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Preface

The name “retro” in retroviruses not only reversed the concept of molecular biology but also
has shown its role in the evolution of modern humans from their primitive ancestor-pri‐
mates group. In the beginning years of molecular biology, we only know the unidirectional
flow of genetic information from DNA to RNA to protein that is known as transcription.
This irreversible flow came to be known as the “Central Dogma”, which was proposed by
Sir Crick. But in case of “retroviruses” this flow is completely new, where RNA genetic in‐
formation is converted into DNA first and followed by its integration into host by virus-cod‐
ed specific enzymes and finally reversing the flow of genetic information. For this reverse
action, the name “retrovirus” was given to this particular group of viruses. The central dog‐
ma had to be revised when the replication of retroviruses (reverse transcription) was under‐
stood. The studies on retroviruses have opened broader areas of modern biology and
medicine, which includes: the discovery of proto-oncogenes, study on cellular growth con‐
trols and carcinogenesis, and understanding of mechanisms that regulate eukaryotic gene
expression and molecular genetics.

It is believed that retrovirus evolution has been nothing short of revolutionary. Considerable
amount of the mammalian genome appears to be the product of reverse transcription (RT).
During the course of evolution it is believed that retroviruses incorporated its genome into
the human DNA, and these viral sequences have been suggested to play important roles in
numerous physiological and pathological processes. The activity of RT and integrase en‐
zymes makes it feasible for genetic material from retrovirus to become permanently inte‐
grated into the DNA genome of an infected cell.

The presence of two copies of the genome that too with the most unstable form, along the
two unique enzymes, makes this group of virus exclusive from the rest of RNA viruses. Sur‐
prisingly, in host, retroviruses do not appear to straightforwardly activate host innate de‐
fenses. Retroviruses such as HIV directly targets T cells of immune cells, which plays an
important role in innate and adaptive responses. It is still a million dollar question that how
these ultramicroscopic obligatory viruses could sense specifically only those cells from
which viruses have potential harmful effects and finally targets specifically those cells and
escape from host immune recognition.

On the other hand, attention to these viruses extends beyond their disease-causing capabili‐
ties because of their unique qualities. cDNA copies can be generated from RT and these
cDNAs can be manipulated according to use for cloning, sequencing, etc. Retroviruses’ ge‐
netic material is extensively applied in transient and stable expression of cloned genes in
vertebrate cells. Ongoing investigation on application of retroviruses in gene therapy and
anti-cancer agents makes these types a widely studying group. If we understand retrovirus‐



es completely, not only we can employ these viruses as model for biological research but it
also gives us idea where gained knowledge could be applied in other fields such as engi‐
neering and material sciences and to develop new technologies.

This book covers a collection of articles by brilliant researchers who have devoted their time
for combat against retroviruses. This book gives a comprehensive overview of recent advan‐
ces in Retrovirology , as well as general concepts of molecular biology of retroviral infections,
immunopathology, diagnosis, treatment, epidemiology, and etiology to current clinical rec‐
ommendations in management of retroviruses, including endogenous retroviruses, high‐
lighting the ongoing issues, recent advances, with future directions in diagnostic approaches
and therapeutic strategies. The book focuses on various aspects and properties of retrovirus‐
es, whose deep understanding is very important for safeguarding human race from more
loss of resources and economies due to pathogens.

The authors and editors of the book hope that this work might increase the interest in this
field of research and that the readers will find it useful for their investigations, management,
and clinical usage. Also I would like to thank the Council of Scientific and Industrial Re‐
search (CSIR-CCMB), Director CCMB Dr. Amitabha Chattopadhyay, colleagues, family, and
parents, who gave me a lot of encouragement and support during the work on this book.

Shailendra K. Saxena, PhD, DCAP, FAEB, FIVS, FBRS
CSIR-Centre for Cellular and Molecular Biology,

