replication of DNA and induce de novo DNA methylation. Conflicting findings have 
been published whether CpG methylation of the 5’ LTR acts as an additional           
epigenetic restriction mechanism or not86,87. Profound de novo LTR methylation has 
been observed in several cellular  models for HIV‑1 latency that were obtained after     
prolonged cell culturing. It has therefore been suggested that methylation is a late 
event in epigenetic suppression, thus promoting the maintenance of latency88,89. 
 
Post-transcriptional latency mechanisms. Besides blocks at the level of transcription 
(initiation, elongation, Tat trans-activation and chromatin restrictions), latency can 
be induced by several post-transcriptional processes. The nuclear export of multiple 
spliced HIV‑1 RNA transcripts encoding Tat, Rev and Nef can be impaired in resting 
T lymphocytes by the absence of the RNA-binding protein PTB90. Host- or                 
HIV-derived microRNAs can interfere with viral mRNA stability and/or translation via 
the RNA interference (RNAi) pathway91-93. Alternatively, HIV-derived siRNAs can    
interfere with viral mRNA stability biology via RNAi mechanisms or suppress viral 
transcription via RNA directed transcriptional gene silencing94-97. 
 
 

OUTLINE OF THIS THESIS 
In this thesis we focus on the ability of HIV‑1 to establish latency in proliferating 
T cells and on how the silent provirus can be activated from latency. In Chapter 2 we 
describe the development of a TaqMan assay that quantitates viral DNA of different 
HIV‑1 subtypes with equal efficiency. Depending on the primers used, the assay can 
detect different viral DNA forms, including completely reverse transcribed DNA and  
2-LTR circles. Chapter 3 deals with the use of this TaqMan assay to study the         
influence of the LTR promoter of the different HIV‑1 subtypes on proviral latency in 
T cell lines. We show functional differences between the HIV‑1 subtypes in this    
respect. In Chapter 4 we describe the surprise finding that HIV‑1 infection does     
frequently result in establishment of a latent provirus in proliferating primary 
T lymphocytes. Furthermore, we demonstrate that this provirus can be purged out of 
latency by co-culturing T lymphocytes with monocyte-derived dendritic cells (DCs). In 
fact, DC-mediated activation was critical in revealing this latency, as regular            
anti-latency drugs fail to activate HIV‑1 from latency in proliferating primary cells. 
Chapter 5 combines the insights obtained in the two previous chapters to study the 
effect of the subtype-specific HIV‑1 promoter on viral latency and replication in    
primary T lymphocytes. Additionally, subtype AE and B LTR luciferase reporter         
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constructs allowed us to identify an AP1 binding site in the AE promoter. C-Jun    
binding to the AP1 site inhibited basal LTR transcription, but in the presence of Tat,   
c-Jun binding enhanced transcription. In Chapter 6 we investigated whether different 
myeloid cell types can induce the expression of latent provirus. We observed that 
monocytes and plasmacytoid DCs cannot activate the latent provirus. Monocyte-
derived macrophages type I and II can moderately activate the latent provirus, but 
not as efficiently as monocyte-derived dendritic cells. Conventional CD1c+ and cross-
presenting CD141+ myeloid DCs efficiently purged the provirus out of latency.        
Surprisingly, poly(I:C) stimulated myeloid DCs lost almost all purging capacity.     
Chapter 7 describes pilot studies performed to characterize the DC-mediated activa-
tion of HIV‑1 provirus from latency. The activation appears to be multi-factorial, as 
both   cell-cell interactions and (a) DC-secreted factor(s) mediate activation of latent        
provirus, indicating that multiple signaling routes are involved. Chapter 8 consists of 
a review providing a general overview of molecular mechanisms contributing to viral 
latency and the role of latently infected proliferating T lymphocytes in the               
establishment of the long-lived viral reservoir in resting T lymphocytes. The general 
discussion in Chapter 9 covers the prospects of finding a cure for HIV-1, the effect of 
current ‘shock and kill’ approaches on the viral reservoir in proliferating 
T lymphocytes and the influence of this newly described reservoir on the ongoing 
debate regarding HIV‑1 latency versus continues low-level replication. 
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ABSTRACT 
The increasing diversity of HIV‑1 isolates makes virus quantitation challenging,     
especially when diverse isolates co-circulate in a geographical area. Measuring the 
HIV‑1 DNA levels in cells has become a valuable practical tool for fundamental and 
clinical research. A quantitative HIV‑1 DNA assay was developed based on TaqMan 
technology. Primers that target the highly conserved LTR region were designed to 
detect a broad array of HIV‑1 variants, including viral isolates from many subtypes, 
with high sensitivity. Introduction of a pre-amplification step prior to the TaqMan 

reaction allowed the specific amplification of fully reverse transcribed viral DNA.  
Execution of the pre-amplification step with a second primer set enables for the   
exclusive quantitation of the 2-LTR circular HIV‑1 DNA form. 
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INTRODUCTION 
Human immunodeficiency virus type 1 (HIV‑1) isolates can be classified in four     
different groups: Major (M), New (N), Outlier (O) and P, with group M viruses being 
mainly responsible for the pandemic1-3. The M group is divided into subtypes A 
through K and contains more than 51 circulating recombinant forms (CRFs) that are 
distributed unequally over the world4. The subtype B viral isolate is found mainly in 
Western Europe and North America. In Thailand, on the contrary, the recombinant 
AE (CRF_01) subtype is dominant. Many different HIV‑1 subtypes and CRFs circulate 
in Africa but subtype C viruses dominate in the Sub-Saharan area and the                
recombinant AG (CRF_02) prevails in West and West-Central Africa5-7. 
 
Over the years anti-viral reagents and viral detection assays have been developed 
primarily for European and American subtype B viruses. This bias originates from the 
fact that this was the first subtype isolated in the Western world and used for the 
development of viral reagents and assays. Currently, subtype B viruses account for 
10% of all infections worldwide, whereas 50% of the infected people carry a subtype 
C virus5,8. Most HIV‑1 quantitation assays used in a clinical setting and the majority 
of drugs used in combined antiretroviral therapy (cART) have been developed 
against subtype B viruses. With the introduction of therapy in Africa it is important to 
determine whether or not cART inhibits other subtypes with similar efficiency as  
subtype B. For instance, two previous reports have demonstrated that subtype C    
harbors naturally occurring mutations that are associated with drug resistance to 
protease6 or reverse transcriptase inhibitors9. 
 
A reliable and quantitative PCR-based method that is not restricted to HIV‑1 subtype 
B isolates is required in therapy research. The increased prevalence of viral subtypes 
other than B in the western world5,10-13 requires a change in research focus to enable 
for the development of diagnostic tools for the detection of non-B HIV‑1 subtypes. 
Here we describe the development of a highly sensitive real time TaqMan assay that 
quantifies HIV‑1 DNA content of infected cells. Since most HIV‑1 quantitation assays 
that are based on gag or pol are subtype-restricted, we developed a simple         
quantitative PCR assay that can equally detect the major HIV‑1 subtypes. Primers 
were designed to amplify the highly conserved HIV‑1 Long Terminal Repeat (LTR) to 
quantify fully reverse transcribed HIV‑1 DNA. 
 
 

RESULTS 
Primers and probe design. The focus of this study was to develop a sensitive         
detection assay that quantifies HIV‑1 DNA of different subtypes and circulating     
recombinant forms (CRFs) with equal efficiency. The Los Alamos sequence alignment 
database was used to calculate the Shannon entropy value and to locate the most 
conserved viral genome sequences among different HIV‑1 subtypes and CRFs        
(Fig. 1A). The most conserved segments were located in the LTR that encodes the 



30  

promoter and other transcription regulatory sequences. Three locations with low 
sequence diversity were identified (Fig. 1A/insert) and selected to design the 
TaqMan forward (5’PF) and reverse (3’PR) primers and the probe (PPr) (Fig. 1B). 
 
With primers 5’PF and 3’PR many forms of HIV‑1 DNA were amplified: from the early 
steps of reverse transcription after primer binding and elongation to the reverse 
transcribed linear or circular DNA. With The Shannon entropy analysis additional  
genomic regions, with low sequence diversity, were identified to design primers for a 
pre-amplification step. The reverse primer 3’PRP anneals in the untranslated leader 
sequence downstream of the primer binding site (PBS) and the forward primer 5’PFP 
anneals upstream in the U3 region of the LTR (Fig. 1B&C). With these two primers 
the assay amplifies fully reverse transcribed viral genomes since this region of the 
viral genome is copied in the last step of the complex reverse transcription process 
(reviewed in Abbink and Berkhout14). 
 
After reverse transcription the linear HIV‑1 DNA integrates into the host’s genome, a 
process that is mediated by the viral integrase protein15. Alternatively, a proportion 
of the viral DNA circularizes as 1-LTR or 2-LTR circles that are dead-end products16. 
We set out to identify viral sequences with low diversity among the HIV‑1 subtypes 
that could be used for the amplification of either 1- or 2-LTR circles. To exclusively 
amplify 1-LTR circles the forward primer should preferably align in the viral nef gene.                    
Unfortunately, this genomic region is too diverse among the subtypes to design a 
primer that would amplify variant subtypes equally well. To amplify the 2-LTR        
circular HIV‑1 DNA form, we designed the reverse primer 3’PRP2 that anneals in the 
U3 region of the LTR. In combination with the 5’PFP, 3’PRP2 amplifies 2-LTR HIV‑1 DNA 
forms (Fig. 1B&E). 
 
To verify the primer sequence similarity to the different HIV‑1 subtypes, the primers 
and probe were compared to every available sequence covering the specific primer 
or probe alignment region in the Los Alamos database (Table 1). The analysis shows 

Fig. 1. Primers and probe design. A: The Shannon entropy values were calculated from  417 full length 
HIV-1 genome sequences, including subtype A, B, C, D and CRF_01(AE), available from LANL HIV       
Sequence Database. The X axis indicates the relative nucleotide position of the aligned sequence set. 
The Y axis shows the Shannon entropy value that was calculated for each nucleotide position and   
represents the sequence diversity among the aligned viral isolates. The insert circle shows the three 
spots in the LTR region with the lowest frequency of diversity. B: Schematic representation of the HIV‑1 
genome with the area where the primers and probe anneal (between the grey arrows). The numbers 
accompanying the arrows represent the nucleotide positions corresponding to the HxB2CG reference 
sequence. Primers 5’PF, 3’PR and the probe PPR are used in the quantitative TaqMan assay. Primers 5’PFP 
and 3’PRP are used in the pre-amplification to amplify the total reverse transcribed viral DNA content. 
The primers 5’PFP and 3’PRP2 are used in the pre-amplification to amplify 2-LTR circles. C: Schematic  
representation of the primer alignment used for the quantitation of total HIV-1 DNA content. D:      
Schematic representation of the primer alignment in combination with Alu primers for the quantitation 
of integrated HIV-1 provirus. E: Schematic representation of the primer alignment for 1-LTR circles as 
part of the total HIV-1 DNA content and for the quantitation of circular 2-LTR HIV-1 DNA content. 
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that 78, 86 and 91% of the available sequences from all isolates, that includes group 
M, N, O and P, are homologous to the TaqMan primers 5’PF, 3’PR and the probe PPR, 
respectively. There is a single exception: CRF_02(AG) has an insertion in the            
sequence of primer 3’PR. The alignment region for pre-amplification primers 5’PFR 
and 3’PRP is fully conserved in 93% and 94% of the viral isolates, respectively. 
 
PCR cycle conditions. The optimal PCR cycle number for the pre-amplification step 
was identified using linearized TOPO plasmid DNA with nucleotides 1-797 from     
subtype B, which includes the LTR. A 10 cycle pre-amplification step improved 
slightly the assay sensitivity when compared with no pre-amplification, whereas 15 
cycles gave a more reliable linear range between 2x101 - 2x107 copies per reaction 
(Fig. 2A). Without pre-amplification the lowest HIV DNA input was not detected    
consistently, whereas with 20 pre-amplifcation cycles the highest quantity of input 
HIV‑1 DNA was not within the linear range. We continued using the 15 cycle           
pre-amplification step that increases the sensitivity yet maintains a broad linear 
range (Slope= -3.06 ± 0.07, Pearson P<0.0001 and r2=0.9967). The assay was           
performed 12 times using a full length molecular clone of the HxB2 subtype B isolate 
with implementation of the 15 cycle pre-amplification step (Fig. 2B). Given that the      
2x101 - 2x107 linear range was highly reproducible with subtype B (Slope= -3.14          
± 0.09, Pearson P<0.0001 and r2=0.9960), the next step was to test the other HIV‑1 
subtypes. 
 
Detection of different HIV‑1 subtypes. For further development and validation of 
the assay a panel of HIV‑1 subtypes (the isolates: UG273, DJ258 (subtype A), US1, 
US2, HxB2 (subtype B), UG268, ETH2220, SE364 (subtype C), UG270 (subtype D) and 

1The analysis of the section “all isolates” include all available sequences from group M, N, O and P. 2The 
recombinants include all available CRFs sequences except CRF_01(AE) and CRF_02(AG). 
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CM235(CRF_01/subtype AE)) were tested. Serial dilutions of the DNA from each    
isolate were quantified using the designed primers described above. The assay   
maintained its sensitivity for all isolates tested (Pearson P<0.0001 and r2 ranging 

from 0.9617 to 0.9916) (Fig. 3). The linear 
range remained accurate between 2x101 and 
2x107 copies per reaction. These results     
indicate that the assay reliably measured 
samples with low viral DNA content and de-
tected viral isolates from the major subtypes 
equally well. 
 
Influence of cellular genomic DNA. To        
address whether cellular background DNA 
affects the detection of serial dilutions of 
HxB2 HIV‑1 DNA, the assay was performed in 

Fig. 2. PCR cycle conditions. A: Dilutions of 10 to 107 copies of linearized TOPO plasmid with nucleotides 
1-797 from subtype B were measured with the TaqMan assay without or with 10, 15 or 20 cycles         
pre-amplification. B: Dilutions of 10 to 107 copies of HIV-1 DNA (full length HxB2) were pre-amplified 
with 15 PCR cycles prior to the TaqMan quantitation. The box plots are the result of 12 individual    
measurements to test the reproducibility of the assay. 

 

Fig. 3. Detection of different HIV-1 subtypes:               
Quantitation of HIV‑1 DNA from subtypes A, B, C, D and 
AE (CRF-01) using a 15 cycle pre-amplification step prior 
to the TaqMan assay. 
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the presence of chromosomal DNA 
(equivalent to 2.5x105 SupT1 cells). 
Dead cells, cell debris and other     
contaminants were removed by      
sorting the uninfected SupT1 T cells 
with flow cytometry and the total    
nucleic acids were isolated utilizing the 
Boom method17. The HIV‑1 DNA copy 
number was quantified with and    
without cellular DNA of uninfected 
SupT1 T cells. The results measured 
with chromosomal DNA were corre-
lated to those obtained without        
(1/slope =1.01, Pearson P<0.0001 and 
r2=0.9685) (Fig. 4) and demonstrate 
that the presence of chromosomal 
DNA does not decrease the sensitivity 
of the assay. 
 
Quantitation of HIV‑1 DNA integrated in T cell lines. To validate the assay for       
detection of integrated provirus, SupT1 T cell lines containing an integrated          
doxycycline (dox)-dependent HIV-rtTA** provirus were used18. These cell lines        
contain latently integrated provirus when dox is absent. However, if dox is added, 
these cells start to produce viral particles. Two different cell lines were used, one 
carrying a single copy of integrated HIV‑1 DNA (named SupT1-1) and the other      
carrying 14 copies (SupT1-14) as determined by fluorescent in situ hybridization 
(FISH) (Fig. 5A and data not shown). The SupT1-1 and SupT1-14 cells were cultured 
with dox, harvested and fixed in 3.7% paraformaldehyde. Dead cells and cell debris 
were removed by sorting the cells with flow cytometry and DNA was subsequently 
released by Proteinase K treatment. The assay confirmed that the SupT1-1 cells carry 
a single HIV‑1 copy while SupT1-14 cells contain 14 copies per cell (Fig. 5B). 
 
To verify that the assay is not affected by the production of new viral particles the 
SupT1-1 and SupT1-14 cells were cultured in the presence of dox. The fusion         
inhibitor T1249 was added to prevent subsequent rounds of infection. Additionally, 
the samples were subjected to either RNAse or DNAse treatment prior to assay. 
RNAse treatment had no effect while DNAse abrogated the signal, demonstrating 
that HIV‑1 DNA measurement is not influenced by the presence of viral RNA         
(Fig. 5B). 
 
To verify the quantitation of cell numbers by flow cytometry the cell numbers were 
also quantified with a commercial quantitative TaqMan assay that measures the       
β-actin house keeping gene. The HIV‑1 DNA copy number per 105 cells was             

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Detection of HIV-1 DNA in the presence of 
cellular DNA: TaqMan quantitation 20 to 2×107 cop-
ies of HIV-1 DNA (HxB2 subtype B) in the presence 
or absence of cellular DNA equivalent to 2.5×105 
SupT1 cells. 
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correlated with the amount of cells either quantified by flow  cytometry or by β-actin 
quantitative PCR (qPCR). The results obtained with the two methods correlated 
strongly (slope=1.22, Pearson P<0.0001 and r2=0.9804) (Fig. 5C). Additionally, the 
influence of 3.7% paraformaldehyde was tested. Prior to Proteinase K treatment, the 
SupT1-1 cells were subjected to fixation or not. The results show that fixation of the 
cells with 3.7% paraformaldehyde did not influence the assay (Fig. 5D). 
 
Next, serial dilutions of the SupT1-1 HIV‑1 DNA content were measured in the     
presence of chromosomal DNA. HIV‑1 DNA was isolated with the Proteinase K 
method and each sample was supplemented with chromosomal DNA equivalent to 
6x104 uninfected SupT1 cells. The HIV‑1 DNA copy number from SupT1-1 cells     
without cellular DNA correlated to the measured HIV‑1 DNA copy numbers with 
chromosomal DNA (slope= 1.10, Pearson P=0. 0105 and r2=0.98) (Fig. 5E). This     

Fig. 5. Quantitation of integrated proviral HIV‑1 DNA in SupT1 T cell lines. A: Visualization of            
integrated HIV‑1 DNA in the SupT1-1 T cell line by fluorescent in situ hybridization (FISH),                   
demonstrating that these cells carry a single copy of viral DNA. The arrow indicates the two dots       
corresponding to the single integrated HIV‑1 genome in a dividing cell. B: Quantitation of the HIV‑1 
DNA in 105 SupT1-1 (grey bars) or SupT1-14 (black bars) cells 1: without pre-amplification, 2: 15 cycles 
of pre-amplification, 3: in the presence of RNase, 4: in the presence of DNase. C: Correlation of the 
HIV‑1 DNA copy numbers and the quantity of SupT1-1 cells. Cell numbers (indicated next to the linear 
regression curve) were quantified either by flow cytometry or by β-actin TaqMan quantitation. D:     
Influence of paraformaldehyde fixation on the HIV‑1 DNA quantitation in SupT1-1 cells. E: Correlation 
of HIV‑1 DNA quantified in SupT1-1 cells that were supplemented or not with chromosomal DNA 
equivalent to 6×104 uninfected SupT1 T cells. 
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demonstrates that the HIV‑1 DNA measurement is not influenced by the presence of 
large amounts of chromosomal DNA. 
 
HIV‑1 DNA detection within infected cells and in clinical samples. The assay was 
further evaluated for the capacity to quantify HIV‑1 DNA copy numbers in primary 
cells as well as in SupT1 cells infected with HIV‑1. PHA-activated CD4+ T cells,         
immature and mature monocyte-derived dendritic cells (iMDDC and mMDDC) and 
SupT1 T cells were infected with the HIV‑1 strain HxB2 (7.500 TCID50). The cells (105) 
were harvested 2 days after infection and subjected to our viral DNA quantitation 
assay. Pre-amplification steps for fully reverse transcribed viral genomes (tot-LTR) 
and 2-LTR circles were performed and the samples were subsequently analyzed in 
the TaqMan DNA assay. As expected, the fully reverse transcribed HIV‑1 DNA copy 
number per cell, shown as tot-LTR values, varied between the different cell types 
(Fig. 6A). The SupT1 T cell line showed the highest viral DNA load followed by the 
CD4+ T cells (0.5 log10 lower DNA levels compared to SupT1 T cells). The mMDDCs 
and iMDDCs showed a similar DNA load, but 0.8 log10 lower compared to the CD4+ 
T cells. iMDDCs treated with the fusion inhibitor T1249 served as a negative control 
to demonstrate that the assay quantifies only post-entry products. Although the        
2-LTR copy numbers were three orders of magnitude lower than the tot-LTR copy 
numbers, the quantified 2-LTR DNA correlated strongly with the measured tot-LTR 
for each cell type, (Pearson P=0.0006 and r2=0.9875) (Fig. 6B). The assay was further 
evaluated utilizing clinical material isolated from 8 recently infected HIV‑1 positive 
individuals. HIV‑1 DNA copy-numbers (tot-LTR) were measured in the monocyte 
fractions and compared with HIV‑1 plasma viral loads (Fig. 6C). For each patient 
HIV‑1 DNA could be detected and quantified in the monocyte fractions with up to 1 
log variation observed in copy number between individuals. It was also observed that 
HIV‑1 DNA copy-numbers associated with plasma RNA loads. 
 
 

DISCUSSION 
The HIV‑1 field has benefited immensely from subtype B orientated studies but it 
has become apparent that new tools are required for research in areas where non-B 
subtypes are circulating. Particularly in sub-Saharan Africa where many variant       
subtypes are co-circulating but also within Europe and North America where the 
number of non-B infections increases due to immigration and tourism19. In addition, 
HIV‑1 is still evolving and the prevalence of recombinant forms is ever increasing20,21. 
There are multiple quantitative HIV‑1 assays that measure viral RNA with high       
efficiency22 and include the detection of non-B subtypes23-26. Assays that detect viral 
DNA from non-B subtypes have also been described27,28. However, these assays tar-
get the gag/pol region of the viral genome, which is more diverse among HIV‑1    
subtypes in comparison to the LTR region targeted in the assay described here. 
Based on phylogenetic analysis, this assay can measure many circulating HIV‑1      
subtypes with equal efficiency with the likely exception of CRF-02(AG). This HIV‑1 
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subtype differs due to the insertion of a single nucleotide in the target region of the 
TaqMan primer 3’PR. However, the analysis depicted in Table 1 is based on perfect 
similarity and subtypes with one or more mismatches could still be detected. 
 
Increased assay sensitivity is a key requirement in studies where small amounts of 
HIV‑1 infected cells are present amidst large numbers of uninfected cells, specifically 
in clinical studies monitoring the effect of antiretroviral therapy and the study of 
elite controllers. The designed quantitative HIV‑1 DNA assay using the TaqMan DNA 
amplification technology detects low copy numbers of HIV‑1 DNA in the presence of       
human genomic DNA from uninfected cells. Performing the assay using only the 

Fig. 6. HIV-1 DNA detection in de novo infection of a T cell line and different primary cells. A: Quanti-
tation of HIV‑1 DNA in SupT1 T cells and PHA-activated CD4+ T cells (aCD4+), mature monocyte-derived 
dendritic cells (mDC) and immature monocyte-derived dendritic cells (iDC) after a 48 hour infection with 
HIV‑1 LAI. B: Correlation between the 2-LTR and tot-LTR viral DNA copy numbers in the different     
infected cells. C: HIV-1 DNA load in blood monocytes of recently infected individuals (black bars)      
compared to their plasma RNA load (grey bars). 
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TaqMan primers 5’PF and 3’PR doubles the sensitivity since both 5’ and 3’ LTRs are 
measured. The investigation of cellular reservoirs could be aided by such             
measurements, particularly when cell populations with low virus susceptibility are 
studied. However, as this assay detects different HIV‑1 subtypes equally well it can 
not be used for virus subtyping. 
 
HIV‑1 reverse transcription is a complex process where many intermediate or       
unfinished shorter viral DNA forms can be found in infected cells. The TaqMan     
primers 5’PF and 3’PR align in both the 5’ and 3’ LTR regions and therefore amplifies 
variant HIV‑1 DNA intermediates. However, the primers used in the                           
pre-amplification step (5’PFP and 3’PRP) exclusively amplify fully reverse transcribed 
DNA (tot-LTR). Detection of completely reverse transcribed HIV‑1 DNA does not   
necessarily mean that the virus will integrate as provirus. However, it does indicate 
that the cell is infected and can be useful to monitor as HIV‑1 DNA levels are           
associated with therapy outcome29. 
 
Reverse transcribed HIV‑1 DNA is present in non-integrated (linear and circular (1- or 
2-LTR circles)) and integrated forms. By using specific primers in the                           
pre-amplification step the 2-LTR circular DNA form can be quantified. Although the 
exact role of how non-integrated HIV‑1 DNA copies can influence pathogenesis is 
not clear, the 2-LTR circles are of interest since they accumulate and may serve as 
marker for persistent viral replication in patients on antiretroviral therapy showing 
undetectable plasma HIV‑1 RNA loads30-33. The designed primers can contribute to 
such studies by including the measurement of several HIV‑1 subtypes in a single   
assay. 
 
A downside of the described experimental design is that it scores the total HIV‑1 
DNA copy number and does not discriminate between integrated and non-integrated 
DNA. Integrated HIV‑1 provirus can be quantified with a primer targeting the human 
repetitive Alu element in combination with a primer targeting the provirus34,          
although some proviruses will be missed using this approach18. The pre-amplification 
primers 5’PFP and 3’PRP can be used in combination with Alu primers for the            
detection of integrated provirus (Fig. 1D). 
 
A sensitive TaqMan assay has been developed that can measure a single HIV‑1 DNA 
copy per cell and which can detect major HIV‑1 subtypes A, B, C, D and AE (CRF_01) 
with equal efficiency. The primers and probe used in the TaqMan quantitation assay 
can be used to score HIV‑1 DNA copies in a sample that is pre-amplified in three   
different manners: 1) total reverse transcribed HIV‑1 DNA 2) 2-LTR circular and 3) 
integrated provirus. 
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MATERIALS AND METHODS 
HIV‑1 genome analysis. Full length HIV‑1 genome sequences, including the LTR, 
from the Los Alamos database35 were selected (n=417). Sequences from 17 subtype 
A, 200 subtype B, 48 subtype C, 8 subtype D, 6 subtype F, 7 subtype G and 131 from 
CRF-01(AE) viruses were aligned according to the reference sequence alignments36. 
The Shannon entropy was calculated for each nucleotide position from the full length 
viral genome with DnaSP 5.10.01 software to define the best conserved genomic  
regions37. 
 
HIV‑1 isolates and DNA standards. The HIV‑1 isolates selected for this study were 
UG273, DJ258 (subtype A), US1, US2, HxB2-LAI (subtype B), UG268, ETH2220, SE364 
(subtype C), UG270 (subtype D) and CM235 (CRF_01/subtype AE). These selected 
isolates were acquired from a virus panel that was characterized previously38,39.     
Peripheral blood mononuclear cells (PBMCs) were infected (multiplicity of infection 
0.001) with the HIV‑1 isolates listed above and nucleic acids were isolated according 
to the method described by Boom et al17. The full length U3RU5 LTR region 
(corresponding nucleotides [nt] 1-797 of the virus genome according to the HIV‑1 
HxB2CG [GenBank   accession no. K03455] numbering) was amplified using primers 
MSF13 and L-GAGUNIM2 (Table 2) under standard PCR conditions with AmpliTaq 
DNA Polymerase (Appliedbiosystems). The amplicons were cloned into the TOPO-TA 
plasmid (Invitrogen) and transformed into E. coli Top-10 bacteria. The plasmids were 
isolated to generate HIV‑1 DNA stocks used as subtype prototypes. The plasmids 
were linearized with the restriction enzyme BamHI (New England Biolabs) and       
purified using DNA purification columns (Qiagen) according to the manufactures   
instructions. The DNA concentration was quantified with the spectrophotomer        
ND-1000 UV-Vis (NanoDrop technologies) and verified on a 1% agarose gel. The final 
DNA concentration was standardized to the equivalent of 2×109 copies/μl. 10-fold 
serial dilutions ranging from 2 to 2×106 DNA copies/μl were used in the quantitation 
assay. 
 
Primers and probe. Primers targeting the most conserved region in the LTR,         
identified by the sequence analysis, were designed (Table 1) using Mfold40 and Oligo 
Analyzer41 software. Two different pre-amplification primer sets were designed to 
discriminate between different HIV‑1 DNA forms. The first primer set (5’PFP and 
3’PRP) detects all forms (linear and circular) of fully reverse transcribed HIV‑1 DNA 
(Fig.1). The second primer set (5’PFP and 3’PRP2) is specific for the 2-LTR circular DNA 
form. The 15 cycle pre-amplification conditions were: 1 min (94oC), 1min (55oC) and 
2 min (72oC) using AmpliTaq DNA Polymerase (Applied biosystems). The                    
pre-amplified PCR product was used as input in the TaqMan measurement. 
 
For the quantitative TaqMan reaction primers 5’PF, 3’PR were used together with 
probe PPr. The probe carries a FAM fluorescence label, a TAMPA quencher and a    
major groove binding (MGB) group for stability. The quantitative TaqMan conditions 
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were: 2 min (50oC), 10 min (95oC) and 45 cycles of 15 sec (95oC) followed by 1 min 
(60oC) using the Platinum TaqMan kit (Invitrogen). 
 
Cells, Cell lines and clinical samples. PBMCs were isolated from buffy coats by     
standard Ficoll-Hypaque density centrifugation.  CD8+ T lymphocytes were depleted 
from the PBMC pool, using CD8 immunomagnetic beads (Dynal) and the CD4+        
enriched T lymphocytes were activated with PHA (2 µg/ml) in the presence of rIL-2 
(100 U/ml) prior to infection with HIV‑1 as described previously42. Clinical materials 
were collected from HIV‑1 positive individuals visiting the outpatient clinic of the 
Academic Medical Center, Amsterdam (under medical ethical review granted to the 
Amsterdam Cohorts Studies). At time of sample collection, plasma HIV‑1 RNA was 
measured (bDNA 3.0 assay from Bayer Diagnostics, Berkeley, California, USA), and 
blood CD4+ T lymphocyte, CD8+ T lymphocyte, B lymphocyte and monocyte counts 
were determined. Subsequently, the monocyte cell fractions were isolated from 
PBMCs as previously described43. The assay was performed using 2.5x105 cells since 
this level of cellular DNA input had been shown not to influence the readout. The 
human T lymphocytic cell line SupT1 (ATCC CRL-1942)44 was cultured as previously 
described45. The stable SupT1-1 and SupT1-14 cell lines were generated by limiting 
dilutions after transducing plasmid DNA of a  doxycycline (dox)-dependent HIV-rtTA** 
construct into SupT1 cells as previously described18,46-48. 
 
Cell fixation, RNase and DNase treatment. The HIV‑1 infected cell lines were fixed 
with 3.7% paraformaldehyde before they were sorted and counted by cell flow      
cytometry. All cell fractions used in the study were fixed with 3.7%                                
paraformaldehyde and treated with Proteinase K (0.1 mg/ml Roche) in 10 mM Tris 
pH8.3 for 1 h at 56oC. Proteinase K was inactivated by a 10 min incubation at 95oC. 
The released genomic material was used as input for the quantitation of HIV‑1 DNA 
copy numbers. No further DNA purification was required. For RNase treatment the 
samples were treated with RNase (Sigma-Aldrich) at a final concentration of              
10 μg/ml and for DNase treatment with 50 U/ml DNase I (RNase-free, Applied Biosys-
tems). 
 
Fluorescent in situ hybridization (FISH). SupT1-1 and SupT1-14 cells were  cultured 
for 24 h before the cells were incubated with a hypotonic solution of 0.75M KCl to 
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allow swelling of the nuclei. The cell membrane was dissolved in 0.05 % Tween in 0.1 
M HCl and the cells were fixed with methanol/acetic acid (3:1) on a glass slide. FISH 
was performed with a dUTP biotin-labeled full length HIV‑1 probe. A secondary 
avidin-Cy3 labeled antibody was used to visualize the bound probe by confocal      
microscopy. Uninfected SupT1 cells were used as a negative control. 
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ABSTRACT 
Background. HIV‑1 transcription initiation depends on cellular transcription factors 
that bind to promoter sequences in the Long Terminal Repeat (LTR). Each HIV‑1    
subtype has a specific LTR promoter configuration and even minor sequence changes 
in the TFBS or their arrangement can impact transcriptional activity. Most latency 
studies have focused on HIV‑1 subtype B strains and the degree to which LTR       
promoter variation contributes to differences in proviral latency is therefore largely 
unknown. Latency differences may influence establishment and size of viral            
reservoirs as well as the possibility to clear the virus by therapeutic intervention. 
Results. We investigated the proviral transcriptional latency properties of different 
HIV‑1 subtypes as their LTRs have unique assemblies of transcription factor binding 
sites (TFBS). We constructed recombinant viral genomes with the subtype-specific 
promoters inserted in the common backbone of the subtype B LAI isolate. The      
recombinant viruses are isogenic, except for the core promoter region that encodes 
all major TFBS, including  NF-ĸB and Sp1 sites. We developed and optimized an assay 
to investigate HIV‑1 proviral latency in T cell lines. Our data shows that the majority 
of HIV‑1 infected T cells only start viral gene expression after TNFα activation. 
Conclusions. There were no gross differences among the subtypes, both in the initial 
latency level and the activation response, except for subtype AE that combines an 
increased level of basal transcription with a reduced TNFα response. This subtype AE 
property is related to the presence of a GABP instead of NF-ĸB binding site in the 
LTR. 
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INTRODUCTION 
Combined antiretroviral therapy (cART) is able to suppress the HIV‑1 plasma RNA 
load in patients to undetectable levels. Unfortunately, the treatment does not lead 
to a complete eradication of the virus from the infected individual. Even after many 
years of successful cART the virus rebounds from latently integrated proviral DNA 
reservoirs and re-establishes systemic infection upon interruption of therapy1-4. 
HIV‑1 proviral latency may be an effective means to evade the immune system, 
since the infected cell will go unnoticed by the immune system as long as viral       
antigens are not expressed and presented. The pool of latent proviruses is             
established early during infection and forms a steady source of proviral DNA that can 
last a lifetime for infected individuals5-7. The majority of the latent proviruses reside 
in long-lived memory CD4+ T cells, but other cellular reservoirs, such as monocytes, 
macrophages and dendritic cells, can also harbor latent proviruses8-11. HIV‑1 latency 
remains a formidable barrier towards virus eradication as therapeutic attempts to 
purge these reservoirs have been unsuccessful3,9,12,13. 
 
Previously reported contributors to proviral latency include suppressive effects of 
cellular microRNAs, an impaired viral Tat-TAR axis, and epigenetic silencing via      
histone modification and DNA hypermethylation14-18. Most of these modulators have 
been studied in artificial cell line models for HIV‑1 latency, but some of these   
mechanisms were found to be operational in resting CD4+ T-cells from HIV infected 
patients19,20. HIV‑1 transcriptional activation from latency depends on cellular      
transcription factors that bind to the Long Terminal Repeat (LTR) promoter.           
Differences in promoter activity among the HIV‑1 subtypes have been reported,   
consistent with the fact that their LTRs have specific configurations of transcription 
factor-binding sites (TFBS), including variation in the number and sequence of NF-ĸB, 
STAT5 and C/EBP sites21-25. Such subtype-specific promoter characteristics correlate 
with significant differences in terms of viral replication kinetics and the response to 
environmental changes26. The interaction between cell type specific transcription 
factors and LTR sites is crucial for the regulation of virus expression and possibly  
proviral latency. Therefore, we investigated the influence of the subtype-specific  
promoters on HIV‑1 transcriptional latency in a single round infection-based latency 
assay model. 
 
We demonstrate that the majority of the HIV‑1 infected T cells initiate viral            
production only after TNFα activation. There were no gross differences in latency 
and activation properties among the subtypes, except for subtype AE. This subtype 
combines increased levels of productive infection with a reduced TNFα response, 
which correlates nicely with the presence of a GABP instead of an NF-ĸB                 
transcription factor binding site in its LTR. 
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RESULTS 
Latency model. We have previously described a single round infection assay to      
determine HIV‑1 transcriptional latency, which occurs even in actively dividing 
T cells27. In this assay the SupT1 T cell line is infected with HIV‑1LAI for 4 hours after 
which the fusion inhibitor T1249 is added to prevent new infections (Fig. 1A). The 
culture is split 24 hours post infection and either treated with anti-latency drugs or 
not (mock). Treated cells are harvested 24 hours later, fixed, stained for intracellular 
CA-p24 and analyzed by FACS. The living cell population was subsequently scored for 
intracellular CA-p24 production (Fig. 1B). 
 