Hyderabad
India
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Chapter 1

Molecular Biology and Pathogenesis of Retroviruses

Shailendra K. Saxena and Sai V. Chitti

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62885

Abstract

Retroviruses consist of a varied family of enveloped RNA viruses with positive-sense
RNAs that replicate in a host cell through the process of reverse transcription. Retrovirus‐
es belong to the Retroviridae family that typically carries their genetic material in the
form of ribonucleic acid, while the genetic material of their hosts is in the form of deoxy‐
ribonucleic acid. Infections with a number of retroviruses can lead to serious conditions,
such as AIDS, a range of malignancies, neurological diseases, and added clinical condi‐
tions. In addition, some can even become integrated as DNA in the germ line and passed
as endogenous viruses from generation to generation. Surprisingly, retroviruses do not
appear to straightforwardly activate host innate defenses. On the other hand, attention in
these viruses extends beyond their disease causing capabilities. For example, studies on
the retroviruses led to the discovery of oncogenes, understanding of mechanisms that
regulate eukaryotic gene expression, and these are proving to be valuable research tools
in molecular biology and have been used successfully in gene therapy. The central goals
of retrovirology today are the treatment and the prevention of human and non-human
diseases and to use this virus in research.

Keywords: retrovirus, Retroviridae, reverse transcriptase, replication, immune responses,
ART

1. Introduction

During the past few decades retrovirus has done an adequate amount of harm to the human
life and became a big threat globally. These are the group of viruses that belong to the family
Retroviridae and that typically carry their genetic material in the form of ribonucleic acid
(RNA), while the genetic material of their hosts is in the form of deoxyribonucleic acid (DNA).
Retroviruses are named for an enzyme known as reverse transcriptase (RT), which was
discovered independently in 1971 by American virologists Howard Temin and David
Baltimore for which they have received Nobel Prize in physiology and medicine in the year

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1975. Retroviridae is a family of enveloped, obligate parasites with single-stranded positive-
sense RNA (ssRNA) that replicate in a host cell through the process of reverse transcription.
The activity of RT makes it feasible for genetic material from a retrovirus to become perma‐
nently integrated into the DNA genome (provirus) of an infected cell.

Figure 1. Classification of Retroviridae family of viruses.

Retroviridae is subdivided into Orthoretrovirinae and Spumaretrovirinae (Figure 1). Under
Orthoretrovirinae the various genus are Alpharetrovirus (Rous sarcoma virus, avian sarcoma
leukosis virus), Betaretrovirus (Mouse mammary tumor virus, Jaagsiekte sheep retrovirus),
Gammaretrovirus (murine leukemia virus, Abelson murine leukemia virus, Friend virus, koala
retrovirus, xenotropic murine leukemia-related virus), Deltaretrovirus (Human T-lymphotrop‐
ic virus (HTLV) types 1–4, simian T-lymphotropic virus types 1–4, Bovine leukemia virus),
Epsilonretrovirus (Walleye epidermal hyperplasia virus), and Lentivirus (human immunodefi‐
ciency virus (HIV), simian immunodeficiency viruses (SIV), feline immunodeficiency virus,
puma lentiviruses, bovine immunodeficiency virus, caprine arthritis encephalitis virus, visna
virus) are present, whereas under Spumaretrovirinae only one genus is present spumavirus
(simian foamy virus, human foamy virus) [1]. The retroviruses host range include human,
murine, feline (cat), avian (birds), and bovine (pig), and it is dependent upon the viral envelope,
glycoproteins and structural proteins, involved in integration. Infections with a number of
retroviruses can lead to serious conditions, such as AIDS, a range of malignancies, neurological
diseases, and added clinical conditions [2]. In addition, some retroviruses can even become
integrated as DNA in the germ line and passed as endogenous viruses from generation to
generation. Using retrovirus in research has built up the need to advance the investigation in
detail regarding the viral particles and genomes, their modes of replication, integration, and
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host immune evasion. The basic replication of retroviruses includes that (Figure 2) the ssRNA
become double-stranded DNA (dsDNA) and gets into the host genetic material and employs
host machinery for the synthesis of new virions.

Figure 2. The reverse of Cricks’ central dogma that occurs in retroviruses. RNA genome is converted by reverse tran‐
scriptase into double-stranded DNA, followed by integration into the host genome, transcription and translation of vi‐
ral proteins occurs along with the host.

Interesting Points about Retroviruses 

 Retroviruses contain RNA as genetic material but have DNA-dependent steps in 
their replication. 

 Replicates via reverse transcription because of the presence of reverse transcriptase 
enzyme. 

 Integrase transfers the viral DNA into the cell nucleus and viral dsDNA is 
covalently and randomly integrated into the cell’s genome. 

 Retroviruses that can transform host cells at high rates contain gene sequences such 
as viral oncogenes and proto-oncogenes. 

 Human retroviruses can cause immune deficiencies, cancer, and neurological 
diseases. 

2. Retrovirus structure, genome, and proteins 
The typical retrovirus structure is enveloped, spherical to pleomorphic in shape, and they 
have diameter of 80–100 nm. The different genuses of retrovirus virions (Figure 3) have 
diverse morphology, but they have their same virion component, which includes the outer 
envelope coat, two copies of the genetic material, and the viral proteins. Envelope consists 
of lipids that are obtained from the host plasma membrane during budding process and the 
glycoprotein such as gp120 and gp41 in case of HIV [3]. The retroviral envelope serves three 
separate functions that includes the outer lipid bilayer protects from the extracellular 
environment, it also aids in the entry and way out of host cells through endosomal 
membrane trafficking, and the facility to straightforwardly enter cells by fusing with their 
membranes. 

Molecular Biology and Pathogenesis of Retroviruses
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2. Retrovirus structure, genome, and proteins

The typical retrovirus structure is enveloped, spherical to pleomorphic in shape, and they have
diameter of 80–100 nm. The different genuses of retrovirus virions (Figure 3) have diverse
morphology, but they have their same virion component, which includes the outer envelope
coat, two copies of the genetic material, and the viral proteins. Envelope consists of lipids that
are obtained from the host plasma membrane during budding process and the glycoprotein
such as gp120 and gp41 in case of HIV [3]. The retroviral envelope serves three separate
functions that includes the outer lipid bilayer protects from the extracellular environment, it
also aids in the entry and way out of host cells through endosomal membrane trafficking, and
the facility to straightforwardly enter cells by fusing with their membranes.

Figure 3. Schematic cross section through a retroviral particle: Showing retrovirus components.

The genome of retrovirus is monopartite, linear, dimeric, ssRNA (+) of about 8–10 kb, with a
5’-cap and a 3’poly-A tail (Figure 4). The group-specific gene (gag), pol, pro, envelope (env)
genes are flanked between the R regions. The 5’-long terminal repeats (LTRs) consist of U3
(unique sequence), R primer binding site (PBS), and U5 regions. The 3’ end consists of a
polypurine tract (PPT), U3, and R regions. The R region is a short repeated sequence at each
end of the genome used during the reverse transcription to ensure correct end-to-end transfer
in the growing chain. U5, on the other hand, is a short exceptional arrangement in the middle
of R and PBS [4]. PBS consists of 18 bases corresponding to 3’ end of tRNA primer. L region is
an untranslated leader region that gives the sign for packaging of the genome RNA. The
retroviral protein includes gag, protease, pol, and env proteins. Gag is the primary retroviral
structural protein responsible for orchestrating the majority of steps in viral assembly. Most
of these assembly steps occur through interactions with three gag subdomains—matrix (MA),
capsid (CA), and nucleocapsid (NC). The gag subdomains are structurally discrete but have
functionally overlapping roles in the viral assembly process [5, 6].

Advances in Molecular Retrovirology6
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Figure 4. Retrovirus structure and genome: The three significant protein coding genes include group-specific gene
(gag), pol, envelope (env) genes, which are flanked between the R regions and codes for capsid, reverse transcriptase,
integrase, protease, and envelope proteins, respectively. Retroviruses are characterized by the 5′ and 3′ long terminal
repeat (LTR) sequences, which are thought to control and gene expression. The LTRs each contain two unique non-
protein-coding sequences, called U5 at the 5′ end and U3 at the 3′ end, which encodes controlling elements. PBS con‐
sists of 18 bases corresponding to 3' end of tRNA primer. The R region is a short repeated sequence at each end of the
genome used during the reverse transcription to ensure correct end-to-end transfer in the growing chain.

3. Genetic variations and retroviruses

Retroviruses, similar to all RNA viruses, show a high mutation rate. The real component for
creating genetic variation within retroviral populations is because of the polymerization error
during DNA synthesis by RT, which does not have a proofreading activity [7]. The reason for
this high genetic variation is because of viral mutation rate, recombination rate, rate of
replication, size of the viral population, and selective forces [8, 9]. Genetic variation has been
documented extensively in populations of HIV type 1. This genetic adaptability has significant
consequences for the evolution of HIV-1 and other retroviruses and their impact on human
health [8]. Because of the genetic variations, retroviruses are expanding its host range; for
example, HIV-1 can switch from using the CCR5 co-receptor to using the CXCR4 co-receptor
[10]. This difference in retroviral populations provides a mechanism for retroviruses to escape
host immune responses and expand resistance to all known antiretroviral drugs [7, 11].