First, we optimized the latency assay to score the impact of cellular stimuli on the 
HIV‑1 subtype B strain LAI and tested the cytokine TNFα as anti-latency drug. The 
subtype B LTR promoter contains two NF-κB binding sites through which                
transcription can be triggered by activation of the NF-κB pathway with TNFα28-32. In 
addition, NF-κB stimulates transcriptional elongation by RNA Polymerase II through 
binding of the pTEFb cofactor33. We also tested Vorinostat (SAHA), an inhibitor of 
histone deacetylases, which creates a more open nucleosome conformation thereby 
making the HIV‑1 promoter more accessible to transcription factors34,35. In the mock 
treated culture 3.4% of the cells are producing CA-p24, which is increased to 10.1% 
in the TNFα treated culture (Fig. 1C). The ratio between TNFα and mock treated    
cultures (“fold activation”) is used as a measure of viral latency. TNFα treatment   
induces a significant 3-fold increase in the percentage of CA-p24 positive cells        
(Fig. 1D). In this assay we only score the productively infected cells, either directly or 
after drug treatment. We do not detect unresponsive or defective proviral genomes. 
The results indicate that there are at least 3 times as many latent integration events 
compared to productive integrations of an intact provirus in SupT1 T cells that can be 
activated upon TNFα treatment. Vorinostat has a less pronounced effect as CA-p24 
positivity is increased from 3.4% to 4.8%, yielding a 1.5-fold activation. Combinations 
of both anti-latency drugs did not yield any further significant increases in activation 
over the TNFα effect (results not shown). In this setting of recently integrated        
proviruses, Vorinostat has no additional effect over the already strong effect of 
TNFα. These results do not necessarily mean that all latently integrated proviruses 
are activated. It is likely that we cannot activate all latently integrated proviruses. 
Even latency studies using (clonal) cell lines, with each individual cell containing a 
latently integrated provirus, cannot purge 100% of the proviruses out of latency   
using a mixture of anti-latency drugs18,27,28,36-40. 
 
TNFα stimulation affects the process of HIV‑1 transcription, but might also affect the 
amount of proviruses generated upon cell stimulation. To exclude an effect of TNFα 
induction on the efficiency of reverse transcription and provirus formation, we     
performed a real-time TaqMan assay to score the average number of HIV‑1 DNA 
copies per cell. We measured no difference between TNFα induced and mock 
treated after 24 hours of stimulation (data not shown), demonstrating that TNFα 
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does not influence the efficiency of  reverse transcription and/or the amount of viral 
DNA that is produced, consistent with an exclusive impact on LTR-mediated         
transcription. 
 
Linear range of the latency model. To investigate the linear range of this latency  
assay we infected SupT1 cells with increasing amounts of subtype B and determined 
the percentage of CA-p24 positive cells with and without TNFα activation. Upon    

Fig. 1. HIV‑1 latency assay. A: Schematic of the HIV‑1 latency assay. SupT1 T cells are infected with 
HIV‑1 for 4 hours, free virus is washed away, and the fusion inhibitor T1249 is added to prevent new 
infections. Infected cultures are split 24 hours after infection into a mock and anti-latency drug treated 
culture. Cells are harvested 24 hours after treatment, stained for intracellular CA-p24 and analyzed by 
FACS. The fold activation (as viral latency marker) is the ratio of CA-p24 positive cells in the drug versus 
mock treated sample. B: Representative FACS analysis. Live cells are gated using the Forward/Sideward 
scatter (FSC/SSC) and scored for CA-p24 positivity in the RD1 channel. C: Latency assay: percentages of 
CA-p24 positive cells in control (mock treated), TNFα treated, Vorinostat treated and DMSO treated 
(mock for Vorinostat treated) cultures. The results presented are the average values of two                
independently produced virus stocks, which were both used in two independent infections. Significant 
difference (*) was determined with the student T-test (Graphpad Prism). D: The fold activation 
(percentage CA-p24 positive cells in drug induced culture versus mock culture). 
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increasing the virus input more cells become infected and TNFα activation yields an 
increase in the percentage of CA-p24 positive cells (Fig. 2A). The fold activation,  
however, gradually decreases with increasing viral input (Fig. 2B). A possible          
explanation for this is that at high viral input cells become infected by multiple      
viruses, with transcriptionally active proviruses ‘overruling’ silent copies. Such cells 
will be quantified as CA-p24 positive, leading to an underestimation of latent        
proviruses. At the other end of the spectrum, results became more variable and thus 
less reliable when less than 1% CA-p24 positive cells were scored in the non-treated 
control. In subsequent infection experiments we have titrated the virus such that 1 
to 5% of the cells became CA-p24 positive without activation. 

Fig. 2. Performance of the HIV‑1 latency assay. A: Average percentages of CA-p24 positive cells as  
determined by FACS in SupT1 T cells infected with increasing concentrations of HIV‑1LAI (ng/infection). 
Cells were either mock treated or TNFα induced. B: Fold activation from latency with increasing viral 
input. C: Ratio MFI of TNFα induced versus mock cultures. D: Extracellular CA-p24 concentrations in 
TNFα induced and mock treated cultures. E: The concentration of extracellular CA-p24 was corrected 
for the percentage of intracellular CA-p24 positive cells. Results are shown as the ratio of extracellular 
versus intracellular CA-p24. The results presented are the average values that were obtained with three          
independently produced virus stocks, and each stock was used for two independent  infections. 
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The results presented thus far demonstrate that TNFα treatment increases the    
number of CA-p24 producing cells. To determine whether cells also start producing 
more CA-p24 upon TNFα stimulation, we analyzed the mean fluorescent intensity 
(MFI) of the CA-p24 positive cells. As with fold activation, we used MFI ratios of    
induced to non-treated cultures to determine the relative change in intracellular    
CA-p24 production level. This MFI ratio upon TNFα treatment was close to 1,         
indicating that TNFα treatment does not increase the viral gene expression levels, 
but only the number of active proviruses (Fig. 2C). To check whether perhaps more 
CA-p24 was secreted, the concentration of CA-p24 in the culture supernatant was 
quantified by ELISA. The TNFα induced cultures showed increased CA-p24 levels in 
the supernatant since TNFα induces more cells to produce CA-p24 (Fig. 2D). When 
we correlate the extracellular CA-p24 levels with the number of CA-p24 producing 
cells an increase was observed upon TNFα induction in the cultures infected with       
3 ng and 9 ng CA-p24 as viral input for infection. However, these differences were 
not statistically significant (Fig. 2E). Thus, the latency model optimized for the        
wild-type HIV‑1 subtype B allows one to score for activation of latent proviruses. 
 
Latency over time. We were interested to monitor proviral latency over an extended 
time window. The fusion inhibitor T1249 remained present in these cultures to      
prevent spreading of the input virus. A sample of the cultures was split on day 2, 7 
and 14 and either TNFα or mock treated. The cells were harvested 24 hours later and 
analyzed by FACS. The percentage of CA-p24 positive cells in the mock culture        
decreased gradually over time from 3.3% to 0.4% (Fig. 3A). The TNFα-treated level of 
CA-p24 positive cells also decreased, but less dramatically. This indicates that the 
fold activation as latency measurement increased considerably from 3-fold on day 3 
to 10-fold on day 15 (Fig. 3C). However, as described above, a too low percentage of 
CA-p24 positive cells yields less reproducible values and we therefore decided to    
focus on the latency measurement after 24 hours. Nevertheless, the data in Fig. 3C 
do clearly demonstrate that latency gets more dramatic over time. 
 
Similar experiments were performed with the HDAC inhibitor Vorinostat (Fig. 3B and 
3D). Over time both mock and Vorinostat treated cultures show a decrease in     
number of CA-p24 positive cells and the activation from latency increases from       
1.5-fold on day 3 to 2.4-fold on day 15. 
 
Latency properties of different HIV‑1 subtypes and T cell lines. To investigate the 
influence of the subtype-specific promoter on proviral latency, SupT1 cells were    
infected with an equal amount of the different viruses. Without inducers subtype B 
yields 3.4% CA-p24 positive cells, which represents the basal transcription level     
(Fig. 4A). The subtypes A, C, D, F and AG yield very similar percentages, but subtypes 
G and AE demonstrate an increase in their basal transcription activity. Upon TNFα 
activation, percentages of CA-p24-producing cells increase for all subtypes, with an     
activation of around 3-fold, except for subtypes G and AE (Fig. 4B). Activation of    
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subtype G is only 2.2-fold and subtype AE is even less potent at 1.5-fold. Thus,       
subtypes with a higher basal transcription level are less inducible with TNFα. In other 
words, subtypes AE and G proviruses are less prone to become latent. The HDAC   
inhibitor Vorinostat induces activation from latency for all subtypes but with a      
reduced potency compared to TNFα (Fig. 4C). However, the same subtype trends 
were apparent, with the highest activation for subtype C and the lowest induction 
for subtype AE. 
 
We already showed that subtype B exhibits a more severe latency profile over time. 
The subtype-specific cultures were also assayed over longer periods and latent      
provirus was activated with TNFα. Subtype G, which exhibits reduced latency        
compared to B, also obtains a more dramatic latency profile over time (Fig. S1A). 
However, subtype AE activation from latency remains close to 1.5-fold, the same  
latency value as measured at day 2 post infection. Thus, subtype AE infection starts 
with higher basal transcription levels, exhibits a reduced latency and the AE latency 
profile does not become more dramatic over time as observed for the other           
subtypes. 
 

Fig. 3. HIV‑1 latency over time. AB: SupT1 T cells were infected with HIV‑1LAI. On day 2, 7 and 14 the 
culture was split and either mock treated, induced with anti-latency drugs (TNFα or Vorinostat) or   
passaged and cultured for another week, when the protocol was repeated. Cells were harvested 24 
hours after treatment (day 3, 8 and 15 respectively). Percentages of CA-p24 positive cells were          
determined by FACS. CD: The fold activation from latency. The results presented reflect the average of 
two independently produced virus stocks, and each was used in two independent infections. 
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Similar experiments were performed with the HDAC inhibitor Vorinostat. As           
expected, activation does not reach similar levels as TNFα treatment (Fig. S1B). 
Again, subtype AE was less prone to activation by Vorinostat as compared to the 
other subtypes. 
 
Compared to subtype B, AE has increased basal transcription levels and shows       
reduced latency. To ensure that the measurements were still in the linear range of 
the assay, SupT1 cells were infected with different amounts of  subtype AE or B virus. 
As expected, the basal percentage of CA-p24 positive cells was always higher for AE 
than B (Fig. 5A). Likewise, the fold activation was always higher for B than AE.        
Additionally, the TNFα induced activation from latency for subtype AE remained 
around 1.5-fold (Fig. 5B). These results demonstrate that subtype AE measurements 
are within the linear range of the assay and, more importantly, that AE is less         
responsive to TNFα induction since the AE promoter activity is higher compared to B 
at basal settings. 
 

Fig. 4. Influence of the HIV‑1 promoter on proviral latency. A: Viruses containing the indicated subtype 
specific LTR promoter were used in the latency assay. BC: Fold activation from latency with TNFα (B) 
and Vorinostat (C). The results are the average values that were obtained with two independently    
produced virus stocks, each tested in two independent  infections. P values * = p<0.05, ** = p<0.01,   
*** = p<0.001 were determined with the One Way ANOVA (Graphpad Prism). 
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To investigate if the obtained results are specific for SupT1 cells we repeated the   
experiments in Jurkat cells, also because many HIV‑1 latency studies have been    
performed using this T cell line17,18,30,38. The percentage of CA-p24 positive cells    
without induction, reflecting the basal transcription level, is slightly higher for AE as 
compared to B (1.2 and 1.0% respectively, Fig. S2A). However, activation from        
latency by TNFα induction is significantly higher for B than for AE (Fig. S2B). These 
results demonstrate that subtype AE also exhibits reduced latency compared to    
subtype B in the Jurkat T cell line. 
 
NF-κB versus GABP. Infection of T cells with HIV‑1 subtype AE yields more CA-p24 
producing cells than equivalent infections with subtype B. On the other hand, TNFα 
induced activation from latency is reduced for AE compared to B, which thus yield 
similar end production levels. Arguably, the AE LTR might be less prone to become 
silenced due to the presence of the unique GABP binding site instead of the regular 
second NF-κB site present in the other subtypes. The GA binding protein (GABP) 
complex is composed of two subunits. GABPα binds to the DNA and GABPβ contains 
the transcriptional transactivation domain. This transcription factor has been       
demonstrated to have a role in basic cellular functions and has recently been        
described to have a critical role in differentiation and maintenance of hematopoietic 
progenitor cells41. To investigate if the GABP binding site is responsible for the       
increased basal transcription level and decreased TNFα response we made several 
alterations in the two promoters and tested latency properties (Fig. 6A). Replacing 
the GABP with a second NF-κB binding site in the AE promoter (AE+2xNFκB) slightly 
decreases the basal transcription level and subsequently increases the TNFα          
response (Fig. 6BC). Activation from latency increases significantly from 1.6-fold for 
AE to 2.3-fold for AE+2xNFκB. To examine if GABP is the sole factor that is              
responsible for this effect we subsequently converted the upstream NF-κB into a 
GABP site in subtype B (B+GABP). The basal transcription level increased from 2.3 for 
B to 3.1 for B+GABP, which is not statistically significant. However, the GABP          

Fig. 5. Latency profile comparison of HIV‑1 subtypes AE and B. A: SupT1 T cells were infected with 
increasing virus concentrations of subtype B or AE (3, 9, 27 and 81 ng/infection CA-p24) in the presence 
or absence of TNFα. B: Fold activation with TNFα for subtypes AE and B with the indicated viral inputs. 
The results presented reflect the average of three independently produced virus stocks and each stock 
was used in two independent infections. The HIV‑1 input (ng/infection) was based on CA-p24 ELISA. 
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insertion alters the TNFα response which decreased significantly from 2.6-fold for B 
to 1.9-fold for B+GABP. Taken together, these results demonstrate that the NFkB to 
GABP conversion partially explains the higher basal activity combined with lower   
response to activation but that GABP is probably not the sole responsible factor. 
 
 

DISCUSSION 
HIV‑1 proviral latency is a major barrier towards virus eradication from the infected 
patient. This latent virus reservoir is established early in infection7,12. In this        
manuscript we introduce a latency model system that creates the opportunity to 
study proviral latency in actively dividing T cells. The model is based upon a single 
round infection in combination with FACS analysis to determine virus production per 
cell. A major advantage of this model system is the use of wild type HIV‑1 instead of 
plasmids or sub-genomic reporter constructs. Additionally, the infected cells do not 
need to be cultured for an extended period, thus allowing one to study latency      
directly after infection in wild type cells without selection, in contrast to previous 
described latency model cell lines such as U1, ACH-2, OM-10.1 and J-Lat42-45. In     
principle, our method can be applied to any type of cell susceptible to HIV‑1          
infection. 

Fig. 6. LTR promoter elements of subtypes B and AE. A: The core promoter elements in the LTR of  
subtypes B and AE. Indicated transcription factor binding sites are: RBEIII, NFκB, GABP, Sp1 and the 
TATA box. BseA1 indicates the recognition site for the endonuclease used for molecular cloning. B:  
Percentages of CA-p24 positive cells without induction determined by FACS. C: Fold activation by TNFα 
induction. The results are presented as the average values of three independently produced virus 
stocks, each tested in two independent infections. P values: * = p<0.05, ** = p<0.01, *** = p<0.001. 
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In an acute HIV‑1 infection model with the SupT1 T cell line we demonstrate that a 
low percentage of the infected cells is able to express the integrated provirus. The 
majority of infected cells carry a latent provirus, which we could identify upon       
provirus activation from latency by TNFα. For HIV‑1 subtype B, we measured a 3-fold 
increase in the percentage of CA-p24 positive cells. However, the amount of viral     
CA-p24 production per producing cell did not increase. The HDAC inhibitor            
Vorinostat was also able to activate latent provirus, although less efficient than 
TNFα. Combinations of both anti latency drugs did not yield any further significant 
increases in activation. 
 
Culturing the infected cells over an extended period caused a relative decrease in the 
number of CA-p24 positive cells. Transcriptional silencing of active proviruses seems 
unlikely because we use actively dividing T cells. It seems more likely that the         
decrease in percentage of CA-p24 positive cells is due to cell death induced by     
HIV‑146. In addition, as HIV‑1 induces cell cycle arrest47, virus producing cells can no 
longer proliferate and thus their percentage will gradually decline relative to          
uninfected cells. Considering both factors, the decrease in CA-p24 positive cells 
seems relatively slow. This might be due to replenishment of the CA-p24 producing 
population by cells with a latent provirus that becomes transcriptionally active, 
which is in agreement with the stochastic model of HIV‑1 reactivation48-50. We     
demonstrate that latent proviruses remain present, as TNFα was still able to induce a 
significant increase in the CA-p24 positive population at day 15. In fact, activation         
increased from 3-fold at day 2 to 10-fold at day 15. However, the absolute               
percentage of CA-p24 positive cells obtained upon TNFα treatment decreases over 
time. The latter observation further supports the hypothesis of stochastic activation 
of latently integrated provirus, causing this population to slowly decline.                  
Alternatively, some of the latent proviruses may become silenced more stringently 
over time such that TNFα no longer suffices for activation. We are currently studying 
both options. 
 
We have analyzed the promoter of different HIV‑1 subtypes and observed that     
subtypes A, C, D, F and AG have similar latency profiles as B. Interestingly, the       
promoter of subtype C contains a third consensus DNA sequence for NF-ĸB binding51. 
Although it has not been shown that this site is actually bound by NF-ĸB,                 
experiments with LTR-luciferase reporter plasmids have demonstrated that subtype 
C promoter activity is increased compared to subtype B upon stimulation with TNFα 
or other NF-ĸB activators22,25,38,52-54. Viral fitness studies have also demonstrated 
relative advantages for the subtype C promoter in a TNFα-rich environment26.     
However, in terms of proviral latency we did not observe a significant difference    
between C and the other subtypes. 
 
Subtype AE clearly exhibits a reduced level of latency, which correlates with a GABP 
instead of NF-ĸB transcription factor binding site in the LTR. The GABP-to-NFκB      
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mutation in the AE promoter only slightly reduced the basal transcription level but 
did restore the TNFα response. The reciprocal experiment, the NFκB-to-GABP switch 
in subtype B, did not alter the basal levels but did significantly reduce the TNFα      
response. Thus, the GABP site is an important (but probably not the sole)                
determinant of the subtype AE specific properties. We are currently investigating 
other sequence variations between subtype AE and B to further elucidate the         
observed differences. 
 
Van Opijnen et al. demonstrated that the LTR impact on viral replication depends on 
the  cellular environment, either by host cell type or the presence of activators26. 
Subtype AE out-competed all other subtypes in the SupT1 T cell line. However,      
subtype AE became the worst competitor upon TNFα addition. Our observations   
indicate that the AE promoter has an advantage over the other subtype-specific    
promoters in a TNFα-poor environment, in part due to the unique GABP site causing 
AE to become latent less frequently than the other subtypes. Interestingly, a         
long-term culture of SupT1 T cells infected with a Tat-defective poorly replicating, 
HIV‑1LAI variant, resulted in a spontaneous NFκB-to-GABP conversion, which           
significantly increased viral replication55. This also indicates strong differences        
between subtypes AE and B in their replication and latency profiles. Because subtype 
AE proviruses are less prone to become latent, this may translate in higher chances 
of purging the reservoir. In other words, a cure may be within closer reach for       
subtype AE infected individuals. 
 
 

MATERIALS AND METHODS 
Cells and viruses. HEK 293T cells were grown as a monolayer in Dulbecco’s minimal 
essential medium supplemented with 10% (v/v) fetal calf serum (FCS), 40 U/ml    
penicillin, 40 μg/ml streptomycin, 20 mM glucose and minimal essential medium 
nonessential amino acids at 37°C and 5% CO2. The human T lymphocytic cell lines 
SupT1 (ATCC CRL-1942)56 and Jurkat (ATCC TIB-152) were cultured in advanced RPMI 
1640 medium (Gibco BRL, Gaithersburg, MD) supplemented with 1% (v/v) FCS,         
40 U/ml penicillin, and 40 μg/ml streptomycin at 37°C and 5% CO2. HIV‑1 infections 
were performed with 293T produced virus stocks of the different HIV‑1 molecular 
clones. The cells were transfected with plasmid DNA of the HIV‑1 LAI molecular 
clone57 or derivates thereof by the calcium phosphate method as described           
previously57. LTRs from patient isolates representing subtype A, C, D, AE (CRF_01), F, 
G and AG (CRF_02) were selected as being representative of the viral quasi species in 
the patient and the HIV‑1 subtypes22. These subtype-specific LTRs were cloned into 
the common viral backbone of HIV‑1LAI (subtype B). The recombinant viruses are 
isogenic except for the core promoter region containing the major TFBS, thus          
preventing differences in fusion, integration etc. The variable LTR region spans only 
150 bp, containing the major TFBS, but still encoding a subtype B TAR hairpin. The 
concentration of the produced virus stocks was determined by CA-p24 ELISA. 
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Reagents. TNFα (Invitrogen PHC3015) was prepared in sterile milliQ H2O (stock      
solution 10 μg/ml) and used at a final concentration of 50 ng/ml. Fusion inhibitor 
T1249 (WQEWEQKITALLEQAQIQQEKNEYELQKLDKWASLWEWF, Pepscan Therapeutics 
BV, Lelystad, The Netherlands) was obtained as a 10.000x stock solution of 1 mg/ml. 
Vorinostat was donated by Frank Dekker (Groningen University, The Netherlands). 
The lyophilized powder was dissolved in DMSO (2 mM stock solution) and used at a 
final concentration of 0.3 μM. 
 
HIV‑1 latency assay. 
Single round infection assay. SupT1 or Jurkat T cells (0.5x106 cells) were infected with 
virus stocks of the primary CXCR4-using LAI isolate or derivatives containing a        
subtype-specific 3’LTR. Excess virus was washed away after four hours and the cells 
were cultured in the presence of the fusion inhibitor T1249 to block all subsequent 
viral entry. The cultures were split 24 hours post-infection, and TNFα was added to a 
single culture. After another 24 hours, we measured intracellular CA-p24 by FACS 
analysis and extracellular CA-p24 production in the culture medium by ELISA. To 
equalize infections, input CA-p24 was kept similar among subtype-specific infections 
and conditional medium was added to reach a 200 μl infection volume. 
 
Intracellular CA-p24 staining and fluorescence-activated cell sorting. Flow cytometry 
was performed with RD1- or FITC-conjugated mouse monoclonal anti-CA-p24 (clone 
KC57, Coulter). Cells were fixed in 4% formaldehyde for at least 5 min at room     
temperature, washed with FACS buffer (PBS with 10% FCS) and kept at 4°C. The cells 
were washed with BD Perm/Wash™ buffer (BD Pharmingen) and stained for at least 
30 min at 4°C with the appropriate antibody diluted 1:100 in BD Perm/Wash™ buffer. 
Excess antibody was removed by washing the cells with BD Perm/Wash™ buffer and 
the cells were resuspended in FACS buffer. Cells were analyzed on a BD FACSCanto II 
flow cytometer with BD FACSDiva Software v6.1.2 (BD biosciences, San Jose, CA). Cell 
populations were defined based on forward/sideward scattering. Results from      
different assays were corrected for between-session variation with the factor         
correction program58. 
 
Extracellular CA-p24 ELISA. Culture supernatant was heat inactivated at 56°C for 30 
min in the presence of 0.05% Empigen-BB (Calbiochem, La Jolla, USA). The CA-p24 
concentration was determined by a twin-site ELISA with D7320 (Biochrom, Berlin, 
Germany) as capture antibody and alkaline phosphatase-conjugated anti-p24     
monoclonal antibody (EH12-AP) as detection antibody. Quantification was              
performed with the lumiphos plus system (Lumigen, Michigan, USA) in a LUMIstar 
Galaxy (BMG labtechnologies, Offenburg, Germany) luminescence reader.              
Recombinant CA-p24 produced in a baculovirus system was used as a standard. 
 
Plasmids. Cloning of the different subtype specific LTRs (A, C1. C2, D, AE (CRF_01), F, 
G and AG (CRF_02)) into the full length LAI molecular clone has been described      
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previously22. Subtype C1 and C2 do not refer to the different C subclusters, C and C’, 
but resemble two variants within subcluster C59,60. Introduction of the GABP instead 
of the upstream NF-ĸB site in the promoter of subtype B has previously been         
described55. An additional construct was made converting the unique GABP site in 
the subtype AE LTR into a second  NF-ĸB site. Plasmid pBlue3’LTR AE22 was used as 
template in two independent PCR reactions under standard conditions. PCR primers 
5’ TAG GGA CTT TCC GCT GGG GAC TTT CC 3’ and 5’TGT CTC ATG AGC GGA TAC 
ATA3’ were used in reaction A (bold indicate the NF-ĸB-II site). Reaction B was      
performed with primers 5’GTC CCC TGC GGA AAG TCC CTA GTT AG 3’ and 5’TGG AAG 
GGC TAA TTC ACT CCC3’. Both PCR products, purified from gel, were used as         
templates in a third PCR under standard conditions with primers 5’TGT CTC ATG AGC 
GGA TAC ATA3’ and 5’TGG AAG GGC TAA TTC ACT CCC3’. The 833 bp PCR product 
was digested with BseA1 and HindIII, purified and ligated into pBlue3’LTR. The       
mutated subtype AE LTR was cloned from pBlue3’LTR into pLAI61 using the XhoI and 
BglI restriction sites and verified by sequencing. 
 
Quantitative TaqMan assay. TaqMan assays were used to quantify the number of 
HIV‑1 DNA copies in infected cultures. In brief, cells were resuspended in Tris-EDTA 
(10 mM pH 8.3) containing 0.5 units/μl proteinase K (Roche Applied Science),         
incubated for 1 hour at 56°C and 10 min at 95°C and directly used for PCR                
amplification. The number of input cells was determined using TaqMan reagents for 
quantification of β-actin DNA (AB, Applied Biosystems) according to the               
manufacturer’s instruction. HIV‑1 DNA was detected with a semi-nested real-time 
PCR assay with a pre-amplification step that is exclusive for completely reverse    
transcribed HIV‑1 DNA. The pre-amplified product was subsequently quantified by 
real-time PCR as previously described62. 
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Fig. S2. Latency in the Jurkat T cell line. Jurkat cells were infected with subtype B or AE in the format of 
the latency assay. A: Percentage of CA-p24 positive cells without inducer. B: The TNFα induced fold 
activation from latency. The results are presented as the average values of three independently       
produced virus stocks of which each stock is used for two independent infections. P values: *** =           
p < 0.001 

SUPPLEMENTARY DATA 

Fig. S1. HIV‑1 activation from proviral latency over time. SupT1 T cells were infected with the different 
subtypes. On day 2, 7 and 14 the cells were induced with TNFα (A), Vorinostat (B), mock treated or   
passaged and cultured for another week, followed by a repeat of the protocol. The cells were harvested 
24 hours after treatment (day 3, 8 and 15, respectively) and analyzed by FACS for  CA-p24 positivity. The 
fold activation from latency increases over time for all the subtypes except AE. 
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ABSTRACT 
HIV‑1 latency remains a formidable barrier towards virus eradication as therapeutic 
attempts to purge these reservoirs are so far unsuccessful. The pool of                    
transcriptionally silent proviruses is established early in infection and persists for a 
lifetime, even when viral loads are suppressed below detection levels using             
anti-retroviral therapy. Upon therapy interruption the reservoir can re-establish    
systemic infection. Different cellular reservoirs that harbor latent provirus have been 
described. In this study we demonstrate that HIV‑1 can also establish a silent         
integration in actively proliferating primary T lymphocytes. Co-culturing of these    
proliferating T lymphocytes with dendritic cells (DCs) activated the provirus from   
latency. Activation did not involve DC-mediated C-type lectin DC-SIGN signaling or 
TCR-stimulation but was mediated by DC-secreted component(s) and cell-cell         
interaction between DC and T lymphocyte that could be inhibited by blocking ICAM-1 
dependent adhesion. These results imply that circulating DCs could purge HIV‑1 
from latency and re-initiate virus replication. Moreover, our data show that viral  
latency can be established early after infection and supports the idea that actively 
proliferating T lymphocytes with an effector phenotype contribute to the latent viral 
reservoir. Unraveling this physiologically relevant purging mechanism could provide 
useful information for the development of new therapeutic strategies that aim at the 
eradication of HIV‑1 reservoirs. 
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AUTHOR SUMMARY 
Combination therapy can suppress the viral load in HIV‑1 infected individuals to    
undetectable levels, but does not lead to complete virus eradication. Even after 
many years of successful therapy the virus is still present in long-lived cells as a     
latently integrated provirus. HIV‑1 can re-establish systemic infection from this     
reservoir when therapy stops. Purging attempts in patients have been unsuccessful 
and HIV‑1 latency remains a formidable barrier to virus eradication. Different        
cellular reservoirs that harbor latent HIV‑1 proviruses have been described to consist 
mainly of resting memory T lymphocytes. Yet how this reservoir in memory 
T lymphocytes is established is still unclear as infection of these cells is very            
inefficient. 
 
In this paper we demonstrate that HIV‑1 can establish a latent provirus in activated 
effector T lymphocytes. We observed that for every virus producing cell there is at 
least one other cell harboring a latent provirus, illustrating that latent infections   
occur frequently. Proliferating T lymphocytes are generally short-lived and their    
contribution to the total cellular reservoir thus seems limited. However, these       
activated T lymphocytes can revert into resting memory T lymphocytes and become 
part of the long-lived viral reservoir. 
 
 

INTRODUCTION 
Combined antiretroviral therapy (cART) is able to suppress the HIV‑1 plasma RNA 
load in patients to undetectable levels. The treatment, however, does not lead to 
complete virus eradication. Even after many years of successful cART the virus can 
rebound from latently infected cellular reservoirs and re-establish systemic infection 
upon therapy interruption1-5. Proviral latency is an effective strategy to sustain      
long-term infection by evading the immune system as long as viral antigens are not 
expressed and presented. Cells latently infected with HIV‑1 remain a formidable   
barrier towards virus eradication and therapeutic attempts to purge these reservoirs 
have thus far been unsuccessful1-3. 
 
The pool of latent proviruses is established early during infection and forms a steady 
source of integrated proviral DNA lasting a lifetime for infected individuals4,5. Early 
onset of cART reduces the size of the viral reservoir but does not prevent its          
formation6. HIV‑1 establishes latent proviral integration mainly in T lymphocytes, but 
viral reservoirs in monocytes and dendritic cells have also been described7-11. 
 
How the reservoir in memory T lymphocytes is established remains unclear. Infection 
of quiescent memory T lymphocytes is inefficient due to incomplete reverse         
transcription and integration12,13. Linear non-integrated cDNA is rapidly degraded 
with a half life of approximately 1 day, suggesting that de novo infection of memory 
T lymphocytes is unlikely to play a major role in formation of this long-lived viral   
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reservoir13. However, it has been shown that cytokine stimulation of quiescent 
T lymphocytes can increase the HIV‑1 infection efficiency by boosting reverse     
transcription and integration processes without inducing cell proliferation or             
up-regulation of cellular activation markers14-19. These integrated HIV‑1 proviruses 
are transcriptionally insufficiently active to support the production of new viral      
particles and the resting T lymphocyte may thus become part of the long-lived latent 
reservoir. An alternative hypothesis for the formation of the latent reservoir is that 
actively proliferating T lymphocytes become infected with a transcriptionally silent 
provirus20-22. This latently infected proliferating T lymphocyte will not be recognized 
by the immune system and the proliferating cell can revert to a memory 
T lymphocyte, thus contributing to the long-lived viral reservoir. 
 
We and others previously demonstrated that silent HIV‑1 proviral integrations occur 
in T cell lines27-34. In this study, the presence of latent proviruses in primary             
proliferating T lymphocytes was studied. To show that silent integration does not 
equal a defective provirus, one should demonstrate that the provirus can be purged 
out of latency. Conventional anti-latency treatments, such as TNFα that is effective in 
T cell lines, had no effect on the latent provirus in actively proliferating primary 
T lymphocytes, in agreement with the results of other groups35,36. Therefore, an   
alternative anti-latency treatment was explored. Co-culturing of the actively          
proliferating T lymphocytes with dendritic cells (DCs) was found to trigger a robust          
activation of the latent provirus. 
 
Our results demonstrate that a natural mechanism based on cell-cell contact can 
purge HIV‑1 from latency and support the idea that actively proliferating 
T lymphocytes contribute to the latent viral reservoir. Understanding the natural 
mechanisms that activate latent HIV‑1 provirus may lead to novel  intervention 
therapies to overcome latency. 
 
 

RESULTS 
Latent HIV‑1 in primary PHA-activated T lymphocytes can not be activated by    
classical anti-latency compounds. To study HIV‑1 proviral latency, the                  
transcriptionally silent provirus must be distinguished from a defective provirus. This 
can be achieved by purging the silent provirus out of latency and measuring           
production of viral proteins such as the major structural protein Gag or its CA-p24 
domain. We previously developed a latency assay and demonstrated that TNFα, 
which is a strong activator of the transcription factor NF-ĸB, could purge HIV‑1 out of 
latency in the SupT1 T cell line23,24. We reported that HIV‑1 frequently establishes 
latent infection in these actively dividing T cells. Here we used this assay to test     
several known anti-latency drugs on primary PHA-activated T lymphocytes. As        
expected, treatment of HIV‑1 infected SupT1 cells with TNFα yielded a 3-fold         
increase in the percentage of CA-p24 positive cells, but no such effect was observed 
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Fig. 1. Latent HIV‑1 in primary PHA-activated T lymphocytes can not be activated by classical            
anti-latency compounds. The SupT1 T cells (dark grey bars) and primary T lymphocytes (light grey bars) 
were infected with HIV‑1 for 4h. To prevent new rounds of virus replication, cells were cultured with 
the fusion inhibitor T1249. The HIV‑1 infected cell culture was split 24 h after infection and maintained 
in the presence or absence of different latency activation drugs at the indicated concentrations for 24 h. 
The cells were stained and gated for CD3- and intracellular CA-p24-positivity with FACS flow cytometry. 
Activation of latent provirus is indicated as fold activation by comparing the treated cells with the    
control cells (A to F). Because NaBut and TSA are dissolved in DMSO and Prostratin in ethanol the cell 
cultures were also treated with either DMSO or ethanol (EtOH) as controls (G). The result shown is the 
mean fold activation (± standard error of the mean (sem)) of a representative experiment with a single 
donor performed in triplicate (n=3). 
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Fig. 2. Latent HIV‑1 provirus in primary PHA-activated T lymphocytes can be activated by dendritic 
cells. A: Schematic time line of the latency assay. PBMCs were isolated from a healthy blood donor. The 
monocytes and T lymphocytes were separated by CD14 selection. Monocytes were differentiated into 
monocyte-derived dendritic cells (DC) and CD4-enriched T lymphocytes were infected with HIV‑1. 4 h 
post infection excess virus was washed away and the fusion inhibitor T1249 was added to prevent 
spreading of infection. The infected T lymphocytes were either co-cultured with DCs or not and the cells 
were analyzed with FACS flow cytometry for CD3- and intracellular CA-p24-positivity. B: Representative 
dot-plot of T lymphocytes positive for CA-p24 and CD3 with or without DC co-culturing. C: Analyses of 
the percentage of CA-p24 positive T lymphocytes shown as the mean fold activation. D: Analyses of the 
CA-p24 MFI shown as the mean fold activation. E: Virus particle secretion from infected T lymphocytes 
was determined by measuring CA-p24 in the culture supernatant with ELISA and the fold activation was 
calculated. All results presented are the mean values (± sem) of two independent experiments using 
two donors and each experiment was performed in triplicate (n=6). 
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in primary T lymphocytes (Fig. 1A). The phorbol esters prostratin and PMA can       
indirectly increase HIV‑1 transcription via activation of the protein kinase C (PKC) 
signaling route25,26. Treatment of infected SupT1 cells with prostratin increased the 
percentage of CA-p24 positive cells 1.5-fold, whereas no or even a small negative 
effect was observed for primary T lymphocytes (Fig. 1B). PMA treatment reduced the 
percentage of CA-p24 positive primary T lymphocytes while it did not change the 
percentage of CA-p24 positive SupT1 cells (Fig. 1C). Activation of the PKC route by 
stimulating the T cell receptor (TCR) with  the cross-linker phytoheamagglutinin 
(PHA) increased the number of CA-p24 positive SupT1 cells 1.7-fold, but like PMA 
reduced the percentage of CA-p24 positive primary T lymphocytes (Fig. 1D). 
 
Other activators of latent HIV‑1 provirus in T cell lines include histone deacetylase 
(HDAC) inhibitors, such as sodium butyrate (NaBut) and trichostatin A (TSA)39,40. 
These compounds prevent deacetylation of histone tails thereby creating a more 
open DNA chromatin conformation and this improves the accessibility of the HIV‑1 
promoter in the long terminal repeat (LTR) for transcription factors. In SupT1 cells, 
both NaBut and TSA activated latent provirus 2-fold when used at the highest       
concentration, but the compounds had no effect on the percentage of CA-p24      
positive primary T lymphocytes (Fig. 1D and E). DMSO and ethanol, used to dissolve 
NaBut and TSA, did not affect transcriptional activity of latent provirus (Fig. 1F). 
These results indicate that many of the known anti-latency drugs can indeed purge 
HIV‑1 out of latency in the SupT1 T cell line but not in primary proliferating 
T lymphocytes. Thus, either PHA-activated primary T lymphocytes do not harbor   
latent HIV‑1 infections, or the anti-latency drugs used at the indicated                     
concentrations are not sufficient to activate HIV‑1 provirus from latency in these 
primary cells. 
 
Latent HIV‑1 provirus in primary PHA-activated T lymphocytes can be activated by 
contact with dendritic cells. Dendritic cells (DCs) regulate T and B cell responses via 

cell-cell contact in combination with secretion of 
specific cytokines and chemokines27,28. To            
investigate if a more physiological cell-based    
stimulus could activate HIV‑1 from latency in     
primary T lymphocytes, the cells were co-cultured 
with immature monocyte-derived dendritic (DCs). 
The HIV‑1 infected T lymphocyte culture was split 
24 h after infection into a mock treated culture and 

Fig. 3. DCs do not activate latent HIV‑1 provirus in SupT1 
cells. HIV‑1 inoculated SupT1 T cells were mock treated, 
treated with TNFα (50 ng/ml) or co-cultured with DCs (ratio 
DC:SupT1 cell 1:3) in the latency assay. The results presented 
are the mean values (± sem) that were obtained from two 
independent experiments with two donors and each           
experiment was done in triplicate (n=6). 
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a co-culture with DC (Fig. 2A). In the latency assay new rounds of virus replication 
and virus transmission from DC to T lymphocyte are prevented by the fusion          
inhibitor T1249. The cells were harvested after 24 hours, stained for intracellular    
CA-p24 and analyzed by flow cytometry. The percentage of CA-p24 positive 
T lymphocytes increased significantly from 2.2% in the control culture to 5.2% upon 
co-culture with DCs (Fig. 2B). This 2.4-fold activation shows that HIV‑1 can              
frequently establish a latent provirus early after infection of PHA-activated 
T lymphocytes and DCs can induce proviral gene expression from the silent provirus 
to re-initiate virus production (Fig. 2C). Similar results were obtained with CD3/CD28-
activated T lymphocytes instead of PHA-activated T cells (Fig. S1). 
 
To confirm that the PHA-activated T lymphocytes have an effector phenotype they 
were stained with different antibodies to detect immune phenotype markers by flow 
cytometry. The PHA-activated T lymphocytes expressed low levels of CD69, CD127 
and CCR7 and high levels of CD25 and CD45RO, as expected of effector 
T lymphocytes (Fig. S2A). For most markers the expression level, measured with the 
mean fluorescent intensity (MFI), did not change as a result of virus production,    
except for a significant increase in CD25 and CD45RO expression in the CA-p24     
positive T lymphocytes compared to CA-p24 negative cells (Fig. S2B). The increase in 
CD25 expression was even more pronounced in the CA-p24 positive T lymphocytes 
that were co-cultured with DCs (Fig. S2C and S2D). 
 
To investigate whether DCs induce apoptosis of the HIV‑1 infected T lymphocytes, 
the cells were analyzed for the presence of phospholipid phosphatidylserine (PS), an 
early apoptosis marker. Co-culturing of T lymphocytes with DCs slightly increased the 
percentage of PS positive cells but this was observed for the complete T lymphocyte 
population and not specifically for the CA-p24 positive cells, demonstrating that   
increased CA-p24 expression is not caused by the onset of apoptosis (Fig. S3). 
 
To investigate whether contact with DCs also enhances the virus production per cell, 
we inspected the MFI of CA-p24 positive T lymphocytes. The MFI of DC versus mock 
treated cells was compared and the ratio of the two values was calculated (Fig. 2D). 
There was no significant difference, indicating that virus production per individual 
T lymphocyte does not increase. To investigate the total virus production in the cell 
culture, secreted CA-p24 was measured in the culture supernatant with ELISA.         
Co-culturing of the T lymphocytes with DCs increased the extracellular CA-p24       
production in the culture supernatant 2-fold, but this was not significantly different 
from the extracellular CA-p24 measured in the mock treated culture (Fig. 2E). When 
the extracellular CA-p24 production was corrected for the increased number of    
intracellular CA-p24 positive cells, no nett difference was observed (data not shown). 
These results demonstrate that DCs induce more T lymphocytes to produce HIV‑1 
but that virus production per cell does not change. 
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Fig. 4. HIV‑1 latency in activated T lymphocytes is maintained over time A: An aliquot of infected 
T lymphocyte cultured with or without DCs was analyzed for intracellular CA-p24 expression by FACS 
flow cytometry and the fold activation was calculated. The remainder of the cell culture was collected 
and analyzed by TaqMan. B: Quantitative TaqMan assay to measure total amount of integrated provirus 
(see text). The cellular β-actin house keeping gene was measured as input control. The results            
presented are the mean values (± sem) that were obtained from three independent experiments with 
three different donors and each experiment was performed in triplicate (n=9) C: T lymphocytes were 
infected for 4 hours, washed to remove excess virus, and cultured with the fusion inhibitor T1249, as 
usual, or cultured with T1249 combined with the integration inhibitor Raltegravir. 24 hours post        
infection both cultures were split into a mock treated culture or co-culture with DCs. After another 24 
hours cells were harvested, analyzed for intracellular CA-p24 expression by FACS flow cytometry, and 
fold activation was calculated. The results presented are the mean values (± sem) that were obtained 
from two independent experiments with two different donors and each experiment had 3 replicates 
(n=6) D: CD3/CD28-activated T lymphocytes were infected according to the standard latency assay, 
except that the culture was split into 3 cultures on day 2 post infection. The first culture was mock 
treated, the second co-cultured with DC’s and the third was maintained for 1 week. The mock treated 
and DC co-cultured T lymphocytes were harvested after 24 hours and analyzed for intracellular CA-p24            
expression by flow cytometry. On day 9 post infection the third culture was split into two cultures; one 
mock treated and one co-cultured with DC’s. Both were harvested after 24 hours and analyzed by flow 
cytometry to calculate the fold activation. The results presented are the mean values (± sem) that were 
obtained from two independent experiments using two different donors and each experiment was 
done in triplicate (n=6). 
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DCs do not significantly activate latent HIV‑1 provirus in the SupT1 T cell line. The 
conventional anti-latency drugs that can activate provirus from latency in SupT1 cells 
are insufficient to activate latent provirus in primary T lymphocytes. However, latent 
provirus in T lymphocytes can be activated upon co-culture with DCs. To investigate 
whether DCs can also activate HIV‑1 from latency in the SupT1 T cell line, HIV‑1    
infected SupT1 cells were mock treated or co-cultured with DCs for 24 hours. The 
percentage of CA-p24 positive SupT1 cells increased from an average of 2.7% in the 
mock treated culture to 4.1 % in the co-culture with DCs. This 1.5-fold increase is not 
significantly different, as underscored by the comparison to the 4.7-fold activation 
upon TNFα treatment (Fig. 3). These combined results indicate that distinct          
pathways seem to trigger activation of latent provirus in SupT1 T cells versus primary 
T lymphocytes. 
 
HIV‑1 latency in activated T lymphocytes is maintained over time. In the latency 
assay DCs are added to T lymphocytes 24 hours after a single round HIV‑1 infection 
to allow for completion of the reverse transcription and integration processes.      
Several control experiments were performed to investigate if DCs influence delayed 
reverse transcription or integration processes rather than transcriptional activation 
of latent HIV‑1 provirus. First, the integrated DNA copy numbers were analyzed.  
Infected T lymphocytes were co-cultured with DCs or mock treated and an aliquot of 
the cultures was analyzed for CA-p24 expression by flow cytometry, which showed 
the expected 3-fold induction as the percentage of CA-p24 positive cells increased 
from 2.8% in the mock treated culture to 8.6% in the DC co-culture (Fig. 4A). The   
remaining cells were pelleted, subjected to proteinase K treatment, and the HIV‑1 
DNA copy number was analyzed with a TaqMan assay that detects the number of 
integrated HIV‑1 copies with primers binding to repetitive chromosomal Alu          
segments in combination with primers specific for HIV‑1 DNA. The T lymphocytes   
co-cultured with DCs appeared to have higher integrated viral copy numbers       
compared to the mock treated culture, but this trend was not statistically significant 
(Fig. 4B). To further monitor the effects on integration, the latency assay was done in 
the presence or absence of the integrase inhibitor Raltegravir, which was added at 
the start of the DC co-culture. Raltegravir caused a small but significantly reduction 

Fig. 5. PHA-activated T lymphocytes harbor latent HIV‑1 provirus. T lymphocytes harboring latent 
provirus maintain CD4 expression as the viral Nef protein downregulates CD4 expression in productively 
infected cells. PHA-activated T lymphocytes were infected according to the latency assay and selected 
for CD4 expression prior to co-culture with DCs or mock treatment. A: Representative dot-plot showing 
the CD4 and CA-p24 positive cells before and after CD4 selection. B: Percentage of CD4 positive 
T lymphocytes before and after CD4 selection. C: Percentage of CA-p24 positive T lymphocytes before 
and after CD4 selection. D: Representative dot-plot showing the CD4 and CA-p24 positive cell in the CD4 
selected culture that was either mock treated or co-cultured with DCs. E: Percentage of CA-p24 positive 
T lymphocytes after 24 h mock treatment or co-culturing with DCs. Shown is a representative            
experiment with a single donor performed in duplicate (n=2). F: Analyses of the percentage of CA-p24 
positive T lymphocytes that were either mock treated or co-cultured with DCs, depicted as the mean 
fold activation. Results are obtained from 3 independent experiments with four different donors and 
each experiment was performed in duplicate (n=8). 
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of the DC-mediated provirus activation. Nevertheless, the 2-fold induction of latent 
provirus remained, showing that DCs can influence the HIV‑1 integration process but 
also activate latent provirus (Fig. 4C). To eliminate the effect on the early events of 
the HIV‑1 replication cycle, the latency assay was repeated 9 days after infection. At 
this time all reverse transcription and integration processes should be completed. To 
allow for prolonged culturing, the T lymphocytes were activated with beads coated 
with CD3 and CD28 antibodies instead of PHA and infected according to the standard 
latency assay, except that the culture was split into 3 cultures on day 2 post           
infection. The first culture was mock treated, the second co-cultured with DC’s and 
the third was maintained for 1 week. The mock treated and DC co-cultured 
T lymphocytes were harvested after 24 hours and analyzed by flow  cytometry. On 
day 9 post infection the third culture was split into two cultures; one mock treated 
and one co-cultured with DC’s. Both were harvested after 24 hours and analyzed by 
flow cytometry. The percentage CA-p24 positive T lymphocytes increased 2-fold by 
DC co-culture executed on either day 2 or day 9 post infection (Fig. 4D). These results 
show that PHA-activated T lymphocytes still harbor latent provirus at one week after 
infection and that this provirus can become transcriptionally active upon 
T lymphocyte contact with DCs. 
 
PHA-activated T lymphocytes harbor latent HIV‑1 provirus. To unequivocally show 
that PHA-activated T lymphocytes harbor latent provirus the latency assay was      
performed with HIV‑1 infected CD4 expressing T lymphocytes. Productively infected 
T lymphocytes down-regulate CD4 expression at the cell surface via the viral Nef   
protein, one of the early HIV‑1 proteins, whilst latently infected T lymphocytes      
retain normal CD4 expression levels43. To study if DCs induce gene expression of truly 
latent provirus, PHA-activated T lymphocytes (mixed population) were infected with 
HIV‑1 according to the latency assay. A single day after infection half of the 
T lymphocyte culture was used to select CD4 expressing cells with magnetic beads 
(CD4 selected, Fig. 5A). To determine selection efficiency, the percentage of CD4   
expressing cells was compared by flow cytometry analysis. In a representative               
experiment starting with a cell population of which 50% expressed CD4, we could 
enrich up to 94% (Fig. 5B). As expected, the CD4 selected cells exhibited decreased 
CA-p24 positivity (Fig. 5C). Both mixed and CD4 selected T lymphocytes were             
co-cultured with DCs or mock treated for 24 hours, and the CD3 positive 
T lymphocyte population was analyzed for CD4 and CA-p24 expression by flow       
cytometry (Fig. 5D). Co-culturing the infected CD4 selected T lymphocytes with DCs 
induced the percentage of CA-p24 positivity to increase while the cells that became 
CA-p24 positive lost CD4 expression (Fig. 5E and data not shown). The average         
2.6-fold DC-mediated activation of latent provirus in the CD4 selected T lymphocytes 
was similar to the 2.5-fold activation in the whole population T lymphocyte         
population (Fig. 5F). Thus, the latent HIV‑1 provirus in PHA-activated T lymphocytes 
– assayed by unaffected CD4 expression – is sensitive to transcriptional activation 
upon T lymphocyte DC contact. 
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Fig. 6. DCs activate latent HIV‑1 independent of donor variation. A: CD4+ T lymphocytes from six 
healthy donors were examined in the HIV‑1 latency assay. The percentage of intracellular CA-p24     
positive T lymphocytes with or without DC co-culture was determined. B: HIV‑1 fold latency activation 
in T lymphocytes from 6 different donors. The results are presented as the mean values (± sem) of three 
independent experiments each performed in triplicate (for each donor n=6). C: HIV‑1 inoculated CD4+    
T cells either mock treated or co-cultured with either autologous or allogenic DCs. Results presented are 
mean values (± sem) obtained from two independent experiments performed in triplicate (n=6). 



78  

DCs activate latent HIV‑1 independent of donor variation. To investigate possible 
differences in establishment and activation of latent proviruses between individuals, 
DCs and T lymphocytes were isolated from six healthy blood donors and tested in the 
latency assay. The percentage of mock treated CA-p24 positive T lymphocytes 
ranged from 1.7% for donor B to 5.6% for donor D (Fig. 6A). Despite such differences 
in infection rate, latent provirus activation by stimulation with autologous DCs was 
apparent for all donors. The DC-mediated fold activation from latency ranged from    
2-fold for donor A to 3.5-fold for donor D (Fig. 6B). Next, we investigated whether 
latent HIV‑1 proviruses in T lymphocytes could be activated by co-culturing with   
allogenic DCs. Infected T lymphocytes from donor D and E were mock treated or          
co-cultured with DCs from donor D or E. Both autologous and allogenic DCs similarly 
increased the percentage of CA-p24 positive T lymphocytes by 3-fold (Fig. 6C). 
 
DC-mediated HIV‑1 activation is not induced via TCR stimulation. It has previously 
been shown that activation of latent HIV‑1 in quiescent memory T lymphocytes can 
be achieved by activating the cells via TCR stimulation with CD3/CD28 specific       
antibodies or using IL-2 or ionomycin44-46. Since the T lymphocytes in our latency   
assay are activated via TCR stimulation with PHA prior to HIV‑1 infection, we tested 
whether further TCR stimulation could  increase the number of CA-p24 positive cells. 
Reactivation with CD3/CD28 antibodies did not increase the percentage of CA-p24 
positive cells (Fig. 7). Treating the T lymphocytes with IL-2 or ionomycin, which      
activates the NFAT transcription factor, also had no significant effect on the            
percentage of CA-p24 producing cells. The T lymphocytes used in this study are all 
TCR stimulated and still harbor latent provirus that can be activated by DCs. This 
demonstrates that TCR stimulation is not sufficient to activate all latent provirus in 
proliferating T lymphocytes. 
 
DC-SIGN does not play a role in DC-mediated HIV‑1 activation from latency. The     
C-type lectin DC-SIGN is a cell surface molecule expressed on DCs that facilitates 
HIV‑1 infection of T lymphocytes in cis or in trans29,30. Furthermore, DC-SIGN can   
induce HIV‑1 transcription in DCs themselves49. To investigate whether DC-SIGN is 
also involved in the activation of latent HIV‑1 provirus in primary T cells, the HIV‑1 
infected T lymphocytes were mock treated or co-cultured with DCs in the presence 

or absence of the C-type lectin competitor 
mannan (Fig. 8A). Addition of mannan did 
not influence DC-mediated provirus           

Fig. 7. DC-mediated HIV‑1 activation is not induced 
via TCR stimulation. HIV‑1 infected T lymphocytes 
were mock treated, cultured with IL-2, αCD3/CD28 
beads, ionomycin (iono) or co-cultured with DCs in the 
latency assay. The results presented are mean values 
(± sem) obtained from two independent experiments 
with two different donors, each experiment was     
performed in triplicate (n=6). 
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activation. To further study a possible role for DC-SIGN, T lymphocytes were              
co-cultured with either Raji or modified Raji cells expressing DC-SIGN (Raji-DC-SIGN). 
DCs triggered a 3-fold activation, whereas both the Raji and Raji-DC-SIGN cells could 
not purge provirus out of latency (Fig. 8B). The combined results indicate that         
DC-SIGN is most likely not involved in DC-mediated HIV‑1 activation from proviral 
latency. 
 
DC-secreted factors and cell-cell contact contribute to activation of latent HIV‑1. 
To investigate the requirements for DC-mediated activation of latent provirus, we 
first studied the effect of co-culturing the T lymphocytes with increasing numbers of 
DCs (ratio DC:T; 1:150 – 1:1,5). The CA-p24 positive T lymphocytes increased from an 
average of 1.4% in the mock treated culture to an average of 2.5% in the DC             
co-culture at a ratio of 1:150, yielding a 1.8-fold activation of latent provirus.          
Increasing DC numbers enhanced proviral activation to 4.8% CA-p24 positive 
T lymphocytes, representing 3.5–fold activation with 1 DC per 1.5 T lymphocytes   
(Fig. 9A). To investigate the role of DC-secreted components, cell-free DC culture   
supernatant was added to infected T lymphocytes. As a control, cell-free culture    
supernatant of HEK 293T cells was used. The DC-supernatant induced a 2.2-fold     
activation whereas HEK 293T supernatant showed no activation (Fig. 9B). This result 
demonstrates that the DC culture medium contains (a) DC-secreted factor(s)          
activating latent HIV‑1 provirus. This is not mediated by IL-4 or GM-CSF that are used 
to differentiate the monocytes into DCs as both cytokines did not induce activation 
of the latent provirus (Fig. S4). Co-culturing of infected T lymphocytes with freshly 
washed DCs, thus removing soluble factors, induced a 2.5-fold increase in percentage 

Fig. 8. DC-SIGN does not play a role in DC-mediated HIV‑1 activation from latency. A: HIV‑1 infected 
T lymphocytes were mock treated or co-cultured with DCs in the presence or absence of the C-type 
lectin binding competitor mannan. Results presented are mean values (± sem) obtained from three 
independent experiments with two different donors (n=9). B: HIV‑1 infected T lymphocytes were         
co-cultured in the absence or presence of DCs, Raji, or Raji cells constitutively expressing DC-SIGN.   
Results presented are mean values (± sem) obtained with two independent experiments with 2         
different donors (n=6). 
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of CA-p24 positive cells, while washed DCs combined with DC supernatant gave the 
strongest (3.7-fold) activation (Fig. 9C). This demonstrates that a combination of DCs 
and their secreted factors induce the strongest activation. Next, we investigated if 
the activation of latent provirus can be inhibited by blocking the DC-T lymphocyte 
cell-cell interaction. Since TCR-stimulation does not have an effect on the latent    
provirus in the PHA-activated T lymphocytes (see Fig 1) and activation of latent      
provirus is induced by both autologous and allogenic DCs (see Fig 6), we chose to use 
antibodies that specifically target the general adhesion molecules ICAM-1, ICAM-2 or 
ICAM-3 (Fig. 9D). The presence of ICAM antibodies did not have an effect on the    
percentage of CA-p24 positive T lymphocytes in the absence of DCs (left part of the 
panel). The co-culture with DCs increased the percentage of CA-p24 positive 
T lymphocytes 5-fold. Blocking ICAM-1 interactions between the DC and 
T lymphocyte significantly reduced the activation by 75% to 2-fold. Addition of     
ICAM-2 or ICAM-3 antibodies, on the contrary, did not inhibit the DC-mediated      
increase in CA-p24 positive T lymphocytes. Together, these results demonstrate that 
both cell-cell contact between DC and T lymphocyte and (a) secreted DC factor(s) 
induce activation of latent HIV‑1 provirus. 
 
 

DISCUSSION 
We previously developed a fast and relatively simple method to study HIV‑1 latency 
in T cell lines and showed that the virus can be purged out of latency with TNFα,   
genistein and 5-Aza27,34. In this study, our latency assay was used to demonstrate 
that HIV‑1 can establish a latent proviral integration in primary PHA-activated 
T lymphocytes. Conventional anti-latency drugs (TNFα, NaBut, Prostratin, TSA, PMA 
or PHA), were not sufficient to activate the latent provirus but the virus was purged 
out of latency by co-culturing the T lymphocytes with dendritic cells (DCs).                
Co-culturing with DCs, activated gene expression from the latent HIV‑1 provirus in 
the T lymphocytes by 2- to 5-fold. This may seem modest in comparison to other   
latency models19,28,44,46,50,51, but we note that in other studies the latently infected 
cells are usually selected, either by clonal selection or by specific outgrowth. In     
contrast, our latency assay is performed on the bulk culture without any form of   
selection. The obtained 2- to 5-fold activation means that for every virus-producing 
lymphocyte there are 1 to 4 lymphocytes that harbor a silent provirus that can be 
activated by DCs. In fact, since we cannot rule out that some latent proviruses are 
unresponsive to DC-activation, the actual latent reservoir may be underestimated. 
 
In resting memory T lymphocytes, activation of the latent provirus is predominantly 
mediated via cellular activation with αCD3/CD28 (TCR-stimulation), IL-2 or via        
activation of the NFAT transcription factor with ionomycin31-34. These stimuli did not 
have an effect on the silent provirus in activated T lymphocytes, most likely because 
the transcription factors involved are already active. This observation illustrates that 
the establishment of a silent provirus is not necessarily due to the absence of certain              
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Fig. 9. DC-secreted factors and cell-cell contact contribute to activation of latent HIV‑1. A: HIV‑1   
infected T lymphocytes (150×103) were mock treated or co-cultured with increasing numbers of DCs 
(1×103 - 100×103) in the latency assay. The results are mean values (± sem) obtained from a                
representative experiment performed in triplicate (n=3). B: The HIV‑1 infected T lymphocytes were 
inoculated with the cell-free supernatants of control HEK 293T cells, DCs, or fresh media (mock). Results 
are mean values (± sem) of three independent   experiments with 2 different blood donors, each       
experiment was performed in triplicate (n=9). C: HIV‑1 infected T lymphocytes were co-cultured in the 
absence (‘control’) or presence of HEK 293T cells, or DCs resuspended in either fresh medium (‘mock’) 
or cultured supernatant. Results are mean values (± sem) of three independent experiments with 2    
different blood donors, each experiment was performed in triplicate (n=9). D: DC-mediated HIV‑1    
activation from latency in T lymphocytes in the presence or absence of ICAM specific antibodies. The 
results presented are mean values (± sem) of two independent experiments with 2 different blood  
donors, each experiment was performed in triplicate (n=6). 
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transcription factors, which was proposed to be the major cause for the                  
establishment of latently infected quiescent memory lymphocytes35. Importantly, 
this also shows that the molecular mechanism leading to the activation of latent 
HIV‑1 can differ between different T lymphocyte subsets, depending on their         
activation status. 
 
A remaining question is whether HIV‑1 latency is caused by silencing of a              
transcriptionally active provirus or the result of silent proviral integration. If silent 
integration occurs, the infected proliferating T lymphocyte will not be recognized by 
the immune system, favoring the transition to a latently infected memory cell. Our 
results showing that DCs can activate latent HIV‑1 already 2 days after the initial   
infection support previous observations obtained in T cell lines that the latent       
phenotype is established immediately after provirus integration and is not due to 
down-regulation of an initially transcriptional active provirus23,35,36. 
 
We have not yet fully characterized the molecular interactions required for the       
DC-mediated HIV‑1 activation from latency. However, our results indicate that both 
(a) secreted DC-component(s) and the cell-cell interaction between DC and 
T lymphocyte trigger activation of latent provirus. HIV‑1 activation did not             
require autologous T lymphocytes and DCs, suggesting that the cell-cell interaction is 
not self-restricted. Blocking the DC-T cell interaction with anti-ICAM-1 antibodies 
strongly inhibited the activation of latent provirus. ICAM-1 is expressed on the DC 
and binds to leukocyte function-adhesion molecule-1 (LFA-1) on the T lymphocyte, 
an interaction that is important for the process of antigen presentation37-39. We and 
others previously showed that the interaction of LFA-1 and ICAM-1, but not ICAM-2 
and ICAM-3, is crucial for efficient HIV‑1 transmission and that DC subsets that      
express higher levels of ICAM-1 transmit HIV‑1 more efficiently40-42. It would be     
interesting to investigate if DC subsets with higher ICAM-1 levels are also better    
activators of latent provirus. Further characterization of the cellular contact         
molecules that can purge HIV‑1 from latency and testing their efficiency on latently 
infected memory T lymphocytes is of great interest, as our results strongly suggest 
that cellular activation via TCR-stimulation is not sufficient to activate all latent     
proviruses. 
 
Purging the provirus from latency via physiologically relevant cell-cell interactions 
supports the idea that the viral reservoir is dynamic. In this study we show that     
immature monocyte-derived DCs can activate latent HIV‑1 in activated 
T lymphocytes. Marini et al. demonstrated that mature monocyte-derived DCs can 
activate latent provirus in resting memory T lymphocytes33. If these cell-cell contacts 
activate latent virus in vivo, local outbursts of virus production can occur despite   
suppressive therapy. However, the situation in vivo is more complex as mature   
myeloid DCs have been reported to inhibit productive infection by inducing latency43. 
This indicates that different DC subsets may have opposing effects on viral latency. 
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Thus, the cellular HIV‑1 reservoir could be activated or silenced depending on the 
type of DC that is encountered. We are currently investigating the influence of       
different DC subsets (myeloid and plasmacytoid) on latent HIV‑1 provirus in           
proliferating T lymphocytes. 
 
In this study we demonstrate that HIV‑1 can establish a silent integration in actively 
proliferating T lymphocytes. The latently infected T lymphocytes will escape           
immune-surveillance as long as no viral peptides are expressed and presented on the 
cell surface. Although proliferating T lymphocytes are generally short-lived such that 
their contribution to the total HIV‑1 reservoir will be limited, these cells can return 
to the resting state of memory T lymphocyte and thereby contribute to the            
long-lived viral reservoir. How important this interaction is in vivo and whether it can 
be used in ‘shock and kill’ approaches59,60 for the complete eradication of the HIV‑1 
reservoir in  patients remains to be studied. 
 
 

MATERIALS AND METHODS 
Cells. HEK 293T cells were grown as a monolayer in Dulbecco’s minimal essential   
medium (Gibco, BRL, Gaithersburg, MD) supplemented with 10% (v/v)  fetal calf    
serum (FCS), 40 U/ml penicillin, 40 μg/ml streptomycin and nonessential amino acids 
(Gibco, BRL, Gaithersburg, MD) at 37°C and 5% CO2. The human T lymphocytic cell 
line SupT1 (ATCC CRL-1942) was cultured in advanced RPMI 1640 medium (Gibco 
BRL, Gaithersburg, MD) supplemented with 1% (v/v) FCS, 20 mM glucose, 40 U/ml 
penicillin, and 40 μg/ml streptomycin. The Raji cell line and Raji-DC-SIGN cells were 
cultured in RPMI 1640 medium (Gibco, BRL, Gaithersburg, MD) containing 10% FCS. 
The immature monocyte-derived dendritic cells (DCs) were prepared as previously 
described61. In short, human peripheral blood mononuclear cells (PBMCs) were 
isolated from buffy coats (Central Laboratory Blood Bank, Amsterdam, The 
Netherlands) by use of a Ficoll gradient. Monocytes were subsequently isolated with 
a CD14 selection step using a magnetic bead cell sorting system (Miltenyi Biotec 
GmbH, Bergisch Gladbach, Germany). Purified monocytes were cultured in RPMI 
1640 medium containing 10% FCS and differentiated into DCs by stimulation with    
45 ng/ml interleukin-4 (rIL-4; Biosource, Nivelles, Belgium) and 500 U/ml granulocyte 
macrophage colony-stimulating factor (GM-CSF; Schering-Plough, Brussels, Belgium) 
on day 0 and 2, and used on day 6. The remaining PBMCs were controlled by PCR for 
the absence of the CCR5 Δ32 allele and frozen in multiple vials. When required, the 
PBMCs were thawed, activated with phytohemagglutinin (PHA, Remel, 5 μg/ml for    
2 days, 2 μg/ml for 3 days activation) or CD3/CD28 immunomagnetic beads (ratio 
cell:beads 1:1 for 3 days ,Dynal, Invitrogen) and cultured in RPMI medium 
supplemented with 10% FCS and recombinant IL-2 (rIL-2, Novartis) at 100 U/ml. On 
day 2 of culture, CD4+ T lymphocytes were enriched by depleting CD8+ T lymphocytes 
using CD8 immunomagnetic beads (Dynal, Invitrogen). The CD4+ T lymphocytes were 
cultured for 3 days in RPMI medium with rIL-2 and 10% FCS. 
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Virus. Plasmid DNA encoding the CXCR4-using HIV‑1 LAI primary isolate62 was      
transiently transfected in HEK 293 T cells with the calcium phosphate method as   
described previously44. Virus supernatant was harvested 2 days after transfection, 
sterilized by passage through a 0.2 μm filter and stored in aliquots at -80°C. The    
concentration of the virus stocks was determined by CA-p24 ELISA. 
 
Extracellular CA-p24 ELISA. Culture supernatant was heat inactivated at 56°C for 30 
min in the presence of 0.05% Empigen-BB (Calbiochem, La Jolla, USA). The CA-p24 
concentration was determined by twin-site ELISA with D7320 (Biochrom, Berlin,    
Germany) as capture antibody and alkaline phosphatase-conjugated anti-CA-p24 
monoclonal antibody (EH12-AP) as detection antibody. Quantification was              
performed with the lumiphos plus system luminescence reader (Lumigen, Michigan, 
USA) in a LUMIstar Galaxy (BMG labtechnologies, Offenburg, Germany).                  
Recombinant CA-p24 produced in a baculovirus system was used as standard. 
 
Reagents. Mannan (Sigma) was used at a final concentration of 40 μg/ml.               
Raltegravir (ISENSTRESS/MK-0518) was obtained through the AIDS Research and   
Reference Reagent Program and used at the final concentration of 50 μg/ml. The 
fusion inhibitor T1249 (WQEWEQKITALLEQAQIQQEKNE YELQKLDKWASLWEWF) was 
obtained from Pepscan (Therapeutics BV, Lelystad, The Netherlands) and used at a 
final concentration of 0.1 μg/ml. 
 
Anti-latency drugs. PHA (Remel), PMA (Sigma), Prostratin (Sigma-Aldrich), TNFα 
(Invitrogen), Trichostatin A (TSA, Sigma) and Sodium butyrate (NaBut, Aldrich) were 
used at the indicated concentrations. Recombinant IL-2 (Novartis) was used at a final 
concentration of 100 U/ml and ionomycin (Sigma-Aldrich) at 100 μg/ml. αCD3/CD28 
beads (Dynal, Invitrogen) were used at a ratio of 1 bead per cell. 
 
Antibodies. For intracellular CA-p24 measurement we used the RD1- or FITC-
conjugated mouse monoclonal α-CA-p24 (clone KC57, Coulter). For CD3 staining the 
APC- or FITC-conjugated α-CD3 (BD Bioscience) was used. Annexin V-APC (BD   
Pharmingen) was used to stain for the early apoptosis marker phosphatidyldserine. 
To characterize the T lymphocyte immunophenotye, α-CD69-PE (BD Bioschience),     
α-CD45-RA-PE (Pharmingen), α-CD25-FITC (BD), α-CD45-RO-FITC (DAKO),                     
α-CD127-PE (BD Pharmingen), and α-CCR7-PE (BD Pharmingen) were used. For DC 
staining purified α-CD83-APC (BD Bioscience), α-CD86-PE (BD Pharmingen),                 
α-HLA-DR-PerCPCy5 (BD Bioscience), α-CD14-FITC (BD Bioscience) and α-DC-SIGN-PE 
(R&D Systems) antibodies were used. To block DC-T lymphocyte cell-cell (ICAM)    
interactions in the co-culture, α-CD54 (Peli Cluster; the Netherlands), α-CD102        
(RD Systems) or α-CD50 (Immunotech) antibodies were used. 
 
HIV‑1 latency assay. HIV‑1 infected cells were used in the latency assay as described 
previously24. In short, PHA- or CD3/CD28-activated CD4+ T lymphocytes (1.0 or          
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2.0 × 106 cells) were infected with HIV‑1 (20 ng CA-p24). Free virus was washed away 
after 4 hours and the cells were cultured with the fusion inhibitor T1249 to prevent 
new infections. At 24 hr after infection the CD4+ T lymphocytes (1.5 × 105/well) were    
either mock treated, treated with anti-latency drugs or co-cultured with DCs, Raji or 
Raji-DC-SIGN cells (0.5 × 105/well). After another 24 hr, the cells were harvested and 
intracellular CA-p24 was detected by FACS flow cytometry. Virus production was also 
determined by measuring extracellular CA-p24 in the culture supernatant by ELISA. 
The percentage of CA-p24 positive cells in the treated culture was divided by the   
percentage of CA-p24 cells in the mock treated culture and used as a measure for 
proviral latency (fold activation). The CD4+ T lymphocytes were co-cultured with 
autologous DCs unless when co-cultured with allogenic DC’s (as indicated in the     
figure legend). To block cell-cell interactions between T lymphocyte and DC           
antibodies specific for human ICAM-1 (CD54), ICAM-2 (CD102) or ICAM-3 (CD50) 
were added to the co-culture at the final concentration of 10 μg/ml. To select CD4 
expressing cells in the HIV‑1 infected culture a magnetic bead cell sorting system 
was used    according to the manufactures instructions (Miltenyi Biotec GmbH, Ber-
gisch         Gladbach, Germany). One Way ANOVA and student T test (2-tailed) were 
used to evaluate if observed differences between groups are significant (Graphpad 
Prism, version 5). P values * = p<0.05, ** = p<0.01, *** = p<0.001. 
 
FACS flow cytometry. Cells were fixed in 4% formaldehyde for 10 minutes at room 
temperature and subsequently washed with FACS buffer (PBS supplemented with 1% 
FCS). The cells were permeabilized with BD Perm/Wash buffer (BD Pharmingen) and 
antibody staining was performed in BD Perm/Wash or FACS buffer for 1 hr at 4°C. 
Excess of unbound antibody was removed and the cells were analyzed on a BD      
FACSCanto II flow cytometer with BD FACSDiva Software v6.1.2 (BD biosciences,     
San Jose, CA) in FACS buffer. The live population was defined based on                     
forward/sideward scatter and analyzed for CD3 and intracellular CA-p24 positivity. 
Gate settings were fixed between samples for each experiment. To measure the          
membrane phospholipid phosphatidylserine as a marker for early apoptosis, the cells 
were stained with Annexin V prior to cell fixation. 
 
The DC phenotype (negative for CD14, low levels of MHC class II (HLA-DR), CD83 and 
CD86 and high levels of DC-SIGN) was confirmed by FACS flow cytometry41. 
 
Quantitative TaqMan assay. TaqMan assay was used to quantify the number of 
HIV‑1 DNA copies in infected cultures. In summary, cells were resuspended in        
Tris-EDTA (10 mM pH 8.3) containing 0.5 units/μl proteinase K (Roche Applied 
Science), incubated for 1 hr at 56°C and 10 min at 95°C and directly used for 
quantitative PCR amplification. The number of input cells was determined using 
TaqMan reagents for quantification of β-actin DNA (AB, Applied Biosystems) 
according to the manufacturer’s instruction. To quantitate integrated proviral DNA 
copy numbers a pre-amplification was done with primers detecting the repetitive Alu 
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sequence45 in combination with primers specific for the HIV‑1 LTR. The pre-amplified 
DNA was subsequently quantified by real-time PCR as previously described46. 
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Fig. S1. Both PHA- and CD3/CD28-activated T lymphocytes can harbor latent HIV‑1 provirus. 
T lymphocytes were activated via stimulation with PHA or antibodies specific for CD3 and CD28 prior to 
the latency assay. A: Co-culturing of the T lymphocytes increased the percentage of CA-p24 positive 
cells in both the PHA- and CD3/CD28-activated T lymphocytes. Shown is a representative graph of two 
independent experiments. In each experiment a different donor was used and each experiment was 
performed in duplicate. B: HIV‑1 fold latency activation of the percentage of CA-p24 positive cells. The 
results presented are mean values (± sem) obtained from two independent experiments. In each     
experiment a different T lymphocyte donor was used and each experiment was performed in duplicate 
(n=4). 

SUPPLEMENTARY DATA 
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Fig. S2. (Left page) Immune phenotype characterization of the PHA-activated T lymphocytes.   PHA-
activated T lymphocytes were infected according to the latency assay and stained with different        
immune phenotype markers for flow cytometry analysis. A: Representative mean fluorescent intensity 
(MFI) histogram of PHA-activated T lymphocytes expressing low levels of CD69, CD127 and CCR7 and 
high levels CD25 and CD45RO. B: Analysis of HIV‑1 infected T lymphocytes; MFI expression levels of the 
CA-p24 negative T lymphocytes compared to the CA-p24 positive T lymphocytes. C: Representative MFI 
histogram of CA-p24 positive T lymphocytes that were co-cultured with DCs or mock treated. D:     
Analysis of the CA-p24 positive cells that were either co-cultured with DCs (+ DC) or mock treated (- DC). 
Results are obtained from two independently performed experiments with two different donors and 
each experiment was performed in triplicate (n=6). 

Fig. S3. CA-p24 production does not correlate with onset of apoptosis. HIV‑1 infected T lymphocytes 
were mock treated or co-cultured with allogenic DCs in the latency assay. Prior to fixation the cells were 
stained for the early apoptosis marker phosphatidylserine with Annexin-V. Subsequently the cells were 
fixed, stained for intracellular CA-p24 and CD3 and analyzed by flow cytometry. The forward and       
sideward scatter plots were used to gate the  live cell population from which the CD3-positive cells were 
analyzed for Annexin-V and CA-p24 positivity. Shown is a representative flow cytometry figure of two 
independently performed experiments, in each experiment a different donor was used and each      
experiment was performed in triplicate (n=6). 

Fig. S4. HIV‑1 activation from proviral latency is not 
induced by GM-CSF or IL-4 stimulation. HIV‑1        
infected T lymphocytes were either mock treated, 
cultured with GM-CSF (500 U/ml), IL-4 (45 ng/ml),    
GM-CSF together with IL-4, or co-cultured with       
allogenic DCs in the latency assay. The results         
presented are mean values (± sem) obtained from two 
independent experiments. In each experiment a     
different T lymphocyte donor was used and each   
experiment was performed in triplicate (n=6). 
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ABSTRACT 
HIV‑1 transcription depends on cellular transcription factors binding promoter      
sequences in the Long Terminal Repeat (LTR). Each HIV-1 subtype has a specific LTR 
promoter configuration. Minor sequence changes in transcription factor binding sites 
(TFBS) or their arrangement can influence transcriptional activity, replication and 
latency. We previously investigated proviral latency properties of different HIV-1 
subtypes in the SupT1 T cell line. Here, subtype-specific latency and replication    
properties were studied in primary PHA-activated T lymphocytes. No clear              
differences in latency and  replication among the HIV-1 subtypes were observed.   
Additionally, the subtype B and AE LTRs were studied in more detail regarding a     
putative AP1 binding site using luciferase reporter constructs. Results indicate that    
c-Jun, a member of the AP1 transcription factors family, can bind to both subtype B 
and AE LTR, but the AE LTR showed a stronger response. This is in line with the fact 
that the subtype AE LTR matches the AP1 consensus sequence more closely than the 
subtype B LTR. Overexpressing c-Jun inhibited basal LTR promoter activity. However, 
when Tat was present c-Jun enhanced transcription of the viral LTR. Thus, c-Jun   
binding to the AP1 site in the HIV-1 LTR promoter has a dual role, controlled by Tat. 
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INTRODUCTION 
HIV‑1 transcription depends on cellular transcription factors that bind promoter  
sequences in the viral Long Terminal Repeat (LTR). Each HIV-1 subtype has a specific 
LTR promoter configuration and even minor sequence changes in transcription factor 
binding sites (TFBS) or their arrangement can strongly influence transcriptional     
activity, thereby affecting viral replication and latency1-8. HIV-1 transcription depends 
on basal transcription to produce sufficient levels of Tat protein, which can            
subsequently enhance transcription from the LTR promoter. Without sufficient Tat 
protein, the integrated provirus will likely remain latent9,10. 
 
In Chapter 3 we used a set of isogenic viruses with subtype-specific promoter         
elements to investigate differences in transcription and latency properties of the 
HIV‑1 subtypes. Activation of the HIV-1 provirus from latency in HIV-1  infected T cell 
lines was triggered by TNFα, which activates the transcription factor NF-ĸB. We     
reported no gross differences among the subtypes, except for subtype AE that     
combines an increased level of basal transcription with a reduced TNFα response. 
This subtype AE specific transcription profile was linked to the presence of a GABP 
binding site, instead of a regular NF-ĸB binding site, in the LTR. 
 
In Chapter 4, the latency assay was adapted to study HIV-1 latency in primary        
proliferating T lymphocytes. Latent provirus was initially not apparent in these cells 
because no induction was observed upon stimulation with TNFα or other known    
anti-latency drugs. However, co-culturing of infected T lymphocytes with dendritic 
cells (DCs) did induce viral gene expression in a significant percentage of infected 
cells, demonstrating the frequent establishment of latent proviruses in primary           
T lymphocytes. The need for a different stimulus, co-culturing with DCs instead of 
‘regular’ TNFα treatment, points to a different molecular latency mechanism in      
primary T lymphocytes versus T cell lines. 
 
In this chapter we combine the strategies used in these two previous studies by      
testing the different HIV-1 subtypes for their latency properties in primary                   
T lymphocytes. In addition, the subtype B and AE promoters were studied in more 
detail using reporter constructs, with the LTR promoter driving expression of the 
luciferase gene. 
 
 

RESULTS 
HIV-1 subtype-specific latency and replication properties in primary T lymphocytes. 
Previously, we constructed recombinant viral genomes with the subtype-specific   
promoters inserted in the common backbone of the subtype B LAI isolate. These  
recombinant viruses are isogenic, except for the core promoter region that encodes 
the major TFBS, including 2 NF-ĸB and 3 Sp1 sites (Fig. 1A). These subtype-specific 
viruses were previously tested for their latency properties in T cell lines using our 
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latency assay for acute infection2,3,8. Here, we investigated these viruses for their 
latency properties in primary proliferating T lymphocytes. The HIV-1 provirus can be 
activated from latency in T cell lines with TNFα or other drugs activating the NF-ĸB   
transcription factor. However, purging provirus from primary T lymphocytes requires 
co-culturing of the HIV-1 infected T lymphocytes with DCs11. 
 
PHA-activated CD4+ T lymphocytes were infected with an equal amount (based on   
CA-p24 quantification) of the subtype-LTR viruses. Unbound virus was washed away 
after four hours and the cells were cultured in the presence of the fusion inhibitor 
T1249 to prevent new rounds of viral replication. Infected cultures were split after 24 
hours into a mock treated culture and a DC co-culture. After another 24 hours the 
cells were harvested, fixed, stained and analyzed by flow cytometry for surface CD3 
and intracellular CA-p24 expression. The mock treated culture yielded 2.3% CA-p24 
positive cells for LAI-B (Fig. 1B). Similar results were obtained for the other subtypes. 
Upon co-culturing with DCs, the percentage CA-p24 positive cells increased            
approximately 3.0-fold for all subtypes, except for LAI-A (Fig. 1C). This subtype     
demonstrated only a 2.0-fold activation from latency, although the difference with 
the other subtypes was not significant. Thus, as described for subtype B in Chapter 4, 
co-culturing of infected primary T lymphocytes with DCs activates the HIV-1 provirus 
from latency, which occurs with similar efficiency for the set of subtype-LTR viruses. 
 
Viral replication properties can sometimes be linked to viral latency characteristics in 
T cell lines. For example, subtype AE shows less latency and replicates faster than 
subtype B in the SupT1 T cell line7,8. To investigate the influence of the                    
subtype-specific promoter on the viral replication capacity in primary T cells,          
PHA-activated CD4+ T lymphocytes were infected with an equal amount of virus and 
replication was monitored by regular sampling of culture supernatant for CA-p24 
ELISA. Peak infection was reached 5 days post infection for all subtypes (Fig. 2). 
These combined results show no gross differences among the subtypes in their      
latency properties and replication efficiency in primary T lymphocytes. 
 
Subtype-specific promoter characteristics. To study the promoter characteristics of 
different HIV-1 subtypes in more detail, luciferase reporter constructs with the      

Fig. 1. HIV-1 subtype-specific latency properties in primary T lymphocytes. A: Schematic of the HIV-1 
genome. The subtype-specific LTRs were cloned into the common viral backbone of HIV‑1LAI (subtype 
B). The recombinant viruses are isogenic except for the core promoter region, spanning 150 bp,         
containing the major TFBS but all encoding the subtype B TAR hairpin. The 150 bp variable region for 
each subtype is schematically depicted in the box. Indicated are the RBEIII, NF-ĸB, GABP, SP-1 binding 
sites, the TATA-box (CATAA in HIV-1)23 and the predicted AP1 sites. B: PHA-activated T lymphocytes 
were infected according to the latency assay with equal amounts of the indicated subtype-specific   
viruses. The infected cultures were split into mock treated culture or a co-culture with DCs 24 hours 
after infection. After another 24 hours the cells were harvested, fixed, stained and the percentage of  
CA-p24 positive cells was determined by flow cytometry. C: Analyses of the percentage of CA-p24    
positive T lymphocytes depicted as the mean fold activation. Results are obtained from 2 independent 
experiments each performed in duplicate. 
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subtype-specific LTR promoter were used3. HEK293T cells were transiently           
transfected with the set of LTR-reporters using a renilla reporter plasmid to control 
for differences in transfection efficiency. To investigate the NF-ĸB-induced LTR       
induction in the absence of Tat, the transfected cells were stimulated with TNFα. We 
measured no significant differences for the different subtype LTRs in basal promoter 
activity, which was arbitrarily set at 1 for each subtype to compare LTR induction 
among the subtypes. TNFα induction ranged from 12.0-fold for the subtype D 
promoter to a more modest 4.0-fold for the subtype AE promoter, with an average     
9.0-fold activation for the subtype B promoter (Fig. 3). Co-transfection with a Tat 

Fig. 2. HIV-1 Subtype-specific 
replication in primary T lym-
phocytes. Viral replication of 
the subtype-specific viruses in 
primary T lymphocytes was 
monitored by regular sampling 
of culture supernatant for     
CA-p24 ELISA. Results are   
obtained from an experiment 
with 2 different donors,            
performed in duplicate. 

Fig. 3. HIV-1 Subtype-specific promoter characteristics in HEK283T cells. HEK293T cells were           
transfected with HIV-1 subtype-specific LTR luciferase reporter constructs (schematically shown in A) 
with and without co-transfection of the Tat expressing plasmid or TNFα treatment (B). To compare the 
different reporters the basal promoter activity (without Tat and TNFα) was arbitrary set at 1. Results are 
obtained from 4 independently performed experiments and each experiment was performed in        
triplicate. 



 99 

5 

expression plasmid induced the subtype B promoter 7.8-fold and ranged from         
5.0-fold for subtype AG to 14.5-fold for subtype AE. TNFα treatment of these          
Tat-expressing cells increased the promoter activity for all subtypes with the highest 
(36.0-fold) induction observed for subtype B and the lowest (13.0-fold) for the 
subtype AG LTR. Thus, TNFα increased basal promoter activity of all subtypes, but 
with a relatively low induction for subtype AE, as expected. Tat-induced induction, 
on the contrary, is higher for AE compared to the other subtypes. Interestingly, 
subtype C that is predicted to have 3 NF-ĸB sites, responded similarly to TNFα     
treatment as the other subtype LTRs with the regular 2 NF-ĸB sites. 
 
Our previous study indicated that the unique GABP site, instead of a regular second 
NF-ĸB site, in subtype AE determines this special transcriptional profile, consisting of 
reduced latency combined with increased basal transcription. Therefore, we focused 
on the GABP and NF-ĸB binding sites in the subtype B and AE reporters and made 
new reporter constructs in which these TFBSs were exchanged (Fig. 4A). Luciferase 

Fig. 4. LTR promoter elements of the HIV-1 subtypes B and AE. A: The promoter elements in the LTR of 
subtypes B and AE. Indicated are the transcription factor binding sites for RBEIII, NF-ĸB, GABP and Sp1. 
B: HEK293T cells were transfected with the B and AE LTR luciferase reporter constructs and basal     
promoter activity was determined by the firefly/renilla ratio. C: HEK293T cells were transfected with the 
B and AE LTR-reporters with and without co-transfection of the Tat expressing plasmid or TNFα       
treatment. To compare the different constructs the basal promoter activity (without Tat and TNFα) was 
set at the arbitrary value of 1. Results are obtained from 4 independent experiments and each          
experiment was performed in triplicate. 
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assays indicated that all constructs exhibit a similar basal activity (Fig. 4B), which was 
subsequently set at 1 to compare the induction properties. Changing the upstream 
NF-ĸB site of subtype B into a GABP site indeed reduced TNFα induction and           
increased Tat induction (Fig. 4C). Conversely, changing the GABP site to an NF-ĸB site 
in AE restored TNFα induction and decreased Tat induction. 
 
Putative AP1 binding site. Besides GABP, another difference between the B and AE 
promoter is a putative AP1 binding site that partially overlaps the RBEIII binding site 
in the AE promoter (See Fig 1A)3. To study the influence of this AP1 binding site,    
mutations were made that either disrupt the AP1 site in the subtype AE LTR (AE-AP1) 
or introduce the AP1 site in the subtype B LTR (B+AP1). The mutations did not affect 
the upstream RBEIII binding site (Fig. 5A). The B+AP1 LTR-reporter showed higher 
basal promoter activity compared to the wild-type subtype B promoter although this 
difference was not significant (Fig. 5B). Basal promoter activities for the AE-AP1 and 
wild type AE LTR reporters were comparable. To measure induction of the                   
LTR-reporters the basal promoter activity was set at 1. TNFα induction decreased 
from 10.5-fold for the wild type B LTR to 6.0-fold for the B+AP1 LTR (Fig. 5C). 
Introducing the AP1 site in the subtype B LTR also slightly decreased Tat induction 
from 5.9- to 4.2-fold. Disruption of the AP1 site in the subtype AE promoter did not 
affect the TNFα and Tat responses. 
 
To investigate whether increasing amounts of Tat can induce the B+AP1 LTR, the B 
and B+AP1 LTR-constructs were examined in a Tat titration experiment. Induction of 
the wild type B LTR was apparent with increasing amounts of Tat, while B+AP1       
remained mostly unaffected (Fig. 5D). Tat equally enhanced transcription from the 
wild type AE and AE-AP1 LTR-constructs (Fig. 5E). Thus, the introduction of AP1 in the 
subtype B LTR increases basal promoter activity while decreasing the Tat induction, 
but the equivalent mutations in subtype AE exhibit little effect. 
 
To investigate if the AP1 site in the LTR promoter of subtype AE and B is really       
targeted by the AP1 transcription factor, the reporter constructs were transfected 
into HEK293T cells with a c-Jun expression vector. C-Jun belongs to the AP1 family of 
transcription factors. Increasing amounts of the c-Jun expression vector resulted in 
overexpression of the c-Jun protein, as determined by Western blotting of cell       
extracts (Fig. 6A). Overexpressing c-Jun decreased basal promoter activity (without 
Tat) of the AE LTR-reporter. Surprisingly, the promoter activity of the subtype B     
reporter also decreased (although somewhat less pronounced), even though the B 
LTR lacks the consensus sequence for the AP1 binding site (Fig. 6B). The B+AP1                  
LTR-reporter decreased its activity more strongly with c-Jun overexpression than the 
wild-type B LTR. Transcription of the AE-AP1 LTR was less inhibited by c-Jun             
overexpression compared to the wild type AE LTR. These results indicate that c-Jun 
overexpression inhibits the basal promoter activity of both the subtype B and AE LTR 
but the presence of a consensus AP1 binding site, as present in the subtype AE LTR, 
strengthens the inhibition. 
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Fig. 5. Subtype AE contains a putative AP1 binding site. A: Schematic of the promoter elements in the 
LTR of subtypes B and AE. Indicated are the transcription factor binding sites for RBEIII, AP1, NF-ĸB, 
GABP and Sp1. B: HEK293T cells were transfected with the B and AE LTR luciferase constructs and basal 
promoter activity was determined by the firefly/renilla ratio. C: HEK293T cells were transfected with the 
B and AE LTR-reporters with and without co-transfecting the Tat expressing plasmid or TNFα treatment. 
To compare the different constructs, basal promoter activity (without Tat and TNFα) was arbitrary set at 
1. D: HEK293T cells were transfected with the wild type and mutant subtype B LTR-reporters and     
increasing amounts of the Tat expression vector. E: HEK293T cells were transfected with the wild type 
and mutant subtype AE LTR reporters and increasing amounts of the Tat expression vector. Results are 
obtained from 4 independent experiments and each experiment was performed in triplicate. 
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C-Jun had no effect on Tat-induced induction of the subtype B LTR-reporter (Fig. 6C). 
Surprisingly, c-Jun increased Tat-mediated induction of the B+AP1, AE and AE-AP1 
LTR-constructs. Thus, c-Jun enhances LTR transcription with Tat, but suppresses LTR 
transcription without Tat. 
 
AP1 and HIV-1 proviral latency in SupT1 T cells. The experiments with the              
LTR-reporters indicate that AP1 inhibits basal transcription. To study the influence of 
AP1 in the context of proviral latency, the complete HIV-1 genomes with a subtype B 
or AE promoter were mutated to introduce the AP1 binding site (LAI-B+AP1) or      
disrupt it (LAI-AE-AP1). These viruses were subsequently tested in the latency assay 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Overexpression of c-Jun. 
A: HEK293T cells were            
transfected with an increasing 
amount of the c-Jun expression 
plasmid and the cell lysates were 
analyzed for c-Jun and β–actin 
protein expression by Western 
blot analysis. B: HEK293T cells 
were transfected with the      
subtype B and AE LTR-reporters 
with and without co-transfection 
of the c-Jun expression plasmid. 
C: Transfection of HEK293T cells 
with the subtype B and AE      
reporters with and without the 
Tat and/or c-Jun expression    
plasmid (2 ng). Results are      
obtained from 2 independent 
experiments and each experi-
ment was performed in triplicate. 
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in SupT1 T cells. The mock treated LAI-B infected culture yielded 2.7% CA-p24       
positive cells and this slightly increased to 3.5% for the LAI-B+AP1 infected culture 
(Fig. 7A). The LAI-AE infected culture yielded a significantly higher percentage of     
CA-p24 positive cells (5.0%), disruption of the AP1 site reduced this to 3.2%. Thus, 
introduction of the AP1 site in the subtype B promoter slightly enhanced productive 
infection in SupT1 T cells and AP1 disruption in AE decreased productive infection. In 

Fig. 7. AP1 and HIV-1 latency. SupT1 T cells were infected with viruses containing the wild type or     
mutant (as indicated) subtype B and AE promoter for the latency assay. Viruses are isogenic except for 
promoter region. A: 24 hours after infection the cell cultures were split into a mock and TNFα treated 
culture. After another 24 hours the cells were harvested, fixed, stained and the percentage of CA-p24 
positive T cells was analyzed by flow cytometry. B: Analyses of the percentage CA-p24 positive T cells 
depicted as the fold activation. C: Percentage of CA-p24 positive cells after a 24 hour mock or TNFα 
treatment. D: Analyses of the percentage CA-p24 positive T cells depicted as the fold activation. Results 
are obtained from 3 independently performed experiments and each experiment was performed in 
duplicate. 
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conclusion, an AP1 site increases the productive infection of SupT1 T cells. This is in 
line with the observed higher basal activity of the B+AP1 LTR-reporter (see Fig. 5B) 
but more difficult to understand in light of the result that an AP-1 site - when        
combined with c-Jun expression - decreases basal transcription (see Fig. 6B). 
 
To study the AP1 binding site in the context of viral latency, HIV-1 infected SupT1 
cells were treated with TNFα. For LAI-B, TNFα treatment increased the percentage 
CA-p24 positive cells 2.4-fold. For LAI-B+AP1 the fold activation was slightly lower 
(2.2-fold), but this difference was not significant (Fig. 7B). TNFα treatment of cells 
infected with LAI-AE yielded a 1.4-fold activation from latency and this increased 
slightly to 1.6-fold for LAI-AE-AP1. Thus, the presence of the AP1 site does not       
significantly affect the TNFα induced activation of HIV-1 provirus from latency. 
 
Next, we studied the AP1 site in combination with the unique GABP site.                  
Introduction of the GABP site in the subtype B promoter (LAI-B+GABP) increased the 
percentage of CA-p24 positive cells in the mock treated culture from 2.7% to 3.6% 
(Fig. 7C). This value increased further to 4.4% when AP1 was introduced together 
with GABP (LAI-B+GABP+AP1). LAI-AE yielded a higher percentage of CA-p24 positive 
cells (5.0%) than LAI-B. Replacing the GABP site for NF-ĸB (LAI-AE+2xNF-ĸB) reduced 
this value to 3.5%. The percentage decreased slightly further to 3.3% when AP1 was 
also disrupted (LAI-AE+2xNF-ĸB-AP1). Thus, introduction of both the GABP and AP1 
sites in LAI-B increases productive infection, but do not match the productive         
infection level by viruses with the AE promoter. 
 
To investigate if the presence of the AP1 site in combination with the GABP site     
affects viral latency, the infected SupT1 T cells were treated with TNFα. As expected, 
TNFα-mediated activation of the latent LAI-AE provirus was significantly lower      
compared to that of LAI-B provirus (Fig 7D). TNFα-induced activation of latent LAI-B 
decreased from 2.4- to 1.7-fold when the GABP site was introduced (LAI-B+GABP). 
This decreased slightly further to 1.5-fold for B+GABP+AP1. TNFα-induced activation 
of latent provirus increased from 1.4-fold for LAI-AE to 2.0-fold for LAI-AE+2xNF-ĸB. 
Removal of the AP1 site had no extra effect: a similar 2.1-fold activation was           
observed for LAI-AE+2xNĸB-AP1. 
 
These results show that the presence of the unique GABP site is the major               
determinant for the subtype AE latent phenotype in SupT1 cells. Overall, the AE    
promoter phenotype cannot be imitated by introducing both the AP1 and GABP sites 
in the subtype B promoter. 
 
AP1 and the different HIV-1 subtypes. We next tested the subtype-specific            
LTR-reporters for their responsiveness to c-Jun overexpression. Besides subtype AE, 
the promoters of subtype C, G and AG are also predicted to have an AP1 binding site 
and subtypes A and F are predicted to have two AP1 binding sites (Fig. 8A)3. HEK293T 
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Fig. 8. AP1 and the different HIV-1 subtypes. A: Schematic of the TFBS in the different HIV-1 subtype 
LTRs. Indicated are the RBEIII, AP1, NF-ĸB, GABP and Sp1 sites. B: HEK293T cells were transfected with 
the subtype-specific LTR-reporters with and without co-transfection of the c-Jun expression plasmid (as 
indicated). C: Transfection of HEK293T cells with the different LTR-reporters with and without the Tat 
and/or c-Jun expression plasmid (2 ng). Results are obtained from 2 independent experiments and each 
experiment was performed in triplicate. Results are obtained from 3 independent experiments each 
performed in triplicate. 
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cells were transiently transfected with the subtype-specific LTR-reporter with and 
without the c-Jun expression plasmid. To compare the effect of c-Jun overexpression 
on different LTRs, the basal promoter activity was arbitrarily set at 1. Although there 
was variation among the subtypes, c-Jun decreased the promoter activity of all       
LTR-reporters. The variation in c-Jun-mediated inhibited promoter activity could not 
be linked to the number of predicted AP1 sites (Fig. 8B). 
 
As expected, c-Jun expression did not further enhance promoter activity of the ‘AP1 
free’ subtype B LTR in Tat-expressing cells (Fig. 8C). The Tat-induced promoter       
activity of the LTR-reporters with a single putative AP1 binding site (C, AE, G and AG) 
increased in the presence of c-Jun. The Tat-induced promoter activity of subtypes A 
and F, which harbor two putative AP1 binding sites, also increased in the presence of 
c-Jun, but only to levels observed for LTR-promoters with a single AP1 site.              
Surprisingly, Tat-mediated induction of the subtype D LTR, which does not seem to 
have an AP1 site, also increased in the presence of c-Jun combined with Tat          
compared to Tat alone. 
 
 

DISCUSSION 
Considerations regarding chromatin structure. We transfected LTR-luciferase      
plasmids with the indicated promoter sequences to get a read out of transcription 
factor activity as related to HIV-1 replication efficiency and latency properties in         
T cells. Of course we are aware of the fact that this system does not reflect the      
normal cellular chromatin structure and its influence on the proviral DNA. Despite 
this restriction we obtained consistent results that reflect how cellular transcription 
factors interact with LTR sequences of the provirus, but caution should be used in 
translating the reporter data to the latency phenotype. 
 
Subtype-specific latency properties in primary T lymphocytes. In this study we   
compared the HIV-1 subtypes in primary T lymphocytes and observed no gross     
differences in their latency properties and replication efficiency. In a previous study 
the subtype-specific viruses were tested for their latency properties in the SupT1        
T cell line. We measured a combination of higher productive infection with reduced 
latency for subtype AE in SupT1 cells, but this AE phenotype was not apparent in  
primary T cells8. This difference between the primary cells and the SupT1 T cell line 
could be explained by NF-ĸB levels: SupT1 T cells display low levels of active NF-ĸB 
under standard culture conditions and are therefore very responsive to NF-ĸB       
activation via TNFα stimulation. Primary cells were PHA-activated prior to HIV-1     
infection, thus further activation of the NF-ĸB pathway has little effect. Activation of 
latent provirus in primary T cells by co-culture with DCs is triggered via an unknown 
signaling pathway(s) but most likely does not involve NF-ĸB activation. Interestingly, 
subtype A displayed reduced activation from latency but did not yield higher          
productive infection, suggesting either that subtype A establishes a smaller latent 
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reservoir or that subtype A was not efficiently purged from latency. Subtype A was 
recently reported to establish latent infections very efficiently in the Jurkat T cell 
line12. There were no major differences among the subtypes in their latency         
properties in PHA-activated T lymphocytes, but it would be very interesting to        
determine latency properties in resting T lymphocytes that have low levels of active 
NF-ĸB. 
 
Subtype AE and the AP1 transcription factor. Previously, we studied the latency 
properties of the HIV-1 subtype AE promoter in SupT1 T cells. The AE latency         
phenotype was predominantly determined by the presence of a unique GABP site 
instead the upstream NF-ĸB site. However, the GABP site could not completely     
explain the AE phenotype as introduction of GABP in the subtype B promoter         
decreased the TNF response, but did not increase the productive infection. Therefore 
other subtype B and AE promoter differences were investigated and one such        
difference is that subtype AE is predicted to have an AP1 binding site. 
 
The AP1 transcription factor is a collective term for a group of structurally and      
functionally related proteins that can bind to a DNA consensus sequence known as 
the TPA-responsive elements (TREs: 5’ TGA(C/G)TCA 3’)13. AP1 is involved in a broad 
range of cellular processes. Members of the AP1 family comprise the Jun, Fos,       
activating transcription factor (ATF) and the musculoaponeurotic fibrosarcoma 
(MAF) family13. Each of these proteins is differentially expressed in different cell 
types, meaning that every cell type has a complex mixture of AP1 dimers. In this 
study SupT1 T cells and HEK 293T cells are used to study virus characteristics, but 
these cell lines may express a different mixture of AP1 proteins. 
 
Individual Jun and Fos proteins have different transcriptional activation potential. 
The c-Jun, c-Fos and FosB proteins are generally considered to be strong activators 
whereas JunB and JunD have only weak activation potential14. Under specific          
circumstances, JunB and JunD proteins might act as repressor of AP1 activity by   
competing for binding to TRE sites or by forming ‘inactive’ heterodimers with c-Jun,  
c-Fos or FosB, adding an extra layer to the already complex AP1 network. 
 
The predicted AP1 binding site in the HIV-1 LTR overlaps with the RBEIII binding site, 
which is necessary for proper LTR transcription15. The RBEIII binding site is conserved 
in different HIV-1 isolates and binds the RBF-2 complex, which is composed of USF1, 
USF2 and the general transcription factor II-I (TFII-I)16,17. Although AP1 insertion in 
the subtype B LTR was designed not to affect the RBEIII site, it could have disrupted 
TF binding to the TFII-I site, which overlaps with the RBEIII and predicted AP1 site. 
Mutations in the LTR inhibiting TFII-I binding also prevent USF binding to RBEIII 
thereby  reducing transcription. Indeed, our introduced mutations (GCT GAC ATC GA 
to GCT GAC AAA GA) will probably prevent TFII-I binding as the T to A transversion 
prevents TFII-I binding, as determined by Malcolm et al. using EMSA analysis17.    
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However, our experiments show that the HIV-1 LTR is responsive to the c-Jun         
protein. This effect is strengthened when the LTR   contains an AP1 site that matches 
the TRE consensus more closely, as in the subtype AE LTR. This indicates that          
decreased transcription of the LTR is not just the result of disrupting the TFII-I bind-
ing site but induced by c-Jun binding to the LTR promoter. 
 
A recently published study proposed that the AP1 binding site is important for viral 
latency, calling it the latency establishment element (LEE)12. In our study c-Jun       
suppresses LTR activity in the absence of Tat, reflecting the establishment of a latent 
provirus that will likely occur without Tat. However, in the presence of Tat c-Jun   
instead boosts promoter activity. In other words, c-Jun provides the setting for Tat to 
act as a dominant molecular switch to control HIV-1 LTR activity. 
 
 

CONCLUSIONS 
We previously demonstrated differences in latency properties among viruses with an 
HIV-1 subtype-specific promoter in the SupT1 cell line. In this study we report no 
gross differences among the subtypes in their latency properties and replication   
efficiency in primary T lymphocytes. 
 
The results obtained using the SupT1 cell line indicate that the decreased              
TNFα-mediated activation of latent provirus and the higher productive infection of 
subtype AE are predominantly determined by the NF-ĸB to GABP binding site         
conversion and not influenced by the presence of the putative AP1 site. Although we 
previously observed that GABP was not the only determinant of the typical AE      
latency phenotype (high basal, low latency), AP1 is not involved. 
 
Both the subtype B and AE LTR promoters responded to c-Jun expression. The      
presence of the consensus AP1 binding site in subtype AE strengthened the                  
c-Jun-mediated transcription inhibition. Without Tat, c-Jun inhibits LTR transcription, 
but with Tat, c-Jun enhances Tat-mediated induction of the LTR. C-Jun expression 
revealed that all subtype-specific LTRs are responsive, but this could not be             
correlated to the presence of a single or two AP1 binding sites. 
 
 

MATERIALS AND METHODS 
Cells. The human embryonic kidney cell line HEK293T was grown as a monolayer in 
Dulbecco’s minimal essential medium supplemented with 10% (v/v) fetal calf serum 
(FCS), 40 U/ml penicillin, 40 μg/ml streptomycin and nonessential amino acids 
(Gibco, BRL, Gaithersburg, MD) at 37°C and 5% CO2. The human T lymphocytic cell 
line SupT1 (ATCC CRL-1942) was cultured in advanced RPMI 1640 medium (Gibco 
BRL, Gaithersburg, MD) supplemented with 1% (v/v) FCS, 20 mM glucose, 40 U/ml 
penicillin, and 40 μg/ml streptomycin. For CD4+ primary T lymphocytes and 
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monocytes isolation, human peripheral blood mononuclear cells (PBMCs) were 
isolated from buffy coats (Central Laboratory Blood Bank, Amsterdam, The 
Netherlands) by use of a Ficoll gradient. Monocytes were subsequently isolated with 
a CD14 selection step using a magnetic bead cell sorting system (Miltenyi Biotec 
GmbH, Bergisch Gladbach, Germany). Purified monocytes were cultured in RPMI 
1640 medium containing 10% FCS and differentiated into DCs by stimulation with         
45 ng/ml interleukin-4 (rIL-4; Biosource, Nivelles, Belgium) and 500 U/ml granulocyte 
macrophage colony-stimulating factor (GM-CSF; Schering-Plough, Brussels, Belgium) 
on day 0 and 2, and used on day 618. The remaining PBMCs were frozen in multiple 
vials. When required the PBMCs were thawed, activated with phytohemagglutinin 
(PHA, 2 μg/ml for 3 days activation) and cultured in RPMI medium supplemented 
with 10% FCS and recombinant IL-2 (rIL-2, Novartis) at 100 U/ml. On day 3 of culture, 
CD4+ T lymphocytes were enriched by depleting CD8+ T lymphocytes using CD8 
immunomagnetic beads (Dynal, Invitrogen). The CD4+ T lymphocytes were cultured 
for 3 days in RPMI medium with rIL-2 and 10% FCS. 
 
Reagents. TNFα (Invitrogen PHC3015) was prepared in sterile milliQ H2O (stock 
solution 10 μg/ml) and used at a final concentration of 10 ng/ml. The fusion inhibitor 
T1249 (WQEWEQKITALLEQAQIQQEKNEYELQKLDKWASLW EWF) was obtained from 
Pepscan (Therapeutics BV, Lelystad, The Netherlands) and used at a final 
concentration of 0.1 μg/ml. 
 
Plasmids. LTRs from patient isolates representing subtype A, C, D, AE (CRF_01), F, G 
and AG (CRF_02) were selected as being representative of the viral quasi species in 
the patient and the HIV‑1 subtypes2. The BseAI-AflII  fragment (position 2147 to 163) 
of the LTR was exchanged in an LTR-luciferase plasmid that is based on the subtype B 
LAI sequence3. Introduction of the GABP instead of the upstream NF-ĸB site in the 
promoter of subtype B and the conversion of the unique GABP in AE into a second       
NF-ĸB site in the full length molecular clone pLAI19 have previously been                  
described8,20. To introduce the B+GABP and AE+2xNF-ĸB LTRs in the luciferase        
reporter constructs the LTR was excised from pLAI with XhoI-BglI restriction sites and 
cloned into pBlue3’LTR3. From this intermediate plasmid the LTR was excised by    
restriction with BseAI-AflII and cloned into the LTR-luciferase plasmid using these 
sites. 
 

To introduce the AP1 site in the subtype B promoter, pBlue3’LTR B was used as a 
template in two independent PCR reactions under standard conditions. PCR primers 
5’ GAA CTG CTG ACA AAG AAG TTG CTA C 3’ and standard primer 1 (5’ TGT CTC ATG 
AGC GGA TAC ATA 3’) were used in reaction A (bold indicates the AP1 site). Reaction 
B was done with primers 5’ CTT CTT TGA CAG CAG TTC TTG AAG TAC 3’ and standard 
primer 2 (5’ TGG AAG GGC TAA TTC ACT CCC 3’). Both PCR products, purified from 
gel, were used as templates in a third PCR under standard conditions with standard 
primer 1 and 2. The 833 bp PCR product was digested with BseA1 and HindIII,         
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purified and ligated into pBlue3’LTR that was previously cut with the same enzymes. 
To remove the AP1 site from the AE promoter pBlue3’LTR AE3 was used as a          
template in two independent PCR reactions under standard conditions. PCR primers 
5’ GAC TCG TGA CAT CGA AGT TTC TAA C 3’and standard primer 1 were used in     
reaction A (bold indicates the mutated AP1 site). Reaction B was done with primers 
5’ CTT CGA TGT CAG CAG TCT TTA TAG TAC 3’ and standard primer 2. Both PCR   
products, purified from gel, were used as templates in a third PCR under standard 
conditions with standard primer 1 and 2. The 833 bp PCR product was digested with 
BseA1 and HindIII, purified and ligated into pBlue3’LTR that was previously cut with 
the same enzymes. The mutated LTRs were cloned from the pBlue3’LTR vector into 
the luciferase plasmid using the BseAI-AflII restriction sites or into the full length   
molecular clone pLAI with XhoI-BglI restriction sites and verified by sequencing. 
 
The pTat exon contains the Tat coding sequence under control of the constitutive 
CMV promoter9. To control for transfection efficiency the pDNA-pr-TK (Invitrogen) is 
used, in this plasmid renilla is under the constitutive expression of the TK promoter 
that is not affected by TNFα treatment as the promoter does not have a NF-ĸB     
binding site. 
 
For c-Jun expression the full length cDNA clone of the JUN gene (IRATp970B0488D) 
was excised from pBluescriptR (BioScience) with EcoRI/ApaI restriction sites and 
ligated into the pCMV-Sport6 (Invitrogen)  expression plasmid. The pCMV-Sport6-
cJun expression plasmid was verified with digestion restriction analysis and             
sequencing. 
 
Luciferase assay. DNA transfections were performed with Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s instructions. In short, 2.5 × 104 HEK293T 
cells were seeded 24 hours prior to transfection. The next day cells were transfected 
with a luciferase reporter plasmid (1 ng) and pcDNA-prl-TK (3 ng) in the presence or 
absence of pcDNA3-Tat vector (1 or 3 ng) and/or pCMV-Sport6-cJun (2 or 4 ng). To 
equalize the total amount of DNA for transfection the empty pDNA3’ vector was 
used and to normalize for transfection efficiency renilla expression from pDNA-prl-TK 
was used. For the c-Jun overexpression experiments cells were transfected with 3 ng       
pcDNA3-Tat vector, for the TNFα-induction cells were transfected with 1 ng              
pcDNA3-Tat vector. For TNFα treatment, cell culture medium was replaced 18 hours 
post infection with mock medium or medium supplemented with 10 ng/ml TNFα. 
Cells were harvested 24 hours post transfection and luciferase activity was measured 
with the DualGlo Luciferase kit (Promega). All transfections were performed in      
triplicate. 
 
Western Blot. HEK293T cells (0.5 × 106) were seeded 24 hours prior to transfection 
with the pCMV-Sport6-cJun using Lipofectamine 2000 (Invitrogen). The cells were 
collected 24 hours post transfection, lysed by dissolving the cells in leamlli sample 
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buffer and heating at 95oC for 10 minutes. Proteins were separated on SDS-PAGE and 
transferred onto an Immobilin_P membrane (Millipore). Blots were blocked and    
incubated overnight with the primary antibody followed by incubation with           
HRP-labeled secondary antibodies. Luminometric detection of proteins was            
performed with Western Lightning ECL (PerkinElmer Life Sciences) and membranes 
were analyzed on a LAS3000 imager (GE Healthcare). 
 
Virus production and replication. Plasmid DNA encoding the CXCR4-using HIV‑1 LAI 
primary isolate19 or derivates thereof were transiently transfected into HEK 293          
T cells with the calcium phosphate method as described previously21. Virus                 
supernatant was harvested 2 days after transfection, sterilized by passage through a 
0.2 μm filter and stored in aliquots at -80°C. The concentration of the virus stocks 
was determined by CA-p24 ELISA. To study viral replication CD4+ T lymphocytes     
isolated from 2 different blood donors were pooled and 1.0 × 106 cells were infected 
with the different isogenic viruses (1ng CA-p24 for each virus). Supernatant samples 
of infected cultures were taken at different days for extracellular CA-p24 analysis. 
 

Extracellular CA-p24 ELISA. Culture supernatant was heat inactivated at 56°C for 30 
min in the presence of 0.05% Empigen-BB (Calbiochem, La Jolla, USA). The CA-p24 
concentration was determined by a twin-site ELISA with D7320 (Biochrom, Berlin, 
Germany) as capture antibody and alkaline phosphatase-conjugated anti-p24 
monoclonal antibody (EH12-AP) as detection antibody. Quantification was 
performed with the lumiphos plus system (Lumigen, Michigan, USA) in a LUMIstar 
Galaxy (BMG labtechnologies, Offenburg, Germany) luminescence reader. 
Recombinant CA-p24 produced in a baculovirus system was used as a standard. 
 
HIV‑1 latency assay. HIV‑1 infected cells were used in the latency assay as described 
previously8,10. In short, PHA-activated CD4+ T lymphocytes or SupT1 T cells (1.0 or    
2.0 × 106 cells) were infected with HIV‑1 (20 ng CA-p24). Free virus was washed away 
after 4 hours and the cells were cultured with the fusion inhibitor T1249 to prevent 
new infections. At 24 hr after infection the infected cells (1.5 × 105/well) were either 
mock treated, treated with TNFα for SupT1 cells or co-cultured with allogenic DCs 
(0.5 × 105/well) for CD4+ T lymphocytes. After another 24 hr, the cells were             
harvested and intracellular CA-p24 was detected by FACS flow cytometry. The         
percentage of CA-p24 positive cells in the treated culture was divided by the          
percentage of CA-p24 cells in the mock treated culture and used as a measure for 
proviral latency (fold activation). One Way ANOVA and student T test (2-tailed) were 
used to evaluate if observed differences between groups are significant (Graphpad 
Prism, version 5). P values * = p<0.05, ** = p<0.01, *** = p<0.001. 
 
FACS flow cytometry. Cells were fixed in 4% formaldehyde for 10 minutes at room 
temperature and subsequently washed with FACS buffer (PBS supplemented with 1% 
FCS). The cells were permeabilized with BD Perm/Wash™ buffer (BD Pharmingen) 
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and antibody staining was performed in BD Perm/Wash™ or FACS buffer for 1 hr at 
4°C. Excess of unbound antibody was removed and the cells were analyzed on a BD 
FACSCanto II flow cytometer with BD FACSDiva Software v6.1.2 (BD biosciences,     
San Jose, CA) in FACS buffer. The live population was defined based on                      
forward/sideward scatter and analyzed for CD3 and intracellular CA-p24 positivity. 
Gate settings were fixed between samples for each experiment. 
 
The DC phenotype (negative for CD14, low levels of MHC class II (HLA-DR), CD83 and 
CD86 and high levels of DC-SIGN) was confirmed by FACS flow cytometry22. 
 
Antibodies. For intracellular CA-p24 measurement we used α-CA-p24-RD1 (clone 
KC57, Coulter). For CD3 staining the APC-conjugated α-CD3 (BD Bioscience) was 
used. For DC staining purified α-CD83-APC (BD Bioscience), α-CD86-PE (BD                 
Pharmingen), α-HLA-DR-PerCPCy5 (BD Bioscience), α-CD14-FITC (BD Bioscience) and 
α-DC-SIGN-PE (R&D Systems) antibodies were used. For protein detection on       
western blot the Mouse monoclonal anti-β-actin (Sigma), rabbit polyclonal anti-c-Jun 
(Abcam), goat anti-rabbit or goat anti-mouse HRP-labeled secondary antibodies (KPL) 
were used. 
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ABSTRACT 
HIV-1 latency remains a major obstacle towards virus eradication from infected     
individuals. The major contributors to the long-lived reservoir are latently infected 
resting T lymphocytes. However, we have recently demonstrated that PHA-activated 
T lymphocytes with an effector phenotype can also harbor latent HIV-1 provirus. The 
provirus could be purged from latency by co-culturing of the HIV-1 infected                 
T lymphocytes with monocyte-derived dendritic cells (MDDCs). In this study we     
investigated whether other cells were capable of purging HIV-1 from latency. We 
show that provirus could not be purged from latency by co-culturing of the                  
T lymphocytes with B lymphocytes, monocytes or plasmacytoid dendritic cells. 
Monocyte-derived macrophages type I and II moderately activated latent provirus. 
However,  HIV-1 provirus was very efficiently purged out of latency by co-culturing of 
the T lymphocytes with CD1c+ or CD141+ myeloid dendritic cells. Interestingly,     
maturation of primary myeloid DCs with several TLR ligands showed that these      
matured myeloid DCs activated latent provirus as efficiently as immature myeloid 
DCs, except for poly(I:C) maturated cells which almost lost purging properties. 
Knowledge on ‘natural’ purging mechanisms may contribute to eradication strategies 
targeting the long-lived viral reservoir. 
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INTRODUCTION 
HIV-1 latency remains a major barrier towards eradicating virus from the infected 
individual and therapeutic attempts to purge these reservoirs have thus far been 
unsuccessful1. The pool of latent proviruses is established early during infection and 
forms a steady source of integrated proviral DNA that last for the lifetime of infected 
individuals2-5. Even after many years of successful antiretroviral therapy, reducing 
the viral load to undetectable levels, the virus can rebound from latently infected 
cellular reservoirs and re-establish systemic infection upon therapy interruption6-11. 
The majority of the reservoir consists of latently infected resting T lymphocytes12. 
However, recently we and others have demonstrated that actively proliferating     
effector T lymphocytes can frequently harbor latent HIV-1 provirus as well13,14. A     
latently infected proliferating T lymphocyte might escape recognition by the immune 
system, as no viral peptides are expressed and presented, and could revert into    
resting T lymphocytes, thus contributing to the long-lived latent viral reservoir. These 
latently infected proliferating T lymphocytes did not start virus production upon 
treatment with known anti-latency drugs, such as TNFα, prostratin, TSA and NaBut. 
However, activation of latent provirus was mediated by co-culturing of                          
T lymphocytes with monocyte-derived dendritic cells (MDDCs), demonstrating that a 
natural mechanism based on cell-cell  interactions can purge HIV‑1 from latency. In 
this study, we investigated whether other cells from the myeloid lineage as well as 
different peripheral blood cells could induce expression from the latent HIV-1        
provirus in proliferating T lymphocytes. Understanding the natural mechanisms that    
activate latent HIV‑1 provirus may lead to novel intervention therapies to overcome 
latency. 
 
 

RESULTS 
MDDCs are more potent in activating HIV-1 provirus from latency than MDMØs. 
We previously demonstrated that HIV-1 quite frequently establishes a latent provirus 
in actively proliferating T lymphocytes with an effector phenotype. Co-culture of 
these latently infected T lymphocytes with monocyte-derived dendritic cells (MDDCs) 
efficiently purged the provirus from latency, resulting in active virus production13. 
The results implied that encounter of DCs with HIV-1 infected T lymphocytes at     
contact sites in mucosal tissue or lymph nodes might reverse the HIV-1 latent        
phenotype in T lymphocytes. To determine whether other monocyte-derived cell 
types could purge the HIV-1 provirus from latency, monocytes were isolated from 
peripheral blood and differentiated into MDDCs and monocyte-derived macrophages 
(MDMØs) with a type I or type II phenotype. Cell imaging with confocal microscopy 
showed the cell morphology of MMDC and MDMØ (Fig. 1A). The cells were stained 
with antibodies to determine the expression levels of different immune phenotype 
markers by flow cytometry. The MDDC were negative for CD14, expressed              
intermediate levels of the MHC class II molecules and high levels of CD1c, CD11c and 
DC-SIGN, indicating an immature MDDC phenotype (Fig. 1B). Type I MDMØs          
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expressed low levels of CD14 and CD163 and high levels of CD206, while MDMØs 
type II expressed high levels of CD14, CD163 and CD206, confirming that they were 
indeed MDMØs with a type I or II phenotype (Fig. 1C). 
 
To study whether the two MDMØ cell types could activate HIV-1 provirus from      
latency in the same way that MDDCs would, we performed a previously described 
latency assay15,16. To study HIV-1 proviral latency, the transcriptionally silent provirus 
must be distinguished from a defective provirus. This can be achieved by purging   
silent provirus out of latency and measuring production of viral proteins such as the 
major structural protein Gag or its CA-p24 domain. The latency assay is based on   
single round infection because subsequent infections are blocked by the use of     
fusion inhibitor T1249. PHA-activated T lymphocytes were infected with HIV-1 and 
after 4 h unbound virus was washed away. One day after infection the cell culture 
was split into 4 individual cultures which were further incubated with 4 different cell 
types: mock (no cells), type I MDMØs, type II MDMØs, or MDDCs. By comparing the 
percentages CA-p24 positive cells in the co-culture with the percentages of CA-p24 
positive cells in the mock culture a fold activation from latency can be calculated. 
After 24 h of co-culturing, the cells were fixed, stained for CD3 (to detect                      
T lymphocytes) and intracellular CA-p24, and analyzed by flow cytometry. In the 
mock treated culture, 2.5% of the T lymphocytes were CA-p24 positive (Fig. 2A). 
Upon co-culturing the T lymphocytes with type I MDMØs, the percentage CA-p24 
positive T cells mildly increased to 3.6% (Fig. 2B), yielding a 1.4-fold activation of   
latent provirus (Fig. 2C). A similar induction level was obtained by co-culturing HIV-1 
infected T lymphocytes with type II MDMØs, yielding a 1.3-fold activation.                
Co-culturing of the T lymphocytes with MDDCs induced the provirus from latency 
more efficiently than the MDMØs: to 5.8% (2.3-fold activation), consistent with what 
we reported previously13. Thus, macrophages have some capacity to purge the HIV-1 
provirus from latency in T lymphocytes, but that capacity is lower than that of 
MDDCs. 
 
Monocytes have no effect on latent HIV-1 provirus. To investigate if the activation 
of latent provirus by MDMØs could also be obtained with undifferentiated           
monocytes, HIV-1 infected T lymphocytes were either mock treated or co-cultured 
with monocytes that were freshly isolated from blood. Isolation of monocytes with 
αCD14 labeled magnetic beads yielded a 98% pure monocyte population (Fig. 3A).   
Co-culturing of the T lymphocytes with monocytes did not change the percentages of 
CA-p24 positive cells compared to mock treated cultures (Fig. 3B). As positive        
control, the T lymphocytes were also co-cultured with MDDCs that again induced a 
significant 2.4–fold activation (Fig. 3D). These results show that cell-cell interactions 
between monocytes and T lymphocytes do not induce activation of HIV-1 provirus 
from latency. 
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Fig. 1. Phenotypic characterization of MDDCs and MDMØs. A: Representative confocal microscopy 
image of iMMDC, MDMØ type I and MDMØ type II B: Representative mean fluorescent intensity (MFI) 
histogram of immature MDDCs expressing high levels of CD1c, CD11c and DC-SIGN, intermediate levels 
of MHC class II (HLA-DR) while being negative for CD14. C: Representative mean fluorescent intensity 
(MFI) histogram of MDMØs type I, expressing low levels of CD14 and CD163 and high levels of CD206, 
and MDMØs type II, expressing high levels of CD14, CD163 and CD206. 

Myeloid DCs isolated from blood can activate HIV-1 provirus from latency. To      
investigate whether peripheral blood DCs can activate the latent provirus, two       
different subsets of myeloid dendritic cells (mDCs) were directly isolated from blood, 
using a ‘Dendritic Cell Isolation Kit’. The conventional mDC population (CD1c+),     
characterized by high expression levels of CD1c and CD11c, but negative for the    
general blood cell lineage markers CD3, CD14, CD16, CD19, CD20 and CD56, yielded a 
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purity of 68% (Fig. 4A). Isolation of cross-presenting mDCs, expressing high levels of 
CD141 and CD11c while negative for the different general blood cell lineage markers, 
yielded 76% purity (Fig. 4B). Co-culturing of the HIV-1 infected T lymphocytes with 
CD1c+ and CD141+ mDCs (mDC:T cell ratio 1:3) increased the percentage of CA-p24 
positive cells from 2.6% in the mock treated culture to 5.6% and 4.7%, yielding an 
average activation of 1.9- and 1.8-fold, respectively (Fig. 4C and D). Thus, similar to 
MDDCs, myeloid DCs directly isolated from blood can activate provirus from latency. 

Fig. 2. MDDCs are more potent in activating HIV-1 provirus from latency than MDMØs. A:                
Representative dot-plot of HIV-1 infected T lymphocytes positive for CA-p24 and CD3 after 24 hour 
mock treatment, co-culture with MDMØs type I, MDMØs type II or MDDCs. B: Percentage of              
intracellular CA-p24 positive T lymphocytes with or without MDMØ type I,  type II or MDDC co-culture. 
The data shown are of a representative experiment with two  different donors, each performed in    
triplicate (n=6). C: Analyses of the percentage of CA-p24 positive T lymphocytes shown as the mean fold 
activation. Results are the mean values (± sem) of two independent experiments with two donors, each 
experiment again performed in triplicate (n=12). 
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B lymphocytes do not induce activation of latent provirus. Similar to MDDCs and 
MDMØs, B lymphocytes perform antigen presenting functions and frequently       
contact T lymphocytes in blood and draining lymph nodes. To assess whether                
B lymphocytes have the capacity to activate the HIV-1 provirus from latency,               
B lymphocytes were isolated from PBMCs with CD19 specific beads, reaching a purity 
of ~98% as determined by FACS flow cytometry (Fig. 5A). Co-culturing of HIV-1       
infected T lymphocytes with B lymphocytes did not increase the percentage of        

Fig. 3. Monocytes cannot activate the HIV-1 provirus from latency. A: Representative dot-plot of     
isolated monocytes positive for CD14. B: Representative dot-plot of HIV-1 infected T lymphocytes     
positive for CA-p24 and CD3 after a 24 hour mock treatment or co-culture with monocytes or MDDCs. C: 
Percentage of intracellular CA-p24 positive T lymphocytes with or without monocyte or MDDC               
co-culture. Shown is a representative experiment with a single donor performed in triplicate (n=3). D: 
Analyses of the percentage of CA-p24 positive T lymphocytes shown as mean fold activation. Results are 
the mean values (± sem) of two independent experiments with two donors, each experiment being 
performed in triplicate (n=6). 
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Fig. 4. Myeloid DCs isolated from blood can activate HIV-1 provirus from latency. A: Representative 
dot-plot of blood isolated myeloid DCs positive for CD1c, CD11c and negative for the markers CD3, 
CD14, CD16, CD19, CD20 and CD56 (‘lineage’). B: Representative dot-plot of blood isolated myeloid DCs 
positive for CD141, CD11c and negative for the markers CD3, CD14, CD16, CD19, CD20 and CD56 
(‘lineage’). C: Percentage of intracellular CA-p24 positive T lymphocytes with or without CD1c+ mDC or 
CD141+ mDC co-culture. Shown is a representative experiment with two different donors performed in 
triplicate (n=6). D: Analyses of the percentage of CA-p24 positive T lymphocytes shown as the mean fold 
activation. Results are the mean values (± sem) of three independent experiments with six donors and 
each experiment was performed in triplicate or duplicate (CD1c+ n=16: CD141+ n=18). 



 123 

6 

CA-p24 positive cells compared to mock treated T lymphocytes (Fig. 5B). As positive 
control the T lymphocytes were co-cultured with MDDCs and this induced the       
expected 2.4–fold activation (Fig. 5C). 
 
We also tested whether unstimulated T lymphocytes such as CD4/CD8 T cells and NK 
cells were able to induce virus production from latently infected T lymphocytes. For 
this we used the remainder of the PBMC fraction from which the CD14 positive 

Fig. 5. B lymphocytes cannot activate the HIV-1 provirus from latency. A: Representative dot-plot of 
isolated B lymphocytes positive for CD19. B: Representative dot-plot of HIV-1 infected T lymphocytes 
positive for CA-p24 and CD3 after a 24 hour mock treatment or co-culture with B lymphocytes or 
MDDCs. C: Analyses of the percentage CA-p24 positive T lymphocytes shown as mean fold activation. 
Results are the mean values (± sem) of two independent experiments with four different donors and 
each experiment was performed in triplicate (n=12). 
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monocytes, CD19-positive B cells and myeloid DCs were depleted. This bulk            
‘left-over’ T cell fraction could not alleviate proviral latency in infected T lymphocytes 
(Fig. S1). 
 
Plasmacytoid DCs cannot activate HIV-1 provirus from latency. To investigate 
whether activation of latent provirus is specifically induced by DCs of myeloid origin, 
we set out to determine if plasmacytoid DCs (pDCs) could activate the provirus from 
latency. After pDC isolation from blood, the cells were stained with antibodies to  
detect expression of different immune phenotype markers. Flow cytometry analyses 
demonstrated that 99.9% of the isolated cells expressed the IL-3 receptor CD123 and 
92.3% expressed the pDC marker CD304 (BDCA-4), while being negative for different 
general blood cell lineage markers (Fig. 6A). Co-culturing of HIV-1 infected                   
T lymphocytes with pDCs did not affect the percentage CA-p24 positive cells as    
compared to the mock treated culture (Fig. 6B and C). These results show that pDCs 
can not activate the HIV-1 provirus from latency in T lymphocytes. 
 
In conclusion, our results show that the latent HIV-1 provirus in proliferating effector 

T lymphocytes cannot be    
activated by monocytes,    
plasmacytoid DCs, B lympho-
cytes or T cells, but HIV-1    
provirus can be purged from 
latency by CD1c+ and CD141+      
myeloid DCs, MDDC, and 
MDMØ. 
 

Fig. 6. Plasmacytoid DCs isolated 
from blood cannot activate the      
HIV-1 provirus from latency. A:    
Representative dot-plot of blood 
isolated plasmacytoid DCs positive 
for CD123, CD304 and negative for 
markers CD3, CD14, CD16, CD19, 
CD20 and CD56 (‘lineage’). B:        
Percentage of intracellular CA-p24 
positive T lymphocytes with or     
without pDC co-culture. Shown is a     
representative experiment with two 
different donors  performed in     
triplicate (n=6). D: Analyses of the 
percentage of CA-p24 positive            
T lymphocytes shown as the mean 
fold activation. Results are mean 
values (± sem) of two independent 
experiments with four donors, each 
experiment being performed in    
triplicate (n=12). 
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Fig. 7. Maturation of MDDCs or myeloid DCs affects the activation of latent provirus differently. A: 
Representative mean fluorescent intensity (MFI) histogram of unstimulated iMDDCs (filled grey)       
expressing low levels CD83, CD86 and intermediate levels of MHC class II (HLA-DR), LPS stimulated (bold 
black line) or poly(I:C) stimulated (grey line) mMDDCs expressing high levels of CD83, CD86 and MHC 
class II. B: Fold activation of the percentage CA-p24 positive T lymphocytes after 24 hour mock         
treatment or co-culture with iMDDC, mMDDCLPS or mMDDCpoly(I:C). Results are mean values (± sem) of 
two independent experiments with two donors and each experiment was performed in triplicate (n=6). 
C: Fold activation after 24 hour mock treatment or co-culture with unstimulated CD1c+ mDC, CD1c+ 
mDCLPS or CD1c+ mDCpoly(I:C). Results are the mean values (± sem) of two independent experiments with 
three donors and each experiment was performed in triplicate (n=9). D: Fold activation after 24 hour 
mock treatment or co-culture with unstimulated CD141+ mDC, CD141+ mDCLPS or CD1141+ mDCpoly(I:C). 
Results are the mean values (± sem) of a single experiment with two donors, performed in duplicate 
(n=4). 
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Mature MDDC-mediated activation of latent provirus is less potent than immature 
MDDC-mediated activation. Blood circulating mDCs can undergo a maturation          
process after recognition of pathogen-associated molecular patterns (PAMPs)        
derived from pathogens such as viruses or bacteria by pathogen recognition          
receptors (PPRs) and Toll like receptors (TLR). Maturation induces mDC migration to 
the lymph nodes to initiate an adequate immune reaction. To investigate if mature 
and immature DCs have different effects on transcriptional activation of latent HIV-1 
provirus in T lymphocytes, latency activation properties of mature and immature 
MDDCs were tested in the assay. MDDCs were stimulated with lipopolysaccharide 
(LPS, mMDDCLPS), for maturation via the TLR4 receptors, or with poly(I:C)  
(mMDDCpoly(I:C)), for maturation via TLR3, or left untreated to remain immature 
(iMDDC). Maturation of the MDDCs was analyzed by measuring the expression of 
MHC class II (HLA-DR), CD83 and CD86 on the plasma membrane by flow cytometry. 
Expression of these markers was strongly increased after MDDC stimulation with LPS 
or poly(I:C), confirming their mature status (Fig. 7A). As described above, co-culturing 
of HIV-1 infected T lymphocytes with iMDDC induced a significant 2.8-fold increase in 
the percentage of CA-p24 positive cells (Fig. 7B). T lymphocytes co-cultured with 
mMDDCLPS or with mMDDCpoly(I:C) showed significantly reduced activation, yielding 
1.8- and 1.6-fold activation, respectively. Thus, MDDC maturation reduces their    
ability to activate HIV-1 provirus from latency in T lymphocytes. 
 
To investigate if this reduced activation due to cellular maturation of the MDDC is 
also observed for primary myeloid DCs, CD1c+ mDCs were stimulated with LPS or 
poly(I:C) prior to the co-culture with HIV-1 infected T lymphocytes. Co-culturing of 
the HIV-1 infected T lymphocytes with immature CD1c+ mDCs activated latent        
provirus 1.9-fold (Fig. 7C). Stimulation of CD1c+ mDCs with poly(I:C) almost abolished 
activation of latent provirus (1.2-fold activation). In contrast, LPS stimulated CD1c+ 
mDCs increased the number of CA-p24 T lymphocytes, yielding a 2.3-fold activation. 
Similar results were obtained when T lymphocytes were co-cultured with matured 
CD141+ mDCs. More T lymphocytes became positive for CA-p24 when co-cultured 
with immature (2.3-fold) or LPS stimulated CD141+ mDCs (3.0-fold), whereas poly(I:C) 
stimulated CD141+ mDCs showed significant reduction of activation (1.2–fold)      
compared to the immature CD141+ mDCs (Fig. 7D). Collectively, these results         
indicate that the DC maturation status can affect the DC-mediated HIV-1 activation 
from latency. Furthermore, opposite effects are observed when comparing blood 
myeloid DCs and MDDCs upon stimulation with LPS (Fig. 7B-D), the latter losing their 
capacity to revert latency. 
 
Latency activation after maturating MDDCs and myeloid DCs with different ligands 
for TLR or the NOD2 receptor. As discussed above, stimulating DCs with LPS derived 
from bacteria or poly(I:C), a mimic of double stranded viral RNA, altered the DCs    
capacity to activate latent HIV-1 provirus in T lymphocytes. This suggests that HIV-1 
latency in T lymphocytes may also be influenced by other pathogens or PAMPs      
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triggering DC activation. To test this, MDDCs were stimulated with PAM3CSK4 (a 
ligand for TLR1/2), peptidoglycan (PGN, ligand for TLR2), poly(I:C) (TLR3), LPS (TLR4), 
flagellin (TLR5), CLO97 (TLR7/8), R848 (TLR8), or muramyldipeptide (MDP, NOD2   
receptor), or not treated to preserve the immature DC phenotype (see also Fig 8A). 
The MDDC maturation was verified by measuring increased expression levels of 
CD83, CD86 and HLA-DR (Fig. S2). Co-culturing of the HIV-1 infected T lymphocytes 
with immature MDDCs increased the percentage CA-p24 positive cells 2.2-fold       

Fig. 8. Activation upon maturation of MDDCs and myeloid DCs with different ligands for TLR or the 
NOD2 receptor. A: HIV-1 infected T lymphocytes were mock treated, co-cultured with immature 
MDDCs or co-cultured with MDDCs that were stimulated with different TLR ligands to induce DC     
maturation. The percentage of CA-p24 positive T lymphocytes was analyzed by flow cytometry and fold 
activation was calculated. Results are the mean values (± sem) of two experiments with three donors 
and each experiment was performed in duplicate or triplicate (n=7). B: Fold activation after 24 hour 
mock treatment or co-culture with unstimulated CD1c+ mDC or CD1c+ mDC stimulated with different 
TLR ligands. Results are the mean values (± sem) of a single experiment with two donors performed in 
duplicate (n=4). 



128  

(Fig. 8B). Co-cultures of T lymphocytes with LPS or poly(I:C) maturated MDDCs       
reduced this to 1.5- or 1.0-fold, respectively. Stimulation of the MDDCs with the 
other compounds increased the percentage CA-p24 positive cells, ranging from       
1.7-fold for flagellin stimulated MDDCs to 3.0-fold for MDP stimulated MDDCs.           
T lymphocytes treated with the different stimuli alone did not change the number of 
CA-p24 positive cells (Fig. S3). These results illustrate that maturation stimuli strongly 
influence the capability of MDDCs to purge latent HIV-1 provirus and imply that this 
capability does not depend on maturity of the DC per se. 
 
To investigate whether conventional CD1c+ DCs maturated with the different TLR 
antagonists have similar effects on the activation of latent provirus, HIV-1 infected     
T lymphocytes were co-cultured with the differently maturated CD1c+ DCs and fold 
activation from latency was determined. Co-culturing of the T lymphocytes with   
immature CD1c+ DCs induced a 2.3-fold activation of latent provirus (Fig. 8C). All    
mature CD1c+ DCs induced comparable induction of latent provirus, ranging from   
2.2-fold for CLO97 and R848 stimulated DCs to 2.8-fold for PGN stimulated DCs.     
Except for poly(I:C) stimulated CD1c+ DCs, as these DCs activated the provirus from 
latency only by 1.2-fold. 
 
Collectively, our results show that DCs can purge HIV-1 provirus from latency in     
proliferating T lymphocytes. The extent of purging can differ between DCs, such as 
MDDCs or primary myeloid CD1c+/CD141+ DC that circulate in peripheral blood.     
Furthermore, the DC maturation status influences the purging potency, but this is 
dependent on the specific maturation stimulus. 
 
 

DISCUSSION 
Dendritic cells are important antigen presenting cells (APCs), inducing immune       
system activation in response to pathogens. In blood, lymph nodes, spleen and      
inflamed mucosal tissues, DCs constantly interact with T lymphocytes. In HIV-1     
pathology, DCs are known to be hijacked by HIV-1 for virus transmission to                   
T lymphocytes17. In this study we describe an additional role for DCs in HIV-1          
pathogenesis and show that different DC subsets isolated from blood can activate 
HIV-1 from latency. 
 
The HIV-1 reservoir predominantly consists of resting T lymphocytes that harbor  
latent provirus7,12. However, we and others recently reported that effector                         
T lymphocytes can also harbor latent HIV-1 provirus and that this occurs quite        
frequently13,14. Co-culturing of HIV-1 infected T lymphocytes with monocyte-derived 
dendritic cells (MDDCs) purged HIV-1 provirus from latency. In this study we show 
that the provirus can also be purged from latency by co-culturing infected                    
T lymphocytes with blood isolated CD1c+ or CD141+ myeloid DCs, but not by              
co-culturing with monocytes, B lymphocytes or plasmacytoid DCs. Monocyte-derived 
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macrophages (MDMØ) moderately purged the provirus from latency but not as 
strongly as MDDCs. These results suggest that purging of the latent provirus in            
T lymphocytes is mediated by differentiated cells of the myeloid lineage. 
 
Stimulating MDDCs with LPS (triggering the TLR4 receptor) or poly(I:C) (TLR3)          
reduced the DC purging properties. In contrast, maturation of the MDDCs via         
triggering of other LTRs or the NOD2 receptor activated the provirus from latency 
with equal or slightly increased efficiency compared to immature MDDCs. Immature 
CD1c+ and CD141+ myeloid DCs isolated from blood purged the provirus from latency 

Fig. 9. Schematic representation showing purging properties of immature and mature myeloid DCs. A: 
Co-culturing of HIV-1 infected T lymphocytes with immature myeloid DC purges HIV-1 provirus from 
latency in primary activated T lymphocytes. B: LPS-induced (via TLR4) maturated myeloid DCs purge the 
HIV-1 provirus from latency. Similar results were obtained with DCs maturated by stimulating the TLR1, 
2, 5, 7, 8 or the NOD2 receptor. C: Poly(I:C)-induced (via TLR3) maturated myeloid DCs do not purge the 
HIV-1 provirus from latency. 
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(as illustrated in Fig. 9). Maturated myeloid DCs showed equal or slightly increased 
activating properties, including TLR4-induced maturated myeloid DCs. An exception 
was observed for poly(I:C) stimulated myeloid DCs that completely lost their purging 
properties. 
 
TLR1, 2, 5, 7 and 8 signal via the universal adaptor protein MyD88 to activate the     
NF-ĸB and MAPK pathways18. TLR3, in contrast, signals via the TIR-domain-containing 
adapter-inducing interferon-β (TRIF) that apart from NF-kB and MAPK signaling 
routes also activates the IRF3 pathway, leading to production of interferon-β19. TLR4 
signals via both MyD88 and TRIF adaptor proteins, dependent on its location. Cell 
surface localized TLR4 signals via MyD88, endosome localized TLR4 signals via         
TRIF20-22. Our observation that poly(I:C) stimulated DCs (TLR3) have lost their           
anti-latency properties suggests that this reduced purging property is linked to the 
TRIF pathway. The different anti-latency profiles observed for LPS maturated MDDCs 
and myeloid DCs, may suggest that external or internal TLR4 signaling differs          
between these two cell types. 
 
Poly(I:C) can also activate protein kinase RNAactivated (PKR)23. PKR is an anti-viral 
kinase, phosphorylating translation initiation factor EIF2A, thus preventing mRNA 
translation and subsequent virus production24,25. Additionally, PKR can activate    
transcription factors that induce expression of cytokines so that an anti-viral           
response is signaled to other cells. We are currently investigating whether the        
reduced purging associated with poly(I:C) stimulation of DCs occurs via TLR3 or PKR. 
 

In our in vitro experiments the T lymphocytes are cultured outside their natural   
habitat. Our observations that viral latency in T lymphocytes is influenced differently 
by various DC subsets suggest that viral latency in vivo might depend on the specific 
location of the T lymphocytes. For instance, production of virus particles from the 
latent reservoir may be beneficial for virus replication in the lymph node or other 
lymphoid organs, where cART levels may be suboptimal26. Combined, this may allow 
for low level virus replication to occur. Reduced latency levels (i.e. higher productive 
infection) may also help explain the high HIV-1 replication rate in the intestine of        
infected patients. The intestinal lamina propria is an important reservoir for HIV in 
which viral DNA can be detected even when viral load is not detectable in plasma27. 
Damage of gut mucosa is associated with microbial translocation in the intestine and 
circulating LPS is significantly increased in chronically HIV-infected individuals and in 
simian immunodeficiency virus (SIV)-infected rhesus macaques28. Immature DCs    
residing in the lamina propria may mature via LPS-induced triggering of the TLR4   
receptor. Subsequent contact with latently infected T lymphocytes in the intestinal 
lamina propria, germinal centers in Peyers patches or local lymph nodes would then 
allow efficient purging of latent HIV-1 (as illustrated in Fig. 10). Virus production from         
latently infected cells may be beneficial for the virus, allowing it to maintain or       
expand the reservoir (i.e. establishing more latent proviruses in other cells), or      

http://en.wikipedia.org/wiki/EIF2A
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increase the chance of viral escape from drug or immune pressure (by constant       
low-level virus replication). 
 
When DCs engulf viral particles, the DC will maturate by dsRNA triggering the TLR3 
receptor and migrate to secondary lymphoid organs to encounter T lymphocytes. In 
our study, poly(I:C) stimulated myeloid DCs hardly activate latent provirus. Others 
have reported that myeloid DCs induce HIV-1 latency in resting T lymphocytes29. Our 
assay is not optimal for measuring the induction of latency. We use intracellular     
HIV-1 CA-p24 as marker for virus production. CA-p24 protein is relatively stable and 
decreases in steady state are probably not observed over the time frame of our     
assay. For these reasons we did not study the induction of latency by DCs, but the                  
observations that dsRNA maturated myeloid DCs have reduced purging capability or 
might even induce viral latency become most intriguing considering virus              
transmission by DCs. The DC that ferries the virus to infect the T lymphocyte may at 
the same time prevent virus production by inducing HIV-1 latency. Particularly during 
primary infection this would be a very useful Trojan horse strategy for the virus,    

Fig. 10. Schematic representation showing DC-mediated activation of latent provirus in the gut.     
Immature DCs residing in the lamina propria can maturate via LPS-induced triggering of the TLR4       
receptor. The maturated DCs may (A) reside in the intestinal lamina propria, (B) migrate to a germinal 
centre in Peyers patches or (C) migrate to a germinal center in a local lymph node. Subsequent contact 
with latently infected T lymphocytes might allow for purging of HIV-1 provirus. Purple cells in germinal 
centres denote B lymphocytes, surrounded by both HIV-1 infected and uninfected T lymphocytes. 
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allowing establishment of latent reservoirs not recognized by the immune system as 
no viral peptides are expressed and presented. 
 
In our study we use PHA-activated effector T lymphocytes to investigate viral latency. 
We primarily focused on determining which myeloid lineage derived cells and which 
peripheral blood cells could induce gene expression from latent HIV-1 provirus in 
proliferating T lymphocytes. In HIV-1 infected patients the long-lived HIV-1 reservoir 
consists predominantly of resting T lymphocytes. A study by Marini et al. describes a 
role for maturated MDDC in activating HIV-1 provirus from latency in resting                
T lymphocytes30. Future research should answer the question whether immature 
MDDCs or the CD1c+ and CD141+ myeloid DCs can also purge provirus from latency in 
resting T lymphocytes. Knowledge regarding ‘natural’ purging mechanisms may     
contribute to eradication strategies targeting the long-lived viral reservoir. 
 
 

MATERIALS AND METHODS 
Cells. HEK 293T cells were grown as a monolayer in Dulbecco’s minimal essential   
medium (Gibco, BRL, Gaithersburg, MD) supplemented with 10% (v/v) fetal calf     
serum (FCS), 40 U/ml penicillin, 40 μg/ml streptomycin and nonessential amino acids 
(Gibco, BRL, Gaithersburg, MD) at 37°C and 5% CO2. 
 
Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats 
(Central Laboratory Blood Bank, Amsterdam, The Netherlands) by use of a Ficoll    
gradient and frozen in multiple vials. When required, PBMCs were thawed, activated 
with phytohemagglutinin (PHA, Remel, 2 μg/ml) and cultured in RPMI medium 
supplemented with 10% FCS and recombinant IL-2 (rIL-2, Novartis, 100 U/ml). On day 
3 of culture, CD4+ T lymphocytes were enriched by depleting CD8+ T lymphocytes 
using CD8 immunomagnetic beads (Dynal, Invitrogen). The CD4+ T lymphocytes were 
cultured for 3 days in RPMI medium (Gibco, BRL, Gaithersburg, MD) with rIL-2 and 
10% FCS. 
 
Monocytes were isolated from PBMCs with a CD14 selection step using a magnetic 
bead cell sorting system (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)       
according to the manufacturer’s protocol. Purified monocytes were cultured in RPMI 
1640 medium containing 10% FCS and differentiated into immature monocyte-
derived dendritic cells (iMDDCs) by stimulation with 45 ng/ml interleukin-4 (rIL-4; 
Biosource, Nivelles, Belgium) and 500 U/ml granulocyte macrophage                        
colony-stimulating factor (GM-CSF; Schering-Plough, Brussels, Belgium) on day 0 and 
2, and used on day 631. Mature monocyte-derived DCs (mMDDCs) were obtained on 
day 6 after stimulating iMDDCs on day 5 with poly(I:C), LPS or other compounds (as 
indicated). To prepare monocyte-derived macrophages (MDMØ), purified monocytes 
were cultured in RPMI 1640 medium containing 10% FCS and differentiated by 
stimulation with 5 ng/ml GM-CSF for a type I phenotype or with 5 ng/ml macrophage   
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colony-stimulating factor (M-CSF; Immunotools) for a type II phenotype on day 0 and 
3, and used on day 7. 
 
B lymphocytes were selected from PBMCs using CD19+ magnetic beads according to 
manufacturer’s protocol (Miltenyi Biotec) and were maintained in RPMI medium 
supplemented with 10% FCS after isolation. 
 
Myeloid DCs (CD1c or CD141) were isolated from PBMCs using the CD1c (BDCA-1) 
Dendritic Cell Isolation Kit, or CD141 (BDCA-3) MicroBead Kit from Miltenyi Biotec 
according to manufacturer’s protocol. Plasmacytoid DCs were isolated with the     
Diamond Plasmacytoid Dendritic Cell Isolation Kit II (Miltenyi Biotec). Briefly, CD14+ 
monocytes and CD19+ B lymphocytes were depleted from freshly isolated PBMCs 
and CD1c+ and CD141+ myeloid DCs were subsequently isolated. The remaining 
PBMC fraction was treated with a non-PDC microbead cocktail II (Miltenyi Biotec) to 
deplete T lymphocytes and NK cells, followed by a positive selection for pDC with 
BDCA-4 labeled magnetic beads. mDCs and pDCs were cultured in RPMI medium                  
supplemented with 10% FCS and respectively stimulated with 500 U/ml GM-CSF 
(Schering-Plough, Brussels, Belgium) or 10 ng/ml IL-3 (Invivogen). 
 
Phenotypes of cells were analyzed by determining specific marker protein expression 
with FACS flow cytometry. Monocytes and B lymphocytes expressed high levels of 
CD14 or CD19, respectively. Immature MDDC  were negative for CD14, expressed 
low levels of MHC class II (HLA-DR), CD83 and CD86 with high levels of DC-SIGN, 
whereas mature MDDC expressed high  levels of MHC class II (HLA-DR), CD83 and 
CD86 but low levels of DC-SIGN32. MDMØ type I expressed low levels of CD14 and 
CD163 with high levels of CD206, whereas type II MDMØ expressed high levels of 
CD14, CD163 and CD206. CD1c+ mDCs expressed high levels of CD1c/BDCA-1 and 
CD11c, but were negative for the general blood cell lineage markers CD3, CD14, 
CD16, CD19, CD20 and CD56. CD141+ mDCs expressed high levels of CD141/BDCA-3 
and CD11c and were negative for the general blood cell lineage markers. pDCs       
expressed high levels of CD304/BDCA-4 and CD123 and were negative for the        
general blood cell lineage markers. 
 
Virus. Plasmid DNA encoding the CXCR4-using HIV-1 LAI primary isolate33 was       
transiently transfected in HEK 293 T cells with the calcium phosphate method as    
described previously34. Virus supernatant was harvested 2 days after transfection, 
sterilized by passage through a 0.2 μm filter and stored in aliquots at -80°C. The    
concentration of the virus stocks was determined by CA-p24 ELISA. 
 
Extracellular CA-p24 ELISA. Culture supernatant was heat inactivated at 56°C for 30 
min in the presence of 0.05% Empigen-BB (Calbiochem, La Jolla, USA). The CA-p24 
concentration was determined by twin-site ELISA with D7320 (Biochrom, Berlin,     
Germany) as capture, and alkaline phosphatase-conjugated anti-CA-p24 monoclonal 
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antibody (EH12-AP), as detection antibody. Quantification was performed with the 
lumiphos plus system luminescence reader (Lumigen, Michigan, USA) in a LUMIstar 
Galaxy (BMG labtechnologies, Offenburg, Germany). Recombinant CA-p24 produced 
in a baculovirus system was used as standard. 
 
Reagents. The fusion inhibitor T1249 was obtained from Pepscan (Therapeutics BV, 
Lelystad, The Netherlands) and used at a final concentration of 0.1 μg/ml. 0.1 μg/ml 
LPS (Invivogen), 20 μg/ml Poly(I:C) (Sigma-Aldrich, St. Louis, MO), 10μg/ml PAM3/
CSK4 (Invivogen), 10μg/ml PGN (Invivogen), 1μg/ml flagellin (Invivogen), 5μg/ml 
CLO97 (Invivogen), 5μg/ml R848 (Invivogen), 10μg/ml MDP (Invivogen) was used to 
stimulate the different TLRs or the NOD2 receptor. 
 
HIV‑1 latency assay. HIV-1 infected cells were used in the latency assay as described 
previously15,16. In short, PHA-activated CD4+ T lymphocytes (1.5 × 106 or 2.0 × 106  
cells) were infected with HIV-1 (20 ng CA-p24). Excess virus was washed away after 4 
hours and the cells were cultured in the presence of the fusion inhibitor T1249 to 
block new infections. At 24 hr after infection the CD4+ T lymphocytes (1.5 × 105/well) 
were either mock treated or co-cultured with MDDCs, MDMØs, B lymphocytes, 
monocytes, CD1c+ myeloid DCs, CD141+ myeloid DCs or plasmacytoid DCs (all at a 
concentration of 0.5 × 105/well). After another 24 hr, cells were harvested, stained 
for CD3 and intracellular CA-p24 and analyzed by FACS flow cytometry. The            
percentage of CA-p24 positive cells in the treated culture was divided by the          
percentage of CA-p24 cells in the mock treated culture and used to measure proviral 
latency (fold activation). One Way ANOVA and student T test (2-tailed) were used to 
evaluate if observed differences between groups were significant (Graphpad Prism, 
version 5). P values * = p<0.05, ** = p<0.01, *** = p<0.001. 
 
FACS flow cytometry. For CA-p24 analyses, cells were fixed in 4% formaldehyde for 
10 min at room temperature and subsequently washed with 2% FACS buffer (PBS 
supplemented with 2% FCS). The cells were permeabilized with BD Perm/Wash™ 
buffer (BD Pharmingen) and antibody staining was performed in BD Perm/Wash™ or 
FACS buffer for 1 hr at 4°C. Unbound antibody was removed and the cells were     
analyzed on a BD FACSCanto II flow cytometer with BD FACSDiva Software v6.1.2                     
(BD biosciences, San Jose, CA) in FACS buffer. The T lymphocyte population was     
defined based on forward/sideward scatter and expression of CD3 (T cell receptor). 
Virus production on the gated T lymphocyte population was determined by         
measuring the intracellular viral CA-p24 protein. Gate settings were fixed between 
samples for each experiment. 
 
Confocal Microscopy. MDDCs, MDMØs type I and II were cultured on 10 mm Ø glass 
coverslips (VWR, Germany). Cells were fixed with 3.7% paraformaldehyde (PFA) for 
20 minutes. PFA was quenched with 50 mM NH4Cl and cells were permeabilized with 
0.1% saponin (Riedel de Haen, Germany), 10 mM NH4Cl, and 1% BSA in PBS for 30 
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min. Subsequently, cells were stained with Hoechst 33258 (Sigma-Aldrich). Excess of 
Hoechst was removed by washing twice with permeabilization buffer, once with PBS, 
and twice with millipore filtered water. Cells were embedded in Vectashield and 
fluorescence was analyzed by confocal microscopy. Fluorescent images were made 
with a Leica DM SP2 AOBS confocal microscope with a X63 HCX PL APO 1.32 oil      
objective. The whole cell was scanned (1024 x 1024) with a pixel size of 232 nm and a 
step size of 340 nm, acquired with the Leica confocal imaging processing software 
with a line average of four scans per image. 
 
Antibodies. For intracellular CA-p24 measurement RD1-PE was used (clone KC57, 
Coulter). For CD3 staining CD3-APC (BD Bioscience) was used. For MDDC staining  
purified α-CD83-APC (BD Bioscience), α-CD86-PE (BD Pharmingen), α-HLA-DR-
PerCPCy5 (BD Bioscience), α-CD14-FITC (BD Pharmingen) and α-DC-SIGN-PE (R&D 
Systems) antibodies were used. For MDMØ staining purified α-CD14-FITC (Becton),                   
α-CD163-APC (BioLegend) and α-CD206-PE (BioLegend) were used. For monocyte 
staining α-CD14-FITC (BD Pharmingen) was used. For B lymphocyte staining           
CD19-APC (BD Pharmingen) was used. For mDC and pDC staining purified PE 
conjugated α-BDCA-1, -3 or -4 (Miltenyi Biotec), α-CD11c-APC (BD Bioscience),                    
α-CD123-PE (BD Pharmingen) and α-Lineage-FITC (BD Bioscience) were used. 
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Fig. S1. Unstimulated CD4/CD8 positive T lymphocytes and NK cells do not activate HIV-1 provirus 
from latency. A: Representative dot-plot of the peripheral blood ‘left-over’ bulk  after CD14, CD19, 
CD1c and CD141 depletion. The majority is positive for the lineage markers CD3, CD14, CD16, CD19, 
CD20 and CD56 but contains predominantly CD3+ T lymphocytes. B: Percentage of intracellular CA-p24 
positive T lymphocytes with or without ‘left-over’ bulk co-culture. Shown is a representative experiment 
with a single donor performed in triplicate (n=3). C: Analyses of the percentage of CA-p24 positive          
T lymphocytes shown as mean fold activation. Results are mean values (± sem) of a single experiment 
with two different donors and the experiment was performed in triplicate (n=6). 

SUPPLEMENTARY DATA 
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Fig. S2. Maturation of MDDCs with different TLR ligands. Representative mean fluorescent intensity 
(MFI) histogram of unstimulated MDDCs (iMDDC, filled grey) expressing low levels CD83, CD86 and  
intermediate levels of MHC class II (HLA-DR) or stimulated MDDCs with different TLR ligands for a   
maturated MDDC phenotype (mMDDC, bold black line) expressing high levels of CD83, CD86 and MHC 
class II. 
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Fig. S3. TLR stimulating compounds do not activate the HIV-1 provirus from latency. HIV-1 infected       
T lymphocytes were either mock treated, or cultured with LPS, poly(I:C), PAM3/CSK4, PGN, flagellin, 
CLO97, R848 or MDP in the latency assay. The results presented are mean  values (± sem) obtained with 
two independent experiments. In each experiment a different T lymphocyte donor was used and each 
experiment was performed in triplicate (n=6). 
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ABSTRACT 
HIV‑1 latency is a major barrier towards virus eradication from infected individuals. 
The majority of the latent reservoir consists of resting CD4+ T lymphocytes, but we 
recently demonstrated that activated CD4+ T lymphocytes can also harbor latent 
HIV‑1 provirus. These latently infected proliferating T lymphocytes may return to a 
resting state and thereby contribute to the long-lived HIV‑1 reservoir in memory 
T lymphocytes. Activation of HIV‑1 from latency can be mediated by co-culturing of 
infected T lymphocytes with dendritic cells (DCs). Investigating the mechanism(s) of 
activation revealed that both a DC-secreted factor and DC-T cell contact are involved 
in activation. Cell-cell interaction did not involve the T cell receptor or DC-SIGN, but 
did involve the general adhesion molecule ICAM1. Here we continue studying the 
molecular mechanisms and found that the DC-secreted factor is a surprisingly large 
protein or protein complex (>100 kDa) and that the cell-cell interaction involves    
tetraspanins. Understanding the molecular mechanisms that purge HIV‑1 out of    
latency may be useful to improve intervention therapies to overcome latency. 
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INTRODUCTION 
HIV‑1 latency is an impediment towards virus eradication from infected individuals. 
Resting T lymphocytes are the largest contributor to the reservoir, but we and others 
recently demonstrated that proliferating effector T lymphocytes can also harbor   
latent HIV‑1 provirus1-4. A latently infected  effector T lymphocyte may return to a 
resting phenotype and thereby contribute to the long-lived reservoir of latently    
infected T cells. As described in Chapter 4, the activation of latent provirus in effector 
T lymphocytes could not be induced with conventional anti-latency drugs such as 
TNFα, PMA, PHA, IL-2, TSA or NaBut, but the HIV‑1 provirus could be purged from 
latency by co-culturing of the infected T lymphocyte with monocyte-derived         
dendritic cells (DCs). Activation of latent provirus was mediated by DC-secreted     
molecule(s) and DC-T cell contact. The cell-cell-mediated activation did not involve 
the T cell receptor (TCR) or DC-SIGN but was mediated via a general adhesion   
mechanism. Blocking cell-cell interactions with antibodies specific for the general 
adhesion molecule ICAM1 inhibited activation of latent provirus, whereas addition of 
αICAM2 or αICAM3 antibodies had no effect. Interestingly, mature DCs (mDCs), 
when compared to immature DCs (iDCs), are less efficient in purging the virus from 
latency (Chapter 6). Understanding the molecular mechanisms that purge HIV‑1 out 
of latency may be useful to improve current intervention therapies to overcome    
latency. Here we set out to further explore the molecular mechanism behind the     
DC-mediated activation of latent provirus and summarized the preliminary results. 
 
 

RESULTS 
Activating HIV‑1 provirus from latency with mature and immature DCs. Previously 
we demonstrated that primary PHA-activated T lymphocytes can harbor latent HIV‑1 
provirus. Co-culturing of such T lymphocytes with    monocyte-derived dendritic cells 
(DCs) activated the provirus from latency (Chapter 4)4. The DC maturation status  
affects this activation as mature DCs (mDCs) are less efficient than immature DCs 
(iDCs) in the activation of latent provirus (Chapter 6). To further investigate this, both 
iDCs as well as differentially maturated DCs were tested for their anti-latency       
properties. DCs were cultured with LPS, poly(I:C) or IFNγ for 24 hours and DC      
maturation was confirmed by measuring the up-regulation of activation markers 
CD83, CD86 and HLA-DR (MHC class II) by flow cytometry (Fig. 1A). The 
T lymphocytes were infected for 4 hours with HIV‑1 according to the latency assay, 
using the fusion inhibitor T1249 to block new rounds of viral replication. The 
T lymphocytes were mock treated or co-cultured with iDC, mDCLPS, mDCpoly(I:C) or 
mDCIFNγ. After 24 hours cells were harvested, fixed, stained for extracellular CD3 and 
intracellular CA-p24 and percentages of virus producing cells was measured with 
flow cytometry. The difference in percentage CA-p24 positive cells between the        
co-culture and mock treated culture was used as a measure for the activation of la-
tent provirus and is presented as the fold activation. Co-culturing of the 
T lymphocytes with iDCs induced the percentage of CA-p24 positive cells to increase 
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3.4-fold (Fig. 1B). Co-culturing of the T lymphocytes with LPS maturated DCs induced 
only 1.8-fold activation of HIV‑1 provirus from latency, which is significantly lower 
compared to iDC-mediated activation. Maturating the DCs with poly(I:C) or IFNγ 
yielded mostly similar induction of latent provirus (1.6- and 2.4–fold, respectively). 
These results again confirm that mDCs can also activate the HIV‑1 provirus from   
latency in primary PHA-activated T lymphocytes but iDCs are more potent activators 
than mDCs. 
 
Cell-cell contact and a secreted iDC factor contribute to the activation of HIV‑1   
provirus from latency. To test whether the difference between iDC- and mDC-
mediated activation of HIV‑1 provirus from latency is induced by cellular contact or 
by a secreted component, the HIV‑1 infected T lymphocytes were co-cultured with 
iDCs or mDCs with and without the iDC or mDC culture media. Co-culturing of the 
T lymphocytes with iDCs induced a 5.8-fold increase in the percentage CA-p24      
positive cells whereas the mDCs induced a 2.7-fold activation, with this particular 
donor (Fig. 2A). Next, iDCs and mDCs were washed and resuspended in fresh culture 
medium directly before the co-culture with T lymphocytes. Washed iDCs and mDCs 
induced activation of latent provirus with a similar 3.4- and 3.7-fold activation,         
respectively (Fig. 2B). Cell-free supernatants from either iDC or mDC were also added 
to the HIV‑1 infected T lymphocyte culture. Culturing the T lymphocytes with          
cell-free iDC supernatant induced a 2.7-fold activation of HIV‑1 provirus (Fig. 2C). 
The cell-free mDC culture supernatant hardly induced the CA-p24 positive 
T lymphocytes to increase (1.4-fold). These results demonstrate that both iDC and 
mDC can activate the HIV‑1 provirus from latency but whereas the supernatant from 

Fig. 1. Activating HIV‑1 provirus from latency with 
mature and immature DCs. A: Representative 
mean fluorescent intensity (MFI) histogram of 
immature DCs (iDC, filled grey) expressing low 
levels CD83, CD86 and intermediate levels of MHC 
class II (HLA-DR) or poly(I:C) stimulated DCs for a 
maturated DC phenotype (mDC, black line)       
expressing high levels of CD83, CD86 and MHC 
class II. B: Fold activation of the percentage CA-p24 
positive T lymphocytes after 24 hour mock      
treatment or co-culture with iDC, mDCLPS, mDCpoly

(I:C) or mDCIFNγ. Results are the mean values (± sem) 
of a single experiment performed in triplicate 
(n=3). 
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iDCs has a clear additive effect on the cell-cell induced activation of latent provirus 
(supernatant: 2.7-fold activation, cells: 3.4-fold, supernatant+cells: 5.8-fold) the mDC       
supernatant might even inhibit the cell-cell induced activation (sup: 1.4-fold, cells: 
3.7-fold, sup+cells: 2.7-fold). 
 
To investigate if mDC supernatant indeed inhibits the cell-cell mediated activation, 
HIV‑1 infected T lymphocytes were co-cultured with iDCs that were washed and  
resuspended in either fresh culture medium, iDC supernatant or mDC supernatant 
(Fig. 2D). Co-culturing of T lymphocytes with iDCs resuspended in fresh medium   

Fig. 2. Cell-cell contact and a secreted iDC factor contribute to activation of HIV‑1 provirus from    
latency. A: Fold activation of the percentage CA-p24 positive T lymphocytes after 24 hour mock        
treatment or co-culture with iDC or mDCpoly(I:C). B: Fold activation of the percentage CA-p24 positive 
T lymphocytes after 24 hour mock treatment or co-culture with iDC or mDCpoly(I:C), washed and          
resuspended in fresh culture medium prior to the co-culture. C: Fold activation of the percentage        
CA-p24 positive T cells after mock treatment or addition of iDC or mDCpoly(I:C) culture supernatant. D: 
Fold activation of the CA-p24 positive T cells after 24 hour mock treatment or co-culture with iDCs, 
washed and resuspended in fresh culture medium, iDC culture supernatant or mDCpoly(I:C) culture       
supernatant. E: Fold activation of the CA-p24 positive T cells after 24 hour mock treatment or co-culture 
with poly(I:C) stimulated mDCs, washed and resuspended in either fresh culture medium, iDC culture 
supernatant or mDC culture supernatant. Results are the mean values (± sem) of two or three            
independent experiments, each experiment was performed in duplicate or triplicate (A, B and C n=7. D 
and E n= 5). 
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induced a 3.4–fold activation of latent provirus. The activation of latent provirus    
increased 5.8–fold when iDCs were resuspended in iDC culture supernatant.              
Co-culturing of the T lymphocytes with iDCs resuspended in mDC supernatant 
yielded a 3.1-fold activation, which is comparable to the induction with iDCs           
resuspended in fresh culture medium. This result indicates that the mDC culture    
supernatant does not inhibit the iDC-mediated activation of latent HIV‑1 provirus. A 
reciprocal experiment was performed in which T lymphocytes were co-cultured with 
mDCs that were washed and resuspended in either fresh culture medium, iDC        
supernatant or mDC supernatant (Fig. 2E). The mDCs resuspended in fresh culture 
medium increased the percentage of CA-p24 positive T lymphocytes with 3.7–fold. 
Addition of iDC supernatant to the mDC further increased the percentage CA-p24 
positive T lymphocytes yielding a 5-fold activation. When the T lymphocytes were    
co-cultured with mDCs resuspended in their own mDC supernatant the activation of 
HIV‑1 provirus from latency was reduced to 2.7-fold, showing that mDC culture     
supernatant slightly reduces the mDC cell-cell induced activation of HIV‑1 provirus 
from latency. 
 
Combined, these results show that iDCs and mDCs are equally efficient in activating 
the HIV‑1 provirus from latency via cell-cell contact. However, iDCs secrete (an)     
activating factor(s) in the culture supernatant that is not secreted by mDCs. In        
addition, the activation of latent provirus via iDC-T cell interaction is not inhibited by 
mDC supernatant, implying that mDCs do not secrete an inhibiting factor. 
 
Blocking T cell-DC interactions can inhibit the activation of latent provirus.           
Previously we have shown that the DC-mediated activation of HIV‑1 provirus from 
latency can be inhibited by blocking the ICAM1-LFA1 interaction between DC and 
T lymphocyte (Chapter 4)4. The addition of αICAM1, but not αICAM2 or αICAM3,  
antibodies to the co-culture reduced the activation of latent provirus. To further    
investigate if other membrane bound molecules, involved in general DC-T cell        
adhesion events, contribute to the activation of latent provirus, the co-cultures were 

Fig. 3. Blocking T cell-DC interactions can inhibit activation of latent provirus. A: Fold activation of the 
percentage CA-p24 positive T lymphocytes after mock treatment (‘mock’), culturing with αCD83 or 
αCD86 antibodies, co-culturing with iDCs (‘control’) or co-culturing with iDCs in the presence of αCD83 
or αCD86  antibodies. Results are the mean values (± sem) of two independent experiments, each    
experiment was performed in triplicate (n=6). B: Fold activation of the percentage CA-p24 positive 
T lymphocytes after mock treatment (‘mock’), co-culturing with poly(I:C) stimulated mDCs (‘control’) or 
co-culturing with mDCspoly(I:C) in the presence of αCD83 or αCD86 antibodies. Results are the mean    
values (± sem) of a single experiment performed in triplicate (n=3). C: Fold activation of the percentage 
CA-p24 positive T lymphocytes after 24 hour mock treatment (‘mock’), culturing with the different    
anti-tetraspanin antibodies, co-culturing with iDCs (‘control’) or co-culturing with iDCs in the presence 
of the different anti-tetraspanin antibodies. Results are the mean values (± sem) of two independent 
experiments, each experiment was performed in triplicate (n=6). D: Fold activation of the percentage 
CA-p24 positive T lymphocytes after mock treatment (‘mock’), co-culturing with poly(I:C) stimulated 
mDCs (‘control’) or co-culturing with mDCspoly(I:C) in the presence of the different anti-tetraspanin or 
αICAM1 antibodies. Results are the mean values (± sem) of a single experiment performed in triplicate 
(n=3). 
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performed with and without antibodies that block CD83 or CD86. Both molecules are 
expressed by DCs and upregulated upon DC maturation. CD86 is important for T cell 
priming, the function of CD83 is still unknown. Culturing the HIV‑1 infected 
T lymphocytes with αCD83 or αCD86 antibodies alone did not increase the             
percentage CA-p24 positive T cells (Fig. 3A). Co-culturing of the T lymphocytes with 
iDCs increased the percentage CA-p24 positive cells 2.9-fold. Addition of αCD83     
antibodies to the co-culture decreased the activation significantly, yielding only       
1.3-fold activation. Addition of αCD86 antibodies to the co-culture slightly decreased 
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activation to 2.6-fold, but compared to the co-culture without antibodies this         
difference was not significant. Co-culturing of the T lymphocytes with mDCs            
increased the percentage CA-p24 positive cells 3.1-fold and this was reduced to       
1.5-fold when αCD83 antibodies were present in the co-culture (Fig. 3B). As with 
iDCs, addition of αCD86 antibodies to mDCs slightly decreased the activation (to      
2.6-fold), but also in this instance, this was not significantly different from co-culture 
without antibodies. Thus, CD86 is not involved in the cell-cell induced activation. 
CD83, however, is involved and the addition of αCD83 antibodies in both the iDC and 
mDC co-cultures prevents activation of latent provirus. 
 
Next, we investigated whether other cell surface proteins are involved in activating 
latent provirus in T lymphocytes. Tertraspanins are cell-surface proteins that interact 
with other tetraspanins or integrins and form integrin-tetraspanin adhesion          
complexes, also known as tetraspanin-enriched microdomains (TEMs), which can 
induce signal transduction events that play a role in the regulation of cell                 
development, activation and proliferation5. The tetraspanin family comprises at least 
32 members in mammals of which CD9, CD63, CD81 and CD151 are described to be 
expressed on the cell surface of DCs5. CD81 is also expressed on the cell surface of 
T lymphocytes and has been shown to enhance TCR/CD3-mediated transcription of 
the HIV‑1 LTR and subsequent virus production from primary CD4+ T lymphocytes6. 
The enhanced transcription was linked with increased nuclear translocation of the 
transcription factors NF-ĸB, NFAT and AP-1. DCs were washed and resuspended in 
fresh culture medium prior to the co-culture to minimize the influence of the          
DC-secreted component on the activation of latent HIV‑1 provirus. Culturing HIV‑1 
infected T lymphocytes with the different blocking antibodies alone did not change 
the percentage of CA-p24 positive cells (Fig. 3C). Co-culturing of the T lymphocytes 
with iDCs increased the percentage of CA-p24 positive T cells 2.1-fold. Addition of 
αCD9 antibodies to the co-culture completely abolished the activation of latent     
provirus (0.8-fold). Similar results were obtained by addition of αCD63 antibodies to 
the co-culture (1.1–fold). Blocking CD81 only slightly reduced the activation of latent 
provirus to 1.7–fold, but this difference was not significant compared to the              
co-culture without antibodies. Surprisingly, co-culturing HIV‑1 infected 
T lymphocytes with iDCs in the presence of αCD151 antibodies did not reduce the 
percentage of CA-p24 positive cells, but instead slightly increased it to 2.5-fold. 
These results show that the tetraspanin proteins CD9 and CD63 are involved in the 
DC-T cell interaction and blocking these interactions mostly abolishes the activation 
of provirus from latency. 
 
To investigate whether blocking tetraspanin proteins on mDCs also reduces the     
activation, poly(I:C) stimulated mDCs were washed and resuspended in fresh culture 
medium prior to co-culture. Co-culturing of the HIV‑1 infected T lymphocytes with 
mDC induced a 1.8-fold activation of latent provirus (Fig. 3D). Surprisingly, addition 
of the tetraspanin specific antibodies or αICAM1 antibodies did not change the      
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percentage of CA-p24 positive cells and the activation of latent provirus was similar 
to the activation with mDCs alone. 
 
To explain the difference between iDCs and mDCs regarding the tetraspanin blocking 
antibodies, we evaluated tetraspanin expression levels by flow cytometry. The iDCs 
express high levels of the tetraspanin CD9, CD63, CD81, CD151 and ICAM1 (Fig. S1A). 
Compared to the iDCs, mDCs express equal to slightly higher levels of tetraspanins 
but also higher levels of ICAM1 (Fig. S1B). T lymphocytes express very low levels of 
CD9, CD63, CD151 and ICAM1, and intermediate levels of CD81 (Fig. S1C). 
 
Inhibiting different signal transduction routes downstream of the tetraspanins.   
Signaling enzymes downstream from tetraspanin proteins include phosphatases, 
type II phosphatidylinositol 4-kinase (PI4K) and conventional protein kinase C forms 
(PKCs). Signal transduction downstream of CD9 and CD81 via PI4K leads to Ras      
activation, which in turn can activate different kinases such as AKT/protein kinas B 
(PKB), Janus Kinases (JKN) or ERK/MAPK (Fig. 4). Interestingly, signaling via CD151, by 
binding to integrins, may inhibit Ras activation5. In our experiments, addition of 
αCD9, and in lesser extent αCD81, to the iDC-T cell co-culture blocked activation of 
latent provirus, whereas addition of αCD151 increased activation of latent provirus 
(see Fig. 3A). This might mean that Ras activates the HIV‑1 provirus from latency in 

Fig. 4. Tetraspanin signaling pathway. CD81 (and CD9) associate with phosphatidylinositol 4-kinase 
(PI4K), which locally produces phosphoinositides, such as phosphatidylinositol-4,5- bisphosphate   
(PtdIns(4,5)P2). This causes the recruitment and activation of Shc. Subsequent Ras-mediated activation 
of extracellular signal-regulated kinase (ERK), p38 or Jun N-terminal kinase (JNK) pathways leads to   
proliferation or apoptosis. Signaling through CD151 might negatively regulate Ras–ERK/MAPK and Akt/
protein kinase B (PKB) signaling in a cell-adhesion-dependent manner. CD151 (together with associated 
laminin-binding integrins) also preferentially activates Rac (and Cdc42) over Rho, leading to regulation 
of the actin cytoskeleton, cell spreading and motility. Figure is adapted from a review by Hemler et al5. 
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T lymphocytes and preventing Ras inhibition (e.g. with αCD151 antibodies), possibly 
in combination with the activation of other signal transduction routes, could aid in 
purging the HIV‑1 provirus from latency. To test this hypothesis the HIV- 1 infected 
T lymphocytes were co-cultured with iDCs with and without MK2206, an AKT (a     
potential target of Ras; see figure 4) inhibitor. Culturing the T lymphocytes with 0.1 
or 1 μM MK2206 did slightly affect the percentage of CA-p24 positive cells (Fig. 5A). 
Co-culturing of the T lymphocytes with iDC induced percentages CA-p24 positive 
T cells to increase 2.3-fold. Co-culturing the T lymphocytes with iDCs in the presence 
of 0.1 or 1 μM MK2206 decreased this value, to 1.7- and 1.4-fold respectively, 
though this did not constitute a significant difference to co-culture without MK2206. 
 
The logical follow-up would be to test inhibitors for kinases upstream or downstream 
AKT in the signaling cascade. PI4K is activated downstream of the tetraspanins CD9 
and CD81 and upstream of AKT. Unfortunately a reliable PI4K inhibitor is not        
available. However, hypothesizing that signals of the tetraspanins are relayed via 
PI4K implies that PI3K/mTOR kinases should not be involved in the signal               
transduction route. A specific PI3K/mTOR (PI103) is available. Such an inhibitor could 
thus function as negative control for the AKT inhibitors. 
 
Culturing the T lymphocytes with 0.1 or 1 μM PI103 did not change percentages      
CA-p24 positive cells (Fig. 5B). Co-culturing the T lymphocytes with iDC induced the 
percentage CA-p24 positive cells to increase 1.9-fold. However, addition of 0.1 or       
1 μM PI103 to the co-culture decreased the activation of latent provirus to 1.6- and 
1.0-fold, respectively, as compared to the co-culture without inhibitor. 
 
Combined, these results suggest that activation of latent provirus can be reduced by 
addition of specific kinase inhibitors to the co-culture. However, up tot this point it is 
unclear whether MK2206 and PI103 inhibit kinases in the iDC or in the T lymphocyte. 
To study this, HIV‑1 provirus has to be purged from latency without DC co-culture. 
Ideally, specific activators of the kinases signaling downstream CD9/CD81 should be 
used in such a set-up. 
 
Characterizing the iDC-secreted factor. To characterize the iDC secreted factor     
involved in purging of latent provirus, different fractionation steps were used to    
distinguish small molecules, such as cytokines, from larger components such as    
vesicles. The iDC and mDC cell-free culture supernatants were filtered through a     
0.2 um filter (total sup) and subjected to ultracentrifugation in order to spin down   
DC-derived vesicles, such as exosomes. As shown before, culturing of HIV‑1 infected 
T lymphocytes with iDC supernatant induces the percentage CA-p24 positive cells to 
increase (2.2 fold) (Fig. 6A). The supernatant after ultracentrifugation (UC-sup,         
containing cytokines and such), gave a similar 2.2-fold activation. The pellet obtained 
after ultracentrifugation (UC-pellet) was resuspended in a small volume to increase 
vesicle concentration and possibly enhance activation of latent provirus. However, 
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7 culturing HIV‑1 infected T lymphocytes with the vesicle fraction only slightly           
increased the percentage CA-p24 positive cells (1.5-fold). These results indicate that 
the factor triggering activation of HIV‑1 provirus from latency is present in the      
vesicle-free fraction. To further evaluate this, the total volume of UC-sup was         
sequentially fractionated using filters with a pore size of 100, 50, 30 and 10 kDa. 
Samples were collected yielding 4 different fractions: <10 kDa, <30 kDa, <50 kDa and 
<100 kDa. Culturing the T lymphocytes with the <10 kDa, <30 kDa or <50 kDa         
fractions did not increase the percentages of CA-p24 positive cells (Fig. 6B). Culturing 
the HIV‑1 infected T lymphocytes with the <100 kDa fraction increased the             
percentage of CA-p24 positive cells slightly, a modest 1.3-fold. To investigate 
whether an anti-latency factor could be larger than 100 kDa, the residual                 
supernatant on top of the filter was collected, resulting in a >100 kDa fraction        
approximately 20x more concentrated than the original fraction. This was also done 
with the other filters resulting in 4 fractions in total; 10><30, 30><50, 50><100 and 
100> kDa. Culturing of HIV‑1 infected T lymphocytes with the 10><30 kDa or      
30><50 kDa fraction did not influence the percentages of CA-p24 positive cells       
(1.1- and 1.2-fold, respectively; Fig. 6C). Culturing the T lymphocytes with the 
50><100 kDa fraction increased the percentage CA-p24 positive cells with 3.1-fold. 
The percentage of CA-p24 positive cells increased dramatically (6.7-fold), when 
T lymphocytes were cultured with the concentrated >100 kDa fraction. This result 
illustrates that the factor triggering the activation of latent provirus is larger than 100 
kDa but is not a DC-derived vesicle, as those were removed during the                             
ultracentrifugation step. 

Fig. 5. Inhibiting different signal transduction routes downstream of tetraspanins. A: Fold activation of 
the percentage CA-p24 positive T lymphocytes after 24 hour mock treatment (‘mock’), culturing with 
0.1 or 1 μM MK2206 (AKT inhibitor), co-culturing with iDCs (‘control’) or co-culturing with iDCs in the 
presence of 0.1 or 1 μM MK2206. B: Fold activation of the percentage CA-p24 positive T lymphocytes 
after 24 hour mock treatment (‘mock’), culturing with 0.1 or 1 μM PI103 (PI3K/mTOR inhibitor),             
co-culturing with iDCs (‘control’) or co-culturing with iDCs in the presence of 0.1 or 1 μM PI103. Results 
are the mean values (± sem) of a single independent experiments performed in triplicate (n=3). 
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Fig. 6. Characterizing the iDC-secreted factor. A: Fold activation of percentages CA-p24 positive 
T lymphocytes after 24 hour mock treatment, culturing with iDC cell-free culture supernatant (total 
sup), culturing with iDC total sup after ultra centrifugation to remove vesicles (UC-sup), or culturing with 
the resuspended pellet after ultracentrifugation of the total sup (UC-pellet). The pellet was resuspended 
in a smaller volume to increase the vesicle concentration. B: UC-sup was sorted into 4 different         
fractions, using filters. Fold activation of the CA-p24 positive T cells after mock treatment or culturing 
with the <10, <30, <50 or <100 kDa fractions. C: Samples on filter tops were resuspended in small 
amounts of fresh culture medium. Fold activation of the CA-p24 positive T cells after mock treatment or 
culturing with the 10><30, 30><50, 50><100 or 100> kDa fractions. Results are mean values (± sem) of 
two independent experiments, each experiment was performed in triplicate (n=6). D: After one week 
the 100> kDa was defrosted and diluted. Fold activation of the CA-p24 positive T cells after mock     
treatment or culturing with the serial diluted 100> kDa fraction. E: After one week the 100> kDa was 
defrosted and heated at 95°C for 2 or 5 minutes. Fold activation of the CA-p24 positive T cells after 
mock treatment, culturing with room temperature (RT) 100> kDa fraction, culturing with 2 min heated 
or 5 minutes heated 100> kDa fraction. Results are mean values (± sem) of a single experiment          
performed in triplicate (n=3). 

To study the 100> kDa fraction characteristics, the fraction was thawed after a week 
of storage at -20°C and diluted. Culturing HIV‑1 infected T lymphocytes with the two 
times diluted fraction induced the percentage of CA-p24 positive cells to increase   
3.5-fold (Fig. 6D). Although still constituting a significant increase, activation is much 
lower compared to the level originally obtained with fresh material (6.7-fold). Thus a 
freeze-thaw cycle affects the anti-latency properties of the 100> kDa fraction.        
Culturing the T lymphocytes with further diluted 100> kDa fraction could also        
activate the HIV‑1 provirus from latency in T lymphocytes, but with each dilution the 
activation property decreased. To investigate if the 100> kDa is heat resistant, an 
aliquot of the fraction was heated to 99°C for 2 or 5 minutes. Culturing the HIV‑1 
infected T lymphocytes with the untreated 100> kDa fraction induced a 3.5-fold       
increase in the percentage CA-p24 positive T lymphocytes (Fig. 6E). Culturing the 
T lymphocytes with the 100> kDa fraction that was heated at 99°C for 2 minutes 
prior to the culture induced a 2.6-fold activation. Longer exposure to heat reduced 
the anti-latency property of the fraction as culturing T lymphocytes with the fraction 
heated at 99°C for 5 minutes induced a 1.7-fold activation. These results show that 
the 100> kDa fraction is quite stable as it can still activate latent provirus in 
T lymphocytes after a freeze-thaw cycle or after 2 minutes of heating at 99°C, but is 
only lost upon longer exposure to 99°C. 
 
The mDC and iDC culture supernatants as well as fractionized iDC supernatant were 
run on an SDS-PAGE and proteins were visualized by Silver staining (Fig 7). A large 
amount of protein is detected between 50 and 100 kDa in size (protein marker, lane 
1) and this protein band is visible in the control culture medium (lane 2), in the mDC 
culture supernatant (lane 3), and the iDC culture supernatant (lane 4). It is probably 
an FCS component present in the cell culture medium. A slightly larger protein band 
(~150 kDa; box 1) is visible in the iDC pellet fraction after ultracentrifugation           
(UC-pellet; lane 10) and this protein band is hardly detectable in the other fractions. 
A slightly smaller protein band (~130 kDa; box 2) can be seen in the iDC culture      
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supernatant (lane 4) and the iDC culture supernatant depleted from vesicles (UC-sup, 
lane 5) but not in the fraction containing the iDC concentrated vesicles (lane 10) or 
the fractionized iDC culture supernatant (lane 6-9). Unfortunately, concentrated   
fractions of 10><30 kDa, 30><50 kDa, 50><100 kDa and 100> kDa could not be      
analyzed by SDS-PAGE after storage at -20°C, as dissolving in Leammli sample buffer 
and heating at 99°C for 10 minutes gave rise to protein aggregation. Interestingly, a 
small protein (~22kDa; box 3) was visible in the mDC and iDC culture supernatant 
(lane 3-5) that was also slightly visible in the control culture medium (lane 1) but not 
in the iDC <100 or <10 kDa fraction. This could possibly represent a protein that is 
dissociated by SDS-PAGE from a protein complex larger than 100 kDa. 
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The results show that a protein band between 100 and 150 kDa could be detected in 
the iDC culture supernatant but not in the iDC UC-pellet or the <100 kDa supernatant 
fraction, indicating that it might be our protein (complex) of interest. This               
experiment should be repeated comparing the iDC total supernatant, UC-sup,          
UC-pellet and the >100 kDa fraction. If a protein band is detected in the >100 kDa 
fraction that is not detected in the other fractions, protein extraction and              
mass-spectometry should be performed to determine the identity of the protein(s). 
 
DC-T cell interaction mediates secretion of anti-latency factor(s). Thus far, the      
culture supernatant of DCs was analyzed for latency activating properties. However, 
it is also possible that the interaction between the DC and T cell induces release of 
cytokines or vesicles in the immunological synapse. To investigate this, supernatants 
from previously performed experiment (‘primed supernatant’) were thawed from       
-20°C and added to HIV‑1 infected T lymphocytes. Culturing the HIV‑1 infected 
T lymphocytes with primed supernatant from T cells alone did not increase the      
percentage CA-p24 positive cells. Culturing the infected T lymphocytes with primed 
supernatant from iDCs alone slightly increased the percentage of CA-p24 positive 
cells by 1.4–fold (Fig. 8). Addition of primed supernatant from a T-DC co-culture      
increased the percentage of CA-p24 positive cells significantly to 2.3–fold. These   
results show that the supernatant of the T-DC co-culture is more efficient in            
activating the HIV‑1 provirus from latency than supernatant of iDCs alone. This last 
result again stresses the complexity of the interactions involved. It also shows the 
influence of freeze-thaw cycles and confirms the previous observation that the iDC 
culture supernatant loses anti-latency properties upon reuse, as this fraction        
originally induced ~2.0–fold activation on its own (results not shown). 
 
 

DISCUSSION 
We previously demonstrated that HIV‑1 can establish a latent provirus in                  
proliferating T cell lines7,8 and in primary proliferating T lymphocytes4. Although both 
cell types can harbor latent HIV‑1 provirus, the purging strategy differs. In T cell lines 
the provirus can be activated from latency by stimulating the cells with drugs that 
activate the transcription factor NF-ĸB, such as TNFα, PMA, PHA or prostratin, or 
with histone deacetylase (HDAC) inhibitors, such as TSA, Vorinostat/SAHA or NaBut. 
These conventional anti-latency drugs do not activate the provirus from latency in 
primary T lymphocytes. However, co-culturing of the T lymphocytes with dendritic 
cells (DC) can purge the latent provirus. This activation is induced by the cell-cell    
contact between T lymphocyte and DC, and a DC-secreted factor. In this study we 
observed that the anti-latency factor is over 100 kDa but is not a DC-derived vesicle. 
Interestingly, the anti-latency factor is secreted by immature DCs (iDCs) and not by 
mature DCs (mDCs). Future experiments will aim at the identification of this           
relatively large protein (complex). 
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The DC-T cell interaction did not involve the T cell receptor (TCR) or DC-SIGN but did 
involve the general ICAM1 molecule. Binding of ICAM1 on the DC to LFA-1 on the 
T cell is a general adhesion mechanism and part of the immunological synapse that 
mediates the fast exchange of signaling molecules between the two cells. Blocking 
ICAM1 with specific antibodies  inhibited the activation of latent provirus indicating 
that the cells need to be in close proximity. Blocking CD9 and CD63 also inhibited the 
activation of latent provirus with iDCs but not mDCs. These two molecules are    

Fig. 7. Silverstaining proteins in culture supernatant fractions. To investigate if relevant differences in 
protein content could be detected between different culture supernatants and fractions thereof,     
protein lysates were prepared and loaded onto a 4-12% gradient SDS-PAGE and proteins were           
visualized with silverstaining (n=1). 
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members of the tetraspanin family that comprises at least 32 members in mammals 
and are widely expressed on different cell types. CD9, CD63, CD81 and CD151 are 
described to be expressed on the cell surface of DCs. Tertraspanins are cell-surface 
proteins that can interact with other tetraspanin proteins or other transmembrane 
proteins, such as integrins, EWI proteins and CD19, thereby strengthening the        
adhesion between two cells or induce signal transduction events that play a role in 
the regulation of cell development, activation, proliferation, cell morphology,         
motility and fusion5. Signaling enzymes downstream from tetraspanin proteins     
include phosphatases, type II phosphatidylinositol 4-kinase (PI4K) and conventional 
protein kinase Cs (PKCs). Signal transduction downstream of CD9 and CD81 via PI4K 
leads to Ras activation that can activate different kinases such as AKT/protein kinas B 
(PKB), Janus Kinases (JKN) or ERK/MAPK (see Fig. 4). Interestingly, signaling via 
CD151, by binding to integrins, may inhibit Ras activation5. In our experiments,      
addition of antibodies against CD9 and CD81 to the iDC-T cell co-culture blocked    
activation of latent provirus, though to a lesser extent in the case of CD81, whereas 
addition of αCD151 increased the activation of latent provirus (see Fig. 3A). This    
implies that Ras may activate the HIV‑1 provirus from latency in T lymphocytes and 
preventing the inhibition of Ras (with αCD151 antibodies), possibly in combination 
with the activation of other signal transduction routes, aids in purging the HIV‑1   
provirus from latency. We performed some initial experiments using specific          
inhibitors of a few of the downstream pathways that support this mode of action but         
additional research is clearly needed. 
 
Addition of αCD86 antibodies to the DC-T lymphocyte co-culture did not affect the 
latent provirus. CD86, also known as B7-2, works in tandem with CD80 (B7-1) and 
binding of CD80/86 to CD28/CTLA-4 in combination with TCR stimulation primes 
T lymphocytes9,10. It is not surprising that shielding CD86 from the T cell does not 
change the induction of latent provirus as we previously determined that the TCR is 
not involved. Blocking CD83 with specific antibodies reduced the DC-mediated      
activation of HIV‑1 provirus from latency in T lymphocytes. CD83 is an                      
immunoglobulin superfamily member that is up-regulated during the maturation of 
DCs. CD83 is widely used as a marker for DC maturation but its function is still        

unknown. Besides by DCs, CD83 is also expressed 
by B lymphocytes. However, co-culturing of HIV‑1 

Fig. 8. DC-T cell interaction mediates secretion of anti-latency 
factor(s). Fold activation of the percentage CA-p24 positive 
T lymphocytes after 24 hour mock treatment, culturing with 
primed T lymphocyte supernatant, primed iDC supernatant or 
primed T-DC co-culture supernatant. Primed supernatant   
denotes supernatant that was harvested and stored at -20°C 
for 1 week. Results are the mean values (± sem) of two        
independent experiments and each experiment was             
performed in triplicate (n=6). 
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infected T lymphocytes with B lymphocytes in the latency assay did not purge the 
provirus from latency. 
 
Addition of iDC-T cell co-culture supernatant was more efficient in purging the       
provirus from latency than culture supernatant from iDCs alone. This indicates that 
the cell-cell interaction mediates secretion of an additional anti-latency component. 
Although ultracentrifugation of iDC culture supernatant showed that vesicles such as 
DC-derived exosomes are probably not involved in the DC-mediated expression of 
latent provirus, it could be possible that such vesicles are secreted by the DC after 
cell-cell contact with the T lymphocyte. 
 
The results in this chapter describes the preliminary data of the follow-up study on 
Chapter 4 and 5 to unravel the purging of latent HIV‑1 provirus from T lymphocytes 
by co-culturing with DC. The activation appears to be multi-factored as both cell-cell 
interactions and (a) soluble factor(s) mediate activation of the latent provirus,        
indicating that multiple signaling routes are involved. The cell–cell interaction is    
sensitive to different blocking antibodies which differ between iDCs and mDCs. The 
iDC-secreted factor or protein complex is larger than 100 kDa but cannot be pelleted 
with ultracentrifugation, thereby excluding microvesicles. Much more research is 
needed to identify the key players. 
 
 

MATERIALS AND METHODS 
Cells. HEK 293T cells were grown as monolayers in Dulbecco’s minimal essential    
medium (Gibco, BRL, Gaithersburg, MD) supplemented with 10% (v/v) fetal calf    
serum (FCS), 40 U/ml penicillin, 40 μg/ml streptomycin and nonessential amino acids 
(Gibco, BRL, Gaithersburg, MD) at 37°C and 5% CO2. 
 
Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats 
(Central Laboratory Blood Bank, Amsterdam, The Netherlands) by use of Ficoll       
gradients and frozen in multiple vials. When required, PBMCs were thawed,           
activated with phytohemagglutinin (PHA, Remel, 2 μg/ml) and cultured in RPMI 
medium supplemented with 10% FCS and recombinant IL-2 (rIL-2, Novartis,              
100 U/ml). On day 3 of culture, CD4+ T lymphocytes were enriched by depleting CD8+ 
T lymphocytes using CD8 immunomagnetic beads (Dynal, Invitrogen). The CD4+ 
T lymphocytes were cultured for 3 days in RPMI medium (Gibco, BRL, Gaithersburg, 
MD) with rIL-2 and 10% FCS. 
 
Monocytes were isolated from PBMCs with a CD14 selection step using a magnetic 
bead cell sorting system (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)       
according to the manufacturer’s protocol. Purified monocytes were cultured in RPMI 
1640 medium containing 10% FCS and differentiated into immature monocyte-
derived dendritic cells (iDCs) by stimulation with 45 ng/ml interleukin-4 (rIL-4;        
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Biosource, Nivelles, Belgium) and 500 U/ml granulocyte macrophage colony-
stimulating factor (GM-CSF; Schering-Plough, Brussels, Belgium) on day 0 and 2, and 
used on day 611. Mature monocyte-derived DCs (mMDDCs) were obtained on day 6 
after stimulating iMDDCs on day 5 with poly(I:C), LPS or IFNγ. 
 
Phenotypes of the cells were analyzed by determining specific marker expression 
with FACS flow cytometry. Immature MDDC were negative for CD14, expressed low 
levels of MHC class II (HLA-DR), CD83 and CD86 with high levels of DC-SIGN, whereas 
mature MDDC expressed high levels of MHC class II (HLA-DR), CD83 and CD86 with 
low levels of DC-SIGN12. 
 
Virus. Plasmid DNA encoding the CXCR4-using HIV‑1 LAI primary isolate13 was       
transiently transfected in HEK 293 T cells with the calcium phosphate method as    
described previously14. Virus supernatant was harvested 2 days after transfection, 
sterilized by passage through a 0.2 μm filter and stored in aliquots at -80°C. The    
concentration of the virus stocks was determined by CA-p24 ELISA. 
 
Extracellular CA-p24 ELISA. Culture supernatant was heat inactivated at 56°C for 30 
min in the presence of 0.05% Empigen-BB (Calbiochem, La Jolla, USA). The CA-p24 
concentration was determined by twin-site ELISA with D7320 (Biochrom, Berlin,     
Germany) as capture antibody and alkaline phosphatase-conjugated anti-CA-p24 
monoclonal antibody (EH12-AP) as detection antibody. Quantification was              
performed with the lumiphos plus system luminescence reader (Lumigen, Michigan, 
USA) in a LUMIstar Galaxy (BMG labtechnologies, Offenburg, Germany).                   
Recombinant CA-p24 produced in a baculovirus system was used as standard. 
 
Reagents. T1249 (WQEWEQKITALLEQAQIQQEKNEYELQKLDKWASLWEWF) fusion    
inhibitor was obtained from Pepscan (Therapeutics BV, Lelystad, The Netherlands) 
and used at a final concentration of 0.1 μg/ml. 0.1 μg/ml LPS (Invivogen), 20 μg/ml 
poly(I:C) (Sigma-Aldrich, St. Louis, MO), 0.1 μg/ml recombinant human Interferon-γ 
(IFNγ, Gibco) was used to maturate the DCs. 
 
Antibodies. For intracellular CA-p24 measurement we used the RD1- or FITC-
conjugated mouse monoclonal α-CA-p24 (clone KC57, Coulter). For CD3  staining the 
purified mouse α-human CD3-APC (BD Bioscience) was used. For DC staining purified 
mouse α-human CD83-APC (BD Bioscience), purified mouse α-human CD86-PE (BD 
Pharmingen), purified mouse α-human HLA-DR PerCPCy5 (BD Bioscience), purified 
mouse α-human CD14-FITC (BD Bioscience) and purified mouse α-human DC-SIGN-
PE (R&D Systems) antibodies were used. To block cell-cell interactions between DC 
and T lymphocyte in the co-culture, purified mouse α-human CD9 (Abcam), purified 
mouse α-human CD63 (BD Pharmingen), purified mouse α-human CD81 (BD         
Pharmingen) and purified mouse α–human CD151 (R&D Systems) were obtained or 
prepared as a stock solution of 0.5 mg/ml (CD63 and CD81) or 1 mg/ml (CD9 and 
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CD151) and used at a final concentration of 20 μg/ml. Purified mouse                       
anti-humanCD83 (BioLegend), α-CD54 (Peli Cluster; the Netherlands), obtained as a 
stock solution of 0.2 mg/ml, and purified mouse anti-human CD86 (BD Pharmingen), 
obtained as a stock solution of 1 mg/ml, were used at a final concentration of            
10 μg/ml. To analyze the tetraspanin protein expression levels on T lymphocytes, 
iDCs and mDCs, the cells were first stained with the appropriate antibody and after 
washing goat α-mouse-FITC (Jackson Laboratories) was used as secondary antibody. 
 
HIV‑1 latency assay. HIV‑1 infected cells were used in the latency assay as described 
previously6,7. In short, PHA-activated CD4+ T lymphocytes (1.5 × 106 or 2.0 × 106 cells) 
were infected with HIV‑1 (20 ng CA-p24). Excess virus was washed away after             
4 hours and the cells were cultured in the presence of the fusion inhibitor T1249 to 
block new infections. At 24 hr after infection the CD4+ T lymphocytes (1.5 × 105/well) 
were mock treated, co-cultured with iDCs or mDCs (0.5 × 105/well) or cultured with 
iDC or mDC culture supernatant. After another 24 hr, the cells were harvested, 
stained for extracellular CD3 and intracellular CA-p24, and analyzed by FACS flow 
cytometry. The percentage of CD3 and CA-p24 positive cells in the treated culture 
was divided by the percentage of CD3 and CA-p24 positive cells in the mock treated 
culture and used as a measure for proviral latency (fold activation). To block cell-cell 
interactions between T lymphocyte and DC, antibodies specific for human ICAM1 
(CD54), CD83 and CD86 were added to the co-culture at the final concentration of   
10 μg/ml and CD9, CD63, CD81 and CD151 were added to the co-culture at the final 
concentration of 20 μg/ml. One Way ANOVA and student T test (2-tailed) were used 
to evaluate whether observed differences between groups are significant (Graphpad 
Prism, version 5). P values * = p<0.05, ** = p<0.01, *** = p<0.001. 
 
FACS flow cytometry. Cells were fixed in 4% formaldehyde for 10 minutes at room 
temperature and subsequently washed with FACS buffer (PBS supplemented with 1% 
FCS). The cells were permeabilized with BD Perm/Wash™ buffer (BD Pharmingen) 
and antibody staining was performed in BD Perm/Wash™ or FACS buffer for 1 hr at 
4°C. Excess of unbound antibody was removed and cells were analyzed on a BD    
FACSCanto II flow cytometer with BD FACSDiva Software v6.1.2 (BD biosciences, San 
Jose, CA) in FACS buffer. The CD4+ T lymphocyte population was defined based on          
forward/sideward scatter analysis and stained for CD3 and intracellular CA-p24. 
 
Fractionizing cell culture supernatants. DC cultures (40 ml) were centrifuged for        
5 min. at 1500 rpm and filtered with a 0.2 μm filter. The cell-free supernatant (35 ml) 
was transferred to polyallomer centrifuge tubes (25x89 mm; Beckman Coulter) and 
centrifuged at 32K for 2 h in an Optima L-70K Ultracentrifuge (ser nr. Col96H39; 
Beckman Coulter) using a SW32 rotor (ser nr. 07u1678). The pellet containing       
vesicles was resuspended in 2 ml RPMI. The vesicle-free supernatant was               
fractionated with 100, 50, 30 and 10 kDa Amicon Ultra Centrifugal Filter devices 
(Millipore). The flow through of the 100 kDa filter was filtered with the 50 kDa filter, 
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the 50 kDa flow through was filtered with the 30 kDa filter and the 30 kDa flow 
through was filtered with the 10 kDa filter, resulting in four fractions: <10, <30, < 50 
and <100 kDa. The remaining fraction on top of the filters was resuspended in 2 ml 
RPMI  resulting in four fractions: 10><30, 30><50, 50><100 and 100> kDa. 
 
SDS-PAGE and Silver stain. Samples were prepared by addition of Leammli sample 
buffer and heating at 95°C for 5 min prior to loading on a Novex 4-12% pre-cast      
Tris-Glycine SDS-PAGE gel (Invitrogen). Bio-Rad Silver Stain was used to visualize   
proteins on the SDS-PAGE gel, according to manufacturer’s instruction. 
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Fig. S1. Tetraspanin phenotype characterization. A: Representative mean fluorescent intensity (MFI) 
histogram of iDCs expressing CD9, CD63, CD81, CD151 and ICAM1. B: Representative MFI histogram 
showing that iDCs and poly(I:C) stimulated mDCs express similar levels of CD9, CD81 and CD151 and 
almost similar levels of CD63. Maturation of DCs induces an increased expression of ICAM1. C:          
Representative MFI histogram of uninfected PHA-activated T lymphocytes expressing low levels of CD9, 
CD63, CD151 and ICAM1 and intermediate levels of CD81. 
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ABSTRACT 
Treatment of an HIV infected individual with antiretroviral drugs is a successful way 
to suppress the plasma viral RNA load below the limit of detection (50 copies HIV 
RNA / ml plasma). This can provide lifelong protection against virus-induced        
pathogenesis in drug-adherent patients. Unfortunately, even after many years of 
continuous treatment, the virus persists and the plasma viral load will rebound     
rapidly when therapy is interrupted. The reason for this rapid rebound is the         
presence of a long-lived reservoir of latent HIV‑1 proviruses that can be reactivated 
in resting memory T cells. Attempts to eliminate these proviruses have thus far not 
been successful and this long-lived latent reservoir is therefore considered a major 
obstacle towards a cure for HIV‑1. A detailed understanding of the molecular 
mechanisms causing HIV latency and knowledge on the establishment of this         
reservoir may give us clues for future strategies aiming at the eradication of this   
reservoir. 
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INTRODUCTION ON HIV-1 LATENCY 
In this review, we provide an overview on latency properties of the human             
immunodeficiency virus type 1 (HIV‑1) in T lymphocytes and the underlying cellular 
and molecular mechanisms. Virus latency is described by Wikipedia as the ability of a 
pathogenic virus to lay dormant (latent) within a cell, which denotes the lysogenic 
part of the viral replication cycle. The most prominent example concerns the   
Herpesviridae that include Chickenpox virus and Herpes simplex viruses (HSV-1,     
HSV-2), which establish episomal latency in neurons and leave linear genetic material 
floating in the cytoplasm for years. The virus can reactivate later, denoted as the lytic 
part of the viral life cycle, to cause cold sores in case of HSV-1. As such, a latent viral 
infection is a type of persistent viral infection that provides a strategy to escape from 
immune pressure. 
 
For the HIV‑1 infected individual the situation is more complex because the creation 
and persistence of a latent reservoir coincides with ongoing virus replication in other 
cells. This creates a very dynamic situation in which new virus variants replenish the 
latent reservoir but, at the same time, re-activated latent viruses become part of the 
productive replication cycle. For retroviridae like HIV‑1, the latent reservoir consists 
of inactive forms of the provirus, i.e. the DNA version of the viral genome that is    
integrated at a random position in the host genome. In the field of HIV research,  
proviral latency forms the basis for the concept of one or multiple viral reservoirs, 
referring to specific biological niches (cell types or tissues), that are characterized by 
persistence of latent virus. This reservoir became quite visible during antiviral       
therapy. Specifically, the presence of replication-competent, but latent HIV‑1 in  
resting CD4-positive T cells allows this virus to persist for years despite prolonged 
exposure to antiretroviral drugs and immune surveillance, thus forming a stable    
archive of “early” virus (this is illustrated in the upper panel of Figure 1). This latent 
reservoir of HIV may explain the inability of antiretroviral treatment to cure HIV     
infection. In fact, one may even consider this reservoir a viral evolution strategy that      
allows for the generation of increased genetic variation in the progeny of the actively 
replicating viruses (this is illustrated by the change in color of the HIV‑1 particles 
over time in Figure 1). Even when massive mutations tend to decrease the              
replication capacity of the progeny, there is always the archived early virus variant to 
come to the rescue upon reactivation from the reservoir. HIV‑1 evolution within an 
infected individual leads to a quasispecies collection of variants that are adapted to 
the host (positive adaptation to cellular co-factors, escape from host restriction      
factors and the immune system). This specialized quasispecies may not be able to 
transmit to and/or to replicate in a new individual (lower panel Figure 1). The         
archived “early” virus (viral memory), which upon reactivation can reach small copy 
numbers, may be more fit for virus transmission because it is less adapted to the         
individual host. This may explain in part the reversion towards early genotypic     
markers described upon HIV‑1 transmission1. 
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CELLULAR RESERVOIRS FOR LATENT HIV-1 
HIV infects cells expressing the CD4 receptor and a co-receptor, predominantly CCR5 
and CXCR4 but others, such as CCR3, have also been implicated2. These receptors are 
expressed on a wide range of cells that circulate in the blood, but the primary target 
for HIV‑1 infection is the proliferating CD4+ T cell. After binding of the viral envelope 
to the appropriate receptors, the viral membrane fuses with the cellular membrane 
and the viral core with the viral RNA genome is released into the cytoplasm. The viral 
RNA genome is reverse transcribed into double-stranded DNA that can subsequently 
integrate at a random position in the host cell genome. The integrated viral DNA is 
termed the provirus, which is dependent on the host cell gene expression machinery 
(transcription, splicing, RNA nuclear export and translation) for the production of 
new infectious particles. 
 
The contribution of a latently infected cell to the total viral reservoir in an infected 
individual depends on two characteristics. First, the ability of the latently infected 

Fig. 1. The archived HIV‑1 provirus provides viral memory. The viral reservoir of latent proviruses is 
established early during infection, providing an archive of the transmitted “early” viruses (upper panel). 
Virus evolution leads to many genetic variants (change in virus particle color) and this host-adapted 
quasispecies may not be able to transmit to and/or replicate in another individual. In the absence of this 
reservoir, transmission may be blocked (lower panel). 
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cell to preserve the reservoir by its long-term survival. Second, the ability of the     
latently integrated HIV provirus to reinitiate virus production at a later moment, e.g. 
upon cellular activation. Some integrated proviruses contain deleterious mutations 
that make them a non-reactivatable dead-end product of virus replication. These 
defective proviruses do obviously not contribute to the viral reservoir. 
 
CD4+ T cells can be roughly divided into two subsets based on their activation status, 
the resting and proliferating T cells. Proliferating T cells are important for directing 
the immune system towards a humoral or cellular response, depending on the      
invading pathogen. Once the pathogenic threat is cleared, a fraction of the T cells will 
return to the resting phenotype that allows prolonged cell survival, thus providing 
immunological memory. Resting T cells are the dominant contributor to the           
long-lived HIV reservoir as latently infected resting T cells can survive for many years. 
It is however not yet fully understood how this reservoir is maintained. Persistence 
could be related to the long half-life of these cells, but there could also be              
homeostatic proliferation, e.g. a single cell division every 50 days in which the latent 
provirus is passed on to daughter cells. The resting cell as such does not contribute 
to virus production, but when the resting cell is activated, for example during         
immune system activation in response to a pathogen, virus production can be        
initiated. 
 
It is also not yet fully understood how the HIV‑1 reservoir in long-lived T cells is     
established. Figure 2 illustrates the current hypotheses on the establishment of this 
reservoir. De novo infection of resting T cells is very inefficient (illustrated by the 
dashed line) due to blocks in the processes of reverse transcription and                   
integration3,4. Cytokine stimulation can alleviate these blocks without inducing cell 
proliferation or up-regulation of cellular activation markers5-8. Once the virus is able 
to establish an integrated provirus in the resting T cell, there will be no new rounds 
of virus production and the provirus remains dormant. Infection of resting T cells 
forms the “direct” route for establishment of the reservoir, but it is a very inefficient 
process compared to the infection of proliferating T cells, the primary target cell for 
HIV‑1. Infection of these activated, proliferating T cells may contribute to the viral 
reservoir in an “indirect” way. These cells will support active virus production and 
will thus have a very short half-life in the infected individual because of the              
HIV-specific immune surveillance and HIV-induced pathogenicity. As such,              
proliferating T cells do not contribute to the viral reservoir. However, if the             
proliferating T cell returns to the resting state upon virus infection, it can become 
part of the long-lived reservoir. The “direct” and “indirect” routes for establishment 
of the long-lived HIV‑1 reservoir are depicted in Figure 2. 
 
This “indirect” route became apparent in studies on HIV‑1 latency in T cell lines. 
Even though these cells are actively proliferating and many transcription factors are 
abundantly present, HIV was able to establish a latent provirus9,10. Additional         
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support for the “indirect” route was provided in subsequent studies with primary 
T cells. For instance, proliferating CD4+ T cells can be infected with HIV‑1 and         
subsequently cultured with specific cytokines to induce the resting cell phenotype, 
and stimulation of these resting cells with anti-latency compounds or cellular         
activators reinitiated virus production11,12. 
 
It remained unclear whether the transcriptionally active provirus was silenced during 
the cell’s transition into a resting phenotype or whether the subset of productively 
infected cells was simply removed by apoptosis, thus leaving the cells with a latent 
provirus. Evidence supporting the ”indirect” route was recently provided by two 
studies, including one from our own laboratory, showing that proliferating primary 
T cells frequently harbor latent HIV‑1 provirus as early as 2 days post infection13,14. 
 
 

MOLECULAR MECHANISMS OF HIV-1 LATENCY 
Once integrated the HIV‑1 provirus is dependent on the host cell machinery for the 
production of new infectious particles. A blockade in any of the gene expression 
steps can prevent the production of viral RNA, proteins and eventually HIV‑1         
particles. Several proviral latency mechanisms have been described in literature and 
are illustrated in Figure 3. These mechanisms are arbitrarily split in three groups. The 
HIV‑1 provirus can depend on cellular factors that influence latency (trans effect, 
upper panel), there may be viral genetic defects that cause latency (cis effect, middle 
panel), or viral latency is determined by viral and host cell effects (cis/trans effect, 
lower panel). We will discuss these scenarios in more detail below. 
 
At least four HIV‑1 latency mechanisms are controlled by trans-acting factors of the 
host cell. HIV‑1 transcription initiation depends on transcription factors such as       
NF-ĸB and SP-1. These factors may not be present in a sufficient nuclear                  
concentration to support HIV‑1 transcription from the 5’ LTR promoter, as is the 
case for resting T cells15. Alternatively, transcriptional repressor proteins may bind 
and silence the LTR promoter (YY1 and LSF) or simply prevent transcription factors 
from binding to the LTR (AP1 and TFII-I)16-20. Even if HIV‑1 transcription is initiated, 
efficient elongation requires the presence of sufficient amounts of elongation factors 
such as the positive elongation factor-b (P-TEFb) that restricts HIV‑1 gene expression 
in resting T cells21. Additionally, host and/or virus derived microRNAs (miRNAs) can 
direct the degradation of viral mRNAs by the RNA interference (RNAi) pathway22,23. 
 
The chromatin structure surrounding and within the integrated provirus can affect 
viral gene expression via epigenetic silencing. A more closed conformation of the 
chromatin structure via nucleosome modification can limit the access of                 
transcription factors to the viral LTR24. Additionally, the viral promoter sequences 
can be modified by methylation via DNA methyltransferases, thus preventing        
transcription factor binding to the affected TFBS in the LTR. It has recently been    
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proposed that this latter mechanism is not necessarily involved in the establishment 
of latency, but rather may play an important role in the maintenance of latency25,26. 
 
HIV‑1 may control latency (in cis) by genome mutations. Low level transcription of 
the HIV‑1 promoter is triggered by host cell transcription factors, but high level   
transcription depends on the viral Tat protein that initiates a positive autoregulatory 
loop via binding to the TAR RNA hairpin motif in the nascent transcript encoded by 
the viral LTR. Mutations in the Tat gene or TAR motif can impair transcription and 
proviruses with such mutations do accumulate in resting T cells27. In fact, two HIV‑1 

Fig. 2. Establishment of the long-lived HIV‑1 reservoir. The HIV‑1 reservoir consists predominantly of 
resting T cells with a latent provirus. It is not yet fully understood how this reservoir is established. The 
“direct” infection of resting T cells is inefficient. In contrast, infection of a proliferating T cell is efficient, 
but usually results in virus production. However, it really became apparent that proliferating T cells can 
also harbor latent HIV‑1 provirus. Due to its short half-life, the latently infected proliferating T cell is not 
a major contributor to the viral reservoir. However, if this cell returns to the resting state it becomes 
part of the long-lived reservoir, thus providing an alternative “indirect” route. 
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latency models use cells infected with a mutationally attenuated HIV‑1 provirus28,29. 
It is obvious that a completely crippled provirus cannot be reactivated, and thus is 
not representative of the viral reservoir. 
 
Several molecular latency mechanisms are established by a combination of viral (cis) 
and cellular (trans) determinants. This includes the mechanism of transcriptional  
interference of the 5’LTR promoter by upstream cellular promoters. HIV‑1 preferably 
integrates in introns of actively transcribed genes30. As a consequence, (strong)    
transcription of that upstream host gene can interfere with transcription initiation at 
the 5’LTR promoter when both transcription units face the same direction as         
illustrated in Figure 331,32. The HIV‑1 provirus may also be influenced by a (strong) 
cellular promoter from a downstream position when transcription runs into the    
provirus. This anti-sense cell-HIV-fusion transcript can anneal with regular sense 
HIV‑1 transcripts to form perfectly basepaired double-stranded RNA. These        
molecules will be recognized by the RNAi machinery, e.g. the Dicer endonuclease, to 
produce HIV-specific siRNA inhibitors33,34. There may also be an impact on the HIV‑1 
LTR promoter via RNA-induced transcriptional gene silencing (TGS)35-37. 
 
Most studies concerning the molecular mechanism of HIV‑1 latency were performed 
with resting T cells and consequently less is known about the latency mechanisms in 
proliferating T lymphocytes. We and others suggested that HIV‑1 proviral latency 

Fig. 3. Molecular mechanisms of HIV‑1 latency. See text for further details. 
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can occur in proliferating T cells at the level of transcription9,16,26. Besides host cell 
determinants (e.g. availability of transcription factors), there are also important viral 
determinants of latency (e.g. the configuration of transcription factor binding sites 
(TFBSs) in the viral LTR promoter). Interestingly, there may be significant differences 
in the latency properties between HIV‑1 isolates and especially among HIV‑1        
subtypes as each of them have a specific TFBS architecture of the LTR promoter38,39. 
Changes in this TFBS setting can affect the virus replication rate, but it can also affect 
viral latency40,41. For instance, HIV‑1 subtypes A and C have an AP1 site that in the 
LTR domain that was recently termed the latency establishment element (LEE) as it 
makes the provirus more prone to become latent18. Three recent studies suggested 
that HIV‑1 subtype AE is less vulnerable to become latent than the other                
subtypes14,18,41. This AE-specific latency profile could be linked to a point mutation 
that inactivates the upstream NF-ĸB site, but at the same time creates a unique 
GABP site41,42. These results may imply that future clinical trials, which try to purge 
the latent virus in an attempt to eradicate it and to reach a functional cure, should 
focus on the HIV‑1 subtype AE. 
 
 

CONCLUSIONS 
This review provides a brief overview on the topic of HIV‑1 latency in T cells. Latent 
proviruses are established early during infection, but - upon activation - these        
archived “early” viruses may provide an advantage over host-adapted “late” viruses, 
for instance in virus transmission to a new individual. The latent HIV‑1 reservoir   
consists predominantly of resting T cells, but it is not yet fully understood how this 
reservoir is established. We discussed two scenarios. Most well-known is the “direct” 
route in which the resting T cell is infected with HIV‑1. However, recent evidence 
supports an alternative “indirect” route, in which HIV‑1 infects a proliferating T cell, 
resulting either in a productive infection or the establishment of a latent provirus. 
This latently infected proliferating T cell can turn into a resting T cell, thereby        
contributing to the long-lived reservoir. We described the molecular mechanisms 
that may contribute to HIV‑1 proviral latency, including a role for the cellular         
environment (e.g. availability of active transcription factors) and intrinsic viral      
properties (e.g. status of the Tat-TAR axis that controls transcriptional activation). 
 
The most widely discussed approach to eliminate the long-lived HIV‑1 reservoir is 
the so-called ‘shock and kill’ approach that purges the provirus from latency with 
anti-latency drugs while the patient continues anti-retroviral therapy43,44. The        
anti-latency drug induces viral gene expression form the latently infected cell 
(‘shock’), and the anti-retroviral drugs prevent new productive infections of the     
released viruses. The virus-producing cell will die due to virus-induced cytopathic 
effects or via host CD8+ T lymphocytes-induced apoptosis (‘kill’). The ideal                
anti-latency drug reaches all cellular reservoirs, has low toxicity and is a specific     
inducer of transcription from the viral LTR promoter. Most anti-latency drug           
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candidates have been tested previously for other diseases, predominantly cancer, 
such that toxicity information is available45. As HIV‑1 transcription uses the host cell 
machinery, the identification of truly specific and non-toxic anti-latency drugs        
remains a major challenge. Targeting of all HIV‑1 reservoirs remains another        
challenge because this should ideally not leave a single latently infected cell, as this 
may trigger repopulation of the virus pool in the future. Of note, the currently avail-
able anti-latency drugs are effective in purging the latent provirus in resting T cells, 
but not in proliferating T cells13. Thus, it may be necessary to develop drug combina-
tions for such purging purposes. 
 
Our understanding of the establishment and maintenance of the HIV‑1 latent        
reservoir has increased significantly over the years, but several important research 
questions remain. These will likely be addressed given the new programs that have 
been launched such as “Cure for AIDS” by the International AIDS Society and 
“Beyond HAART” by the National Institutes of Health46. Given the major challenges 
ahead of us, it may be advisable to start eradication attempts with a virus that is 
relatively “easy” to purge, in particular the HIV‑1 subtype AE. 
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GENERAL DISCUSSION 
The search for an HIV cure continues. HIV-1 replication can be successfully             
repressed by combined anti-retroviral therapy (cART) in drug-adherent patients,    
delaying, and sometimes preventing progression towards AIDS. If therapy is            
interrupted the virus will re-emerge, therefore lifelong administration of                  
anti-retroviral drugs is required. Long-term treatment with cART can induce             
life-threatening toxicities including disorders of the pancreas, kidney and liver1.     
Additionally, HIV can develop resistance against the anti-retroviral therapy,            
triggering re-emergence of the virus. For these reasons the search for an HIV cure 
continues1. 
 
When one thinks of an HIV cure, the ‘Berlin’ patient immediately comes to mind. This 
patient acquired acute myeloid leukemia after being infected with HIV for 10 years 
and receiving cART for the last 4 years2. To treat the leukemia, the patient               
underwent two hematopoietic stem cell transplantations because the leukemia     
relapsed after the first transplant. After the second transplant there was no relapse 
of leukemia. To this day, there is also no re-emergence of HIV, even though the     
patient has been off anti-retroviral therapy since the transplantations. Both         
transplants came from the same donor, who was homozygous for the CCR5 delta 32 
allele (CCR5Δ32/Δ32). This 32 base pair deletion in the CCR5 gene prevents            
expression of the CCR5 protein on the T cell surface3-5. Although HIV-1 can use      
different co-receptors for entry and fusion with a target cell, CCR5 is predominantly 
used. By replacing the patient’s immune system with cells lacking CCR5 expression, 
the new immune system should be resistant to HIV-1 infections and able to clear any 
remaining virus. However, another important co-receptor for HIV-1 is CXCR4 and by 
replacing the immune system with CCR5-minus donor cells, one could set the stage 
for selection of CXCR4 using HIV-1 variants. Even though ultra-deep sequence      
analysis suggested the presence of a small population of such variants prior to the 
transplant, no X4 viruses emerged after the procedure. To investigate if persistent 
HIV was present in non-circulating immune cells such as tissue macrophages that can 
resist chemotherapy, a rectal biopsy was performed 159 days after the second   
transplant. The intestinal lamina propria is an important reservoir for HIV in which 
viral DNA can be detected even when no viral load is detectable in plasma6.          
Nevertheless, residual virus could not be detected in the intestinal lamina propria. 
Interestingly, the biopsy did reveal original CCR5-expressing macrophages that were 
not yet replaced by the new immune system. Even though macrophages represent a 
long-lived reservoir for HIV-1, no viral DNA could be detected. During the time of 
immune reconstitution these CCR5-expressing macrophages disappeared and in 
samples from 24 and 29 months after transplantation the mucosal macrophages 
were negative for CCR57. Although it is not feasible to analyze every single cell in the 
patient for the presence of viral DNA, it seems that the ‘Berlin’ patient is ‘cured’ from 
HIV. 
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Bone marrow transplantations require elimination of the immune cells and            
replacement of the immune system with bone marrow cells from an appropriate   
donor. This intervention remains risky and a fair percentage of patients die as a     
result of the procedure. Therefore, bone marrow transplants will not be the solution 
to treat an HIV-1 infection unless the patient is also diagnosed with leukemia.     
Nonetheless, it does provide encouraging evidence that it is possible to cure HIV. The 
CCR5-expressing macrophages did not contribute to re-emergence of HIV-1, possibly 
because there were no CCR5-expressing T cells. Since these cells are present when 
the immune system is replaced with cells from a “normal” donor, viral eradication 
does not occur and the virus rebounds when anti-retroviral therapy is interrupted8-11. 
Therefore, most patients receiving a bone marrow transplantation must continue 
cART. 
 
A different approach towards long-term HIV suppression concerns gene therapy   
protocols, including the development of small interfering RNAs (siRNAs) targeting 
mRNAs and decreasing protein expression via RNA interference12. The siRNAs can 
affect viral proteins as well as host cell proteins, like CCR5, that are essential for viral 
replication13-16. Different successful siRNAs have been developed, but the problem 
remains how to deliver these small molecules to the right cells. Vectors carrying gene           
cassettes that encode these siRNAs could be injected in the blood, but these vectors 
have to target the appropriate cell type. Alternatively, T cells or hematopoietic stem 
cells from an HIV infected individual could be treated ex vivo with the vector. These 
cells expressing siRNAs are transplanted back into the patient and the T cell progeny 
will be protected against HIV. Several international research projects are gearing up 
for clinical tests. 
 
Popular ‘shock and kill’ approaches. Another scenario to cure an ongoing HIV-1    
infection is eradication of the latent reservoir with a so-called ‘shock and kill’          
approach. By the addition of anti-latency drug(s) to normal cART cocktails, induction 
of viral gene expression in the latently infected cells occurs (‘shock’). The                 
anti-retroviral drugs will prevent new infections by the released virus and the           
virus-producing cells will die due to cytopathic effects or via host CD8+ T lymphocyte-
induced apoptosis (‘kill’). The main challenge to this approach is to identify the right 
drug (or drug combination) that reaches and activates all latent proviruses. Purging 
the latent provirus from resting CD4+ T lymphocytes may be accomplished by cellular 
activation, but this is likely to be toxic as was demonstrated by global T cell activation 
trials with anti-CD3 antibodies and recombinant IL-217,18. An alternative approach 
uses Il-7, a cytokine essential for maintenance of T cell homeostasis, which induces 
HIV-1 gene expression via JAK/STAT5 signaling without T cell activation19-21.          
However, IL-7 treatment may induce homeostatic proliferation of latently infected 
resting cells, thereby possibly expanding the latent reservoir22. Anti-latency agents 
used to purge HIV-1 should be highly efficient in activating latent provirus without 
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inducing T cell activation. To accomplish this, we first need an accurate                    
understanding of the molecular mechanisms of HIV-1 latency. 
 
Promising anti-latency drugs are the histone deacetylase (HDAC) inhibitors. HDAC 
inhibitors do not induce T cell activation or the secretion of cytokines. The advantage 
of HDACs is that they have been extensively investigated, especially in anti-cancer 
therapy, and much is known about the toxic effects. At least 12 HDAC inhibitors have 
been tested for anti-latency properties, mostly in cell lines but some also in resting 
cells isolated from patients, and a few are currently being evaluated in clinical trials 
(reviewed by Xing and Silicano)23. The best results thus far have been obtained with 
valproic acid (VPA) and vorinostat, also known as suberoylanilide hydroxamic acid 
(SAHA). VPA can induce virus production from resting CD4+ T lymphocytes isolated 
from HIV-1 infected individuals on cART24. In another study, VPA administration in 
combination with cART induced a decline in the level of latently infected resting CD4+ 
T lymphocytes in three out of four patients25. However, other studies indicated that 
VPA administration has no effect on diminishing the latent reservoir26-28. Vorinostat 
can induce virus production in resting CD4+ T lymphocytes isolated from patients on 
cART29 and a single dose of vorinostat increased HIV-1 gene expression in resting        
T lymphocytes in HIV-1 infected patients receiving cART30. Clinical trials of vorinostat 
in patients are ongoing23. A major concern is that these agents do not selectively   
target HIV-1, but also affect many other genes that are regulated by histone       
modification. Additionally, HAT/HDACs are also able to modify numerous                 
non-histone targets, such as proteins involved in cellular proliferation, migration, cell 
death, DNA repair, angiogenesis, inflammation, and the immune response31. 
 
Although conflicting results have been published regarding the impact of HIV-1 LTR 
DNA methylation on viral latency, there is an interest in DNA methyltransferase 
(DNMT) inhibitors as anti-latency agents. DNMT 5-aza-2’deoxycytidine (5-aza or      
aza-Cdr) alone is a weak inducer of HIV-1 gene expression but has been described to 
synergize with TNFα and prostratin in two different T cell line models of HIV-1        
latency32-34. This encourages further research on DNMTs in combination with other 
anti-latency compounds but, as is the case for HDACs, concerns remain that DNMTs 
may affect the expression of many genes. 
 
Transcriptional activity of the HIV-1 LTR promoter can be induced by protein kinase C 
(PKC) activators that mediate the activation of the transcription factors NF-ĸB and   
AP-135. The best described PKC activators are PMA and 12-deoxyphorbol-13-acetate 
(prostratin). PMA activates the latent provirus by cellular activation, but also induces 
mitogenesis, is tumor promoting and therefore not suitable for clinical use23.        
Prostratin does not promote tumor development or cell proliferation, but does      
induce enhanced expression of the cellular activation markers CD69, CD25 and the    
IL-2 receptor, while downregulating the expression of CD4, CCR5 and CXCR436.       
Another transcription activator that does not upregulate T cell activation is              
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hexamethylene bisacetamide (HMBA), which induces activation of the positive     
transcription elongation factor-b (P-TEFb)37-40. P-TEFb recruitment to the HIV-1 LTR is 
dependent on SP-1 and independent of Tat. Agents that activate NF-ĸB via PKC or 
activate pTEFb are likely to affect the transcription of many host genes (reviewed by 
Margolis)41. For a more extensive overview of anti-latency compounds and the HIV-1 
latency activation strategies see the reviews by Xing and Silicano23, Barton et al.42 
and Margolis41. 
 
The current purging strategies are aimed at targeting the long-lived reservoir in    
resting T lymphocytes via transcriptional activation of the HIV-1 LTR. However, most 
of these compounds, such as TNFα, prostratin, PMA, TSA and vorinostat, appear to 
be ineffective with respect to the latent provirus in proliferating T lymphocytes43. 
This implies that alternative pathways may also contribute to viral latency and that 
transcriptional activation alone may not be sufficient to target all reservoirs. 
 
Ongoing replication and the latent reservoir. In nearly all patients on cART small 
amounts of free virus can be detected with sensitive single-copy assays for HIV RNA 
in plasma44-46. There is an ongoing debate whether this residual virus represents    
ongoing viral replication or virus production from cellular reservoirs that were        
infected prior to the onset of therapy. 
 
An argument in favor of virus release from the latent reservoir is that drug adherent 
patients with plasma viral loads below the detection limit do not develop resistance 
to anti-retroviral drugs. Phylogenetic studies failed to show evolution of HIV-1        
sequences, even during transient viral load ‘blips’ and rebounding virus when         
interrupting cART is similar to the virus present during acute infection47-50. 
 
Another argument supporting virus release from the latent reservoir is that          
treatment intensification does not result in a further decrease of residual virus in 
plasma51-54. If residual virus is the product of ongoing viral replication one would   
expect the therapy to be suboptimal and therefore treatment intensification should 
halt low-level replication. On the other hand, if low-level replication occurs it will 
most likely be in tissues with suboptimal drug penetration where treatment            
intensification may also not work55. Buzón and colleagues reported that treatment 
intensification with the integrase inhibitor Raltegravir increased unintegrated 
(episomal) HIV-1 DNA56. This increase in episomal DNA indicates that new infections 
do indeed occur, yet are blocked at the integration step. Others have reported that 
such treatment intensification with Raltegravir does not result in an increase in      
episomal DNA57. 
 
Distinguishing low-level replication from virus production by the latent reservoir is 
not easy since virus release from the latent reservoir may also result in low-level   
replication in cART suboptimal environments. The main reason to continue this     
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discussion is that, if there is ongoing replication, further research on antiviral therapy 
is warranted to eliminate this. Based on our understanding of the latent reservoir 
dynamics, combined with the results from clinical trials with anti-latency treatment, 
it seems safe to conclude that the latent reservoir can be responsible for the low 
amounts of virus that is detectable under intensive therapy. 
 
Another interesting question is what the impact of low-level virus replication is on 
the latent reservoir. Can low-level replication result in the establishment of new    
latent proviruses, thereby expanding the size of the reservoir? This is also important 
in light of the popular ‘shock and kill’ approaches. As we demonstrated in chapter 4, 
the anti-latency drugs used in these purging attempts have no effect on the latent 
provirus in proliferating T lymphocytes. Purging the latent provirus from resting         
T lymphocytes will release a wave of infectious particles and uninfected cells are    
protected by cART. However, at sites where cART levels remain suboptimal, this 
could result in infection of proliferating T cells, which can create latent provirus in 
resting cells on top of the just long-lived reservoir! Therefore, it is important to      
understand how exactly the long-lived reservoir is established and maintained, and 
perhaps an additional drug should be added to the purging compounds that            
specifically targets latent provirus in proliferating T cells. 
 
Prevention of the latent reservoir. A different strategy to eradicate HIV from the 
infected individual is to prevent the establishment of the latent reservoir58. As the 
reservoir is established early during infection this will not aid the individuals that   
already are infected, but it may prove useful for new patients51,59-61. In 2001 it was 
already reported that an early start of anti-retroviral therapy during primary           
infection reduced progression to AIDS62. In 2005 the first indications were reported 
that early onset of therapy (before seroconversion) reduced the size of the latent 
reservoir63. Although these results were confirmed in later studies64,65, not all         
patients start early with therapy because of the risk of drug resistance and drug     
toxicity, and also increased costs66. Intriguing data was presented at the XIX Interna-
tional AIDS Conference (AIDS 2012), showing that patients who started very early 
with therapy and which was maintained this for 6 years, could be taken off therapy 
without viral rebound (www.aids2012.org/WebContent/File/AIDS2012_Media_     
Release_HIV_Cure_26_July_2012_ EN.pdf). Another interesting study was recently 
presented at the 20th Conference on Retroviruses and Opportunistic Infections 
(CROI 2013), showing the case report of a child treated with antiretroviral therapy 
from 30 hours after birth. Treatment continued for 18 months until the child’s      
caregiver withdrew the child from therapy. When the child returned after 6 months 
the viral load was undetectable (http://mobile.aidsmap.com/Case-report-of-a-
functional-HIV-cure-in-a-child/page/2585854/). These results suggest that it might 
be possible to reach a functional cure of HIV by preventing the formation of the     
latent reservoir, providing optimistic prospects for future clinical and fundamental 
research strategies. 

http://www.aids2012.org/WebContent/File/AIDS2012_Media_Release_HIV_Cure_26_July_2012_EN.pdf
http://www.aids2012.org/WebContent/File/AIDS2012_Media_Release_HIV_Cure_26_July_2012_EN.pdf
http://mobile.aidsmap.com/croi2013
http://mobile.aidsmap.com/croi2013
http://mobile.aidsmap.com/Case-report-of-a-functional-HIV-cure-in-a-child/page/2585854/
http://mobile.aidsmap.com/Case-report-of-a-functional-HIV-cure-in-a-child/page/2585854/
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SUMMARY 
In this thesis we focus on the ability of HIV‑1 to establish a latent provirus in               
proliferating T cells and on how the silent provirus can be activated from latency.  
HIV-1 latency is a major barrier towards virus eradication from the infected             
individual. Knowledge on how the latent reservoir is established and understanding 
the molecular mechanisms that control latency may contribute to the development 
of therapeutics aiming at prevention and/or eradication proviral latency and          
describes why the current anti-retroviral therapy cannot cure an HIV-infected        
individual. 
 
HIV‑1 isolates can be classified in four different groups: Major (M), New (N), Outlier 
(O) and P, with group M viruses being mainly responsible for the current pandemic. 
The M group is divided into subtypes A through K and contains more than 51          
circulating recombinant forms (CRFs). The increasing diversity of HIV‑1 isolates 
makes virus quantitation challenging, especially when diverse isolates co-circulate in 
a geographical area. Measuring the HIV‑1 DNA levels in cells has become a valuable 
tool for fundamental and clinical research. Chapter 2 describes the development of a 
quantitative HIV‑1 DNA assay based on TaqMan technology. Primers that target the 
highly conserved Long Terminal Repeat (LTR) region were designed to detect a broad 
array of HIV‑1 variants and subtypes with high sensitivity. Introduction of a pre-
amplification step prior to the TaqMan reaction allowed us to quantitate fully reverse 
transcribed viral DNA and 2-LTR circles. 
 
HIV‑1 transcription initiation depends on cellular transcription factors that bind to 
promoter sequences in the LTR. Each HIV‑1 subtype has a specific LTR promoter   
configuration and even minor sequence changes in the transcription factor binding 
sites (TFBS) or their arrangement can impact transcriptional activity. Such subtype-
specific promoter characteristics correlate with significant differences in terms of 
viral replication kinetics and the response to environmental changes. Such latency 
differences may influence the size of viral reservoirs and the possibility to purge 
these reservoirs by therapeutic intervention. Chapter 3 describes the degree to 
which LTR promoter variation contributes to differences in proviral latency. We     
constructed recombinant viral genomes with the subtype-specific promoter inserted 
in the common backbone of the subtype B LAI isolate. The recombinant viruses are 
isogenic except for the core promoter region that encodes all major TFBS, including 
NF-ĸB and Sp1 sites. We developed and optimized an assay to investigate HIV‑1   
proviral latency in T cell lines. Our results indicate that the majority of HIV‑1 infected 
T cells only start viral gene expression upon TNFα activation. There were no gross 
differences among the subtypes, both in the initial latency level and the activation 
response, except for subtype AE that combines an increased level of basal 
transcription with a reduced TNFα response. This subtype AE property is related to 
the presence of a GABP instead of NF-ĸB binding site in the LTR. 
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There are different cell types that harbor latent HIV-1 provirus but the majority of 
the reservoir consists of long-lived resting CD4+ T lymphocytes. How this reservoir is 
established is not yet fully understood and there are currently two ideas. The first 
possibility is direct infection of resting CD4+ T lymphocytes. This is an inefficient   
process in these resting cells due to several blockades in the virus replication cycle. 
The second possibility is infection of proliferating T lymphocytes, which are the      
primary target cells for HIV-1. If infection results in the establishment of a latent   
provirus, these T lymphocytes will not be recognized by the immune system because 
no viral antigens are expressed and presented. If the proliferating cells subsequently 
return to the resting state, they become part of the long-lived reservoir.  It has      
generally been assumed that proliferating T lymphocytes do not harbor a latent    
HIV-1 provirus because these activated cells express many transcription factors that 
induce proviral gene expression. In Chapter 4 we present the surprising finding that 
HIV‑1 does in fact frequently establishe a latent provirus in proliferating primary 
T lymphocytes. Latency can only be recognized upon activation of the silent provirus. 
However, conventional anti-latency drugs that are used to activate the latent         
provirus in resting cells had no effect on the latent provirus in proliferating            
lymphocytes. We describe that co-culturing of the HIV-1 infected proliferating 
T lymphocytes with monocytes-derived dendritic cells (DCs) is able to activate the 
provirus from latency. Activation did not involve the DC-SIGN signaling or TCR     
stimulation, but was mediated by DC-secreted component(s) and cell-cell interaction 
between the DC and T lymphocyte. The cell-cell contact mediated activation could be 
blocked by ICAM-1 antibodies, implicating the ICAM-1 LFA-1 interaction. These     
results imply that circulating DCs could purge HIV‑1 from latency in activated T cells 
and re-initiate virus replication. Moreover, our data show that viral latency can be 
established early after infection and support the idea that actively proliferating 
T lymphocytes with an effector phenotype contribute to the latent viral reservoir. 
 
Chapter 5 combines the insights obtained in the two previous chapters to study the 
effect of the subtype-specific LTR promoter on viral latency and replication in        
primary T lymphocytes. No clear differences in latency and replication among the 
HIV-1 subtypes were observed. Additionally, the subtype B and AE LTRs were studied 
in more detail regarding a putative AP1 binding site in transfection experiments with 
luciferase reporter constructs. The results from these assays indicate that c-Jun, a 
member of the AP1 transcription factors family, can bind to both the subtype B and 
AE LTR, but the latter showed a stronger response. This is in line with the fact that 
the subtype AE LTR matches the AP1 consensus sequence more closely than the   
subtype B LTR. The AP1 binding site was recently proposed to be important for viral 
latency as part of the latency establishment element (LEE)1. We measured that c-Jun 
suppresses LTR activity in the absence of Tat, reflecting the establishment of a latent 
provirus that will likely occur before Tat is synthesized. However, c-Jun instead 
boosts LTR promoter activity in the presence of Tat. In other words, c-Jun provides 
the setting for Tat to act as a dominant molecular switch to control HIV-1 LTR        
activity.  
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Chapter 6 describes whether different myeloid cell types can induce gene expression 
from the latent HIV-1 provirus in proliferating T lymphocytes. Knowledge on ‘natural’ 
purging mechanisms may contribute to the design of novel eradication strategies 
that target the long-lived viral reservoir. Monocyte-derived macrophages type I and 
II can moderately activate the latent provirus, but not as efficiently as monocyte-
derived DCs. Monocytes and plasmacytoid DCs isolated from blood cannot activate 
the latent provirus. Conventional CD1c+ and cross-presenting CD141+ myeloid DCs 
efficiently purged the provirus out of latency. In our in vitro experiments the                
T lymphocytes are cultured outside their natural habitat. The observation that viral 
latency in T lymphocytes is influenced differently by various DC subsets suggest that 
viral latency in vivo might depend on the specific location of the T lymphocytes. For 
instance, production of virus particles from the latent reservoir may occur in the 
lymph node or other lymphoid organs due to the presence of DCs. Interestingly, 
maturation of primary myeloid DCs with several TLR ligands indicated that these ma-
ture myeloid DCs activate latent provirus as efficiently as immature myeloid DCs, 
except for poly(I:C) maturated cells that lost almost all purging capability. 
 
In Chapter 7 we describe the first steps in characterizing the molecular mechanisms 
of DC-mediated activation of latent HIV-1 provirus in proliferating T lymphocytes. 
The activation appears to be multi-factorial, as both cell-cell interaction and DC-
secreted factor(s) mediate activation of the latent provirus, indicating that multiple 
signaling routes are involved. The DC-secreted factor is a surprisingly large protein or 
protein complex (>100 kDa) and the cell-cell interaction may involve tetraspanins. 
Understanding the molecular mechanisms that purge HIV‑1 out of latency may be 
useful to improve intervention therapies designed to overcome latency. 
 
Chapter 8 presents a general overview of the molecular mechanisms that contribute 
to viral latency and the role of latently infected proliferating T lymphocytes in the 
establishment of the long-lived viral reservoir in resting T lymphocytes. 
 
Chapter 9 covers the prospects of finding a cure for HIV-1, the effect of current 
‘shock and kill’ approaches on the viral reservoir in proliferating T lymphocytes and 
the influence of this newly described reservoir on the ongoing debate regarding 
HIV‑1 latency versus continued low-level replication. 
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SAMENVATTING 
Oorsprong en diversiteit. Het humaan immunodeficiëntie virus (HIV) is de 
veroorzaker van het ‘acquired immune deficiency syndrome’ (AIDS). Sinds het begin 
van de epidemie in 1970 stijgt het aantal AIDS gerelateerde sterfgevallen sterk en in 
2011 was de schatting dat ongeveer 34 miljoen mensen, waaronder 3.3 miljoen 
kinderen, met HIV besmet zijn. De allereerste HIV infecties vonden plaats lang 
voordat de daadwerkelijke epidemie begon. Het oudste HIV positieve bloedmonster 
dateert uit 1956 en op basis van dat materiaal is geschat dat de eerste HIV infectie 
bij mensen plaats vond tussen 1920-1930. 
 
HIV vindt zijn oorsprong in het ‘simian immunodeficiency virus’ (SIV) dat bij sommige 
soorten apen, maar niet in alle, ook kan leiden tot AIDS. De overdracht van aap op 
mens gebeurde waarschijnlijk door bijtincidenten met geïnfecteerde apen tijdens het 
jagen op apen voor vlees of het vangen van apen voor handel en het houden als 
huisdier. De virusoverdracht van aap naar mens vond meerdere malen plaats en 
heeft geresulteerd in 2 verschillende HIV soorten; type 1 en type 2. Beide soorten 
worden onderverdeeld in groepen en subtypen. De bijdragen van elke virusgroep en 
subtype aan de epidemie verschillen aanzienlijk. 
 
HIV type 1 (HIV-1) bestaat uit 4 groepen, elk afkomstig van een individuele 
virusoverdracht van aap naar mens: groep ‘major’ M, ‘new’ N, ‘outlier’ O en de meer 
recentelijk gekarakteriseerde groep P. Groep M en N vinden hun oorsprong in een 
SIV variant die voorkomt in chimpansees uit West- en Centraal-Afrika. Terwijl groep 
N virussen maar een kleine groep mensen in Kameroen besmet heeft, is groep M 
verantwoordelijk voor de wereldwijde epidemie. Van groep O en P wordt 
aangenomen dat de oorsprong ligt in SIV van gorilla’s die leven in Kameroen. 
Ongeveer tienduizend mensen in Kameroen en omliggende landen zijn besmet met 
groep O. Groep P is tot nu toe in slechts 2 individuen gedetecteerd. 
 
HIV type 2 (HIV-2) kan onderverdeeld worden in 7 groepen genaamd A tot en met G. 
Waarschijnlijk vindt elke groep zijn oorsprong in een individuele virusoverdracht van 
de sooty mangabey (apensoort) naar de mens. HIV-2 komt voornamelijk voor in 
West Afrika maar er zijn ook infecties gerapporteerd in India, Brazilië en Portugal. 
 
De HIV pandemie wordt veroorzaakt door HIV-1 groep M. Groep M kan verder 
onderverdeeld worden in de subtypen A tot en met K. Deze subtypen kunnen met 
elkaar recombineren waardoor er inmiddels meer dan 51 recombinante subtypen 
zijn, welke CRFs genoemd worden (van ‘circulating recombinant forms’). De 
subtypen en CRFs zijn niet gelijkmatig over de wereld verdeeld. Subtype B komt 
bijvoorbeeld veel voor in West Europa en Noord Amerika. In Thailand is het CRF AE 
subtype dominant. In Afrika komen alle subtypen en CRFs voor maar subtype C 
overheerst. Door immigratie en toerisme is deze geografische distributie aan het 
verdwijnen en de frequentie van niet-B subtypen in Europa stijgt. 
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In landen waar geïnfecteerde individuen toegang hebben tot antivirale therapie 
wordt een HIV-1 infectie beschouwd als een chronische ziekte. Wereldwijd zijn er 
nog steeds veel landen en gebieden waar mensen geen of onvoldoende toegang tot 
medicatie hebben, voor hen is HIV-1 een levensbedreigende infectie. 
 
Ziekteverloop. HIV-1 infecteert witte bloedcellen die onderdeel zijn van het 
immuunsysteem. De infectie reduceert het aantal witte bloedcellen waardoor het 
immuunsysteem onvoldoende kan reageren op infecties met andere 
ziekteverwekkers en verschillende vormen van kanker. Dit leidt uiteindelijk tot het 
overlijden van de patiënt. Het verloop van een onbehandelde HIV-1 infectie kan 
worden verdeeld in 4 fasen. De eerste fase is de incubatieperiode die ongeveer 2 tot 
4 weken duurt, hierin stijgt het aantal virusdeeltjes in het bloed terwijl het aantal 
witte bloedcellen afneemt. De tweede fase is lastig te onderscheiden van de eerste 
en wordt de acute fase genoemd. Deze fase kan 1 tot 3 maanden duren en gaat soms 
gepaard met griepachtige verschijnselen. Tijdens deze fase reageert het 
immuunsysteem op het virus; het aantal virusdeeltjes in het bloed daalt terwijl het 
aantal witte bloedcellen stijgt. Vervolgens ontstaat er een evenwicht tussen 
virusproductie en het opruimen van virusdeeltjes door het immuunsysteem. Dat is 
de derde fase en die kan 2 tot 15 jaar duren. Tijdens deze a‑symptomatische periode 
is er sprake van een voortdurend kat-en-muisspel tussen het immuunsysteem en het 
virus. HIV-1 verandert voortdurend om te ontsnappen aan het immuunsysteem. Als 
reactie op het aangepaste virus genereert het immuunsysteem een nieuwe respons 
zodat ook de nieuwe virusdeeltjes opgeruimd worden. Uiteindelijk leidt dit tot 
uitputting van het immuunsysteem. Het aantal witte bloedcellen neemt af en het 
aantal virus deeltjes neemt toe: het immuunsysteem heeft de infectie niet langer 
onder controle. Nu is de vierde fase aangebroken en de patiënt wordt 
gediagnosticeerd met AIDS. Het immuunsysteem functioneert onvoldoende om de 
patiënt te beschermen tegen HIV-1, andere ziekteverwekkers of tumoren en de 
patiënt zal hier uiteindelijk aan overlijden. 
 
Het virus, de replicatiecyclus en antivirale therapie. HIV-1 is een retrovirus. Een 
virusdeeltje is klein en rond met een diameter van ongeveer 100-120 nm. In het 
virusdeeltje zit het virale genoom bestaande uit twee strengen RNA. RNA lijkt op 
DNA waaruit het menselijk genoom bestaat, maar is net iets anders. Aan de 
buitenkant van het virusdeeltje zit een eiwit dat nodig is om de witte bloedcellen te 
infecteren. Niet elke witte bloedcel kan geïnfecteerd worden, alleen de cellen die 
een eiwit aan de buitenkant hebben dat CD4 heet. HIV-1 bindt aan CD4 en heeft 
daarnaast nog een ander molecuul nodig en dat kan CCR5 of CXCR4 zijn. Als HIV-1 
aan CD4 en CCR5 of CXCR4 gebonden is kan het de witte bloedcel binnenkomen. 
Wanneer het virus binnendringt wordt het virale genoom omgezet in DNA, dit is het 
eerste kenmerk van een retrovirus. Deze stap is noodzakelijk want het menselijk 
genoom bestaat uit DNA en om daarin binnen te dringen moet het virale RNA 
vertaald worden naar viraal DNA. Als dat gebeurd is kan het virale DNA integreren in 
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het genoom van de gastheercel, dit is het tweede kenmerk van een retrovirus. Het 
geïntegreerde virale DNA heet een provirus en als deze eenmaal zijn plek in het DNA 
van de gastheercel heeft komt hij er nooit meer uit. Vanuit zijn plek in het genoom 
misbruikt het virus de gastheercel om nieuwe virusdeeltjes te maken wat leidt tot 
verspreiding van de infectie.  
 
Veel mensen die besmet zijn met HIV-1 gebruiken antivirale therapie. De therapie 
bestaat uit een cocktail van drugs die meerdere stappen van de replicatie-cyclus 
remmen. Er zijn drugs die de binding van HIV-1 aan CCR5 voorkomen, of de 
omzetting van het virale RNA naar DNA. Maar tot nu toe is er geen drug die het 
provirus uit de witte bloedcel kan halen. De antivirale middelen onderdrukken 
virusreplicatie maar leiden niet tot genezing, dit betekent dat de patiënt de rest van 
zijn/haar leven medicatie moet nemen. Zodra de medicatie onderbroken wordt 
begint het virus weer te repliceren. 
 
Tijdens de omzetting van viraal RNA naar DNA worden er veel ‘fouten’ gemaakt. 
Hierdoor is na een replicatie cyclus ieder virus een beetje anders. De verandering kan 
leiden tot een virus dat niet goed of helemaal niet meer repliceert, maar dit kan ook 
leiden tot een virus dat immuun is voor de antivirale drugs. Omdat de kans op 
mutaties die leiden tot resistentie tegen meerdere drugs kleiner is dan de kans op 
een mutatie die resistentie veroorzaakt tegen 1 drug, wordt er een cocktail van 
minimaal 3 antivirale middelen aan patiënten gegeven. 
 
HIV-1 latentie. Antivirale therapie remt de vermenigvuldiging van het virus maar 
leidt niet tot genezing. Zelfs als men na een periode van 7 jaar stopt met medicatie 
komt het virus terug. Dit komt omdat het virus zich kan verstoppen in de witte 
bloedcel. Met verstoppen bedoelen we dat het virale DNA integreert in het genoom 
van de gastheercel als provirus maar geen nieuwe virusdeeltjes maakt. Deze staat 
wordt latentie genoemd. Zolang het virus geen nieuwe virusdeeltjes maakt is het 
onzichtbaar voor het immuunsysteem en de antivirale therapie. Hoe en wanneer dit 
latente virus weer actief kan worden is nog grotendeels onbekend. Als dit gebeurt 
terwijl de patiënt antivirale therapie krijgt is dat geen probleem omdat de medicatie 
nieuwe infecties van deze virussen tegenhoudt. Maar als de patiënt stopt met 
medicatie kan na activatie van slechts een enkel provirus het virus zich weer 
verspreiden. Het latente HIV-1 reservoir is dan ook een groot obstakel voor 
eliminatie van het virus en genezing van de patiënt. 
 
Inmiddels is er steeds meer bekend over het latente HIV-1 reservoir, zoals in welke 
cellen zit het latente virus en welke moleculaire mechanismen zorgen er voor dat het 
virus latent blijft of juist weer actief wordt. Als het mechanisme achter latentie 
bekend is geeft dat aanknopingspunten voor de ontwikkeling van drugs die het virus 
actief kunnen maken. Als alle virussen actief zijn kan het immuunsysteem ze 
herkennen en opruimen. Een andere aanpak kan zijn om juist alle actieve virussen 
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latent te maken en te zorgen dat ze nooit meer actief worden. In dat geval raakt de 
patiënt het virus niet kwijt, maar is er naast drugs een extra manier om het virus te 
onderdrukken. De keuze hangt af van het exacte mechanisme achter latentie en hoe 
moeilijk dat valt te doorbreken. Om de juiste drugs te ontwikkelen moeten we eerst 
exact weten hoe latentie werkt en welke cellen latent HIV-1 provirus bevatten. 
 
Dit proefschrift. Zoals beschreven bestaan er verschillende HIV-1 groep M subtypen 
en CRFs. De toename in diversiteit maakt het steeds lastiger om HIV-1 te meten in 
gebieden waar meerdere varianten circuleren. Veel methoden om aantallen 
virusdeeltjes te bepalen detecteren maar één subtype. In hoofdstuk 2 beschrijven we 
de ontwikkeling van een nieuwe HIV detectiemethode die geen onderscheid maakt 
tussen de subtypen, maar ze in één meting allemaal kan kwantificeren. Deze 
methode kun je dus niet gebruiken om te bepalen met welk subtype iemand 
geïnfecteerd is maar je kunt hem wel gebruiken wanneer je wilt weten of iemand 
geïnfecteerd is. Daarnaast is het een handige methode voor gebruik in het 
laboratorium wanneer je verschillende subtypen met elkaar wilt vergelijken.  
 
Vervolgens hebben we de beschreven detectie methode gebruikt om te 
onderzoeken of er verschillen zijn tussen de HIV-1 subtypen met betrekking tot 
latentie. We hebben gekeken of er verschillen zijn in het vormen van een latent 
provirus en ook of er verschillen zijn in het activeren van het provirus. Door een 
latent provirus te activeren gaat het nieuwe virus deeltjes maken die je kunt 
detecteren. Deze proeven staan beschreven in hoofdstuk 3 en laten zien dat alle 
subtypen qua latentie vergelijkbaar zijn, behalve subtype AE. Dit subtype was minder 
latent en produceerde meer virus dan de andere subtypen. Dit is informatief 
wanneer je bijvoorbeeld alle latente HIV-1 provirussen in een patiënt wilt activeren; 
subtype AE is minder latent dan de andere subtypen en daarom is het misschien 
makkelijker om alle virussen te activeren in een patiënt geïnfecteerd met het AE 
subtype. 
 
De meest verrassende resultaten van dit proefschrift staan beschreven in hoofdstuk 
4. Daarin beschrijven we een nieuw celtype dat latent HIV-1 provirus kan bevatten. 
Deze cel is een actief delende witte bloedcel (prolifererende T lymfocyt). Voorheen 
dacht niemand dat deze cel latent provirus kon bevatten omdat algemeen werd 
aangenomen dat in een actieve cel het virus ook actief zou zijn. Wij hebben laten 
zien dat dit celtype wel degelijk latent HIV-1 kan bevatten en dat dit niet een 
zeldzaam fenomeen is maar zelfs regelmatig voorkomt. De reden dat niemand dit 
eerder heeft gerapporteerd is omdat we een nieuwe manier van activatie hebben 
ontdekt. Andere methoden die beschreven staan in de literatuur werkten niet en 
daarom zijn we verder gaan zoeken naar een activatie mechanisme dat wel werkt. In 
de rest van het proefschrift gaan we dieper in op deze activatie methode. 
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Als je alle HIV-1 provirussen uit latentie wilt halen zal je eerst alle verstopplekken 
moeten definiëren. Wij hebben nu, in dit proefschrift, een plek beschreven die nog 
niet eerder gedefinieerd was. Daarnaast hebben we ook een nieuwe manier 
gevonden om het virus uit latentie te halen. Als we kunnen achterhalen hoe exact 
het virus uit latentie gehaald kan worden geeft ons dat misschien weer een 
aanknopingspunt voor toekomstige medicijnontwikkeling. 
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het lab. Ik heb een fantastische tijd gehad op deze afdeling en aan dat plezier heb jij 
heel veel bijgedragen. 
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enthousiasme en energie is de plos paper tot stand gekomen. Ook van jou heb ik 
veel geleerd en ik ben blij dat je het HIV werk zo interessant vond, hetgeen je met 
goed gevoel voor humor aan ons duidelijk hebt gemaakt. 
 
Thijs, bedankt voor een geweldige samenwerking. Het was jouw idee om DCs bij de   
T cellen te knikkeren en als we dat niet hadden doorgezet was de plos paper er nooit 
gekomen. Dankjewel voor alle hulp bij de cel isolaties. Die proeven hebben echt hele 
mooie data opgeleverd. We gaan het manuscript snel afronden en opsturen zodat jij 
je eerste laatste auteurschap in de pocket hebt. 
 
Esther en Toni, bedankt voor de samenwerking. We zijn het manuscript nog aan het 
afronden maar ik ben nu al trots op onze resultaten.  
 
Carolien, dankjewel voor je hulp met de bureaucratie van het promoveren. 
 
Nina en Gisela, wat ontzettend fijn dat jullie mijn paranimfen willen zijn. Nien, ik ken 
je nu al 25 jaar, we hebben veel samen meegemaakt en ik ben blij dat ook dit aan de 
lijst toegevoegd mag worden. Gis, ik heb je leren kennen tijdens mijn aio-schap en je 
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bent een echte vriendin geworden. Ik wil jullie twee nu al bedanken voor de hulp die 
jullie me op D-day gaan geven. 
 
Ronald en Seguerney ik hoop dat jullie een leuke tijd hebben gehad als student bij 
ons op het lab. Ronald ik wens je ontzettend veel plezier en succes toe met je         
aio-schap. Seguerney ik wens jou ook heel veel succes in de toekomst. Jullie werk is 
in hetzelfde hoofdstuk terecht gekomen. Het is nog geen publicatie maar misschien 
dat we dat in de toekomst gaan veranderen. 
 
Georgios, Bill, Claudia en Ellen, dank jullie wel dat ik bij jullie stage mocht lopen en 
mijn scriptie mocht schrijven. Jullie hebben me allemaal heel veel geleerd en elk van 
jullie heeft bijgedragen aan mijn plezier in de wetenschap. Georgios, thank you for 
giving me the opportunity to finalize my work as your student in an article, it’s been 
great working with you! 
 
Leon, bedankt voor een schitterende omslag en enorm leuke titelpagina’s. 
 
Dan volgt er nu een lijst van aio’s die inmiddels al weer vertrokken zijn. Julia, Dirk, 
Edwin, Mark, Karin, Martijn, Walter, Nick en Grote Ronald ik heb veel van jullie 
geleerd en veel met jullie gelachen. Jullie hebben mij laten zien hoe je naast hard 
werken ook heel veel lol kan hebben en mede daardoor ben ik 4 jaar lang met veel 
plezier elke dag naar het AMC gegaan. 
 
Maar gelukkig worden de aio’s die vertrekken weer aangevuld door een nieuwe 
lichting die met frisse zin er tegen aan gaan. Elly, Matthijs, Gözde, Kwinten, Bas, 
Mohammad, Steven, Nikki, Nancy, Alex, Emily, Xiomara, Cynthia, Joost, Tom en 
Brenda ik wens jullie heel veel succes bij het afronden van jullie promotieonderzoek. 
 
Verder nog de andere medewerkers die ik wil bedanken, sommige werken nog op 
het lab, anderen zijn alweer vertrokken. Ilja, Mo, Bep, Stef, Mireille, Ying Poi, 
Rogier, Marit, Judith, Jeroen, Mariëlle, Maarten, Lia, Martha, Martin, Margreet, 
Erna, Marion, Fokla, Tonja, Valodja, Alexander, Formijn, Max, Elena, Mirte en Yme 
bedankt voor de discussies tijdens de donderdag meeting en alle gezellige 
momenten in het lab maar ook daar buiten zoals op de labuitjes, de kerstborrel en 
de paaslunch. 
 
Méline en Sabra, dank jullie wel voor alle gezellig middagen en avonden, jullie zijn 
fantastische vriendinnen! 
 
Michiel, beste vriendje, dank je wel voor je steun en vriendschap de afgelopen 3,5 
jaar. Ik hoop dat je snel weer op je fiets kan springen om Europa door te crossen. 
Hoewel je aan de andere kant van de wereld ook heel leuk kan fietsen hoor! :) 
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Laura en Remco, lieve zus en schoonbroer, dank jullie wel voor alle gezellige 
spelletjes avonden. Lau heel veel succes met je aio plek in Belfast! Gelukkig houden 
jullie ook van reizen dus waar ik dan ook m’n plekje ga vinden, we zoeken elkaar wel 
op. Er zal een hoop gevlogen worden de komende jaren :). 
 
Lieve pap en mam, dank jullie wel voor jullie liefde, steun en advies om mijn hart te 
volgen. Ik houd van jullie. 
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