4. Replication of retroviruses

Replication is a multistep process; each step is crucial for the virus entry and multiplies itself
in the host cell. The study of retroviruses particle assembly, budding, and release has been

Molecular Biology and Pathogenesis of Retroviruses
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especially rich in terms of the exchange of concepts and techniques with related areas of cell
biology [12]. There are seven steps in the replication cycle of the retrovirus (Figure 5). The
initial step is attachment, in which the retrovirus utilizes one of its glycoproteins to attach to
one or more particular cell-surface receptors on the host cell. Some retroviruses likewise utilize
an optional receptor, referred to as the co-receptor. The second and third steps are penetration
and uncoating, individually. Retroviruses infiltrate the host cell by direct fusion of the virion
envelope with the plasma membrane of the host. The fourth step is replication, which happens
after the retrovirus undergoes partial uncoating thereby releasing its genome and three
essential enzymes (RT, integrase, and pol gene coding enzymes). At this stage, the RNA
genome is converted by RT into double-stranded DNA, followed by integration into the host
genome, transcription and translation of viral proteins along with the host. The fifth step is
assembly, in which retrovirus capsids are assembled in an immature form. The sixth step is
budding, in which the immature viral particle acquires the host plasma membrane, and the
final step is maturation and release, in which the gag and pol proteins of the retrovirus are
cleaved by the retroviral protease, thus forming the mature and infectious form of the virus
[13]. The retrovirus replication is well studied in case of HIV virus. HIV replicates million of
time per day, destroying the host immune cells and eventually causing disease progression.
During HIV replication the virus recognizes host cell such as CD4+ T- lymphocyte. Entry of
HIV into the cells requires certain substances on the cell surface such as CD4 receptor and co-
receptors such as CCR5 and CXCR4 [14]. These receptors interact with protein complexes that
are embedded in the viral envelope. The viral proteins consist of extracellular gp120 and trans-
membrane gp41 proteins. When HIV approaches the target cell, the gp120 binds with the cell
surface receptor, this process is termed as attachment. Following co-receptor binding results
in a conformational change in gp120, this allows gp41 to unfold and extend its hydrophobic
terminal into the cell membrane. gp41 then folds back on itself, this causes the virus to move
close toward the cell and facilitates the fusion of their membranes. The viral nucleocapsid then
enters the cell and releasing two viral RNA strands and three essential replication enzymes;
integrase, protease, and RT. HIV RT is a heterodimer composed of two subunits (p66 and p51).
At first, RT begins the reverse transcription of viral RNA; it consists of two catalytic domains
—ribonuclease H active site and polymerase active site. In the polymerase active site, single-
stranded viral RNA is transcribed into an RNA-DNA double helix. These RNA-DNA hybrids
are cleaved into individual stands by ribonuclease H. The polymerase then completes the
remaining strand into DNA double helix (dsDNA). After the formation of dsDNA, integrase
moves into action, it cleaves each dinucleotide from 3’ end of the DNA creating two sticky
ends. Integrase then transfers the viral DNA into the cell nucleus and viral dsDNA is covalently
and randomly integrated into the cell’s genome [15]. The host cell genome now contains the
genetic information of HIV virus. Activation of the host cell induces the transcription of
proviral DNA by Pol II produces viral spliced and unspliced messenger RNAs. This messenger
RNA now migrates into the cytoplasm, where building blocks for a new virus were synthe‐
sized. Some of the building blocks have to be processed by the viral protease where longer
proteins are cleaved into small core proteins. The processing of viral proteins is crucial to create
an infectious virus. Translation of unspliced viral RNAs produces env, gag, and gag-pol
polyproteins. The two viral RNA strands with three enzymes come together and core proteins

Advances in Molecular Retrovirology8
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RNA now migrates into the cytoplasm, where building blocks for a new virus were synthe‐
sized. Some of the building blocks have to be processed by the viral protease where longer
proteins are cleaved into small core proteins. The processing of viral proteins is crucial to create
an infectious virus. Translation of unspliced viral RNAs produces env, gag, and gag-pol
polyproteins. The two viral RNA strands with three enzymes come together and core proteins
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assemble around them forming a capsid, which is an immature virus particle. Capsid leaves
the host cell by acquiring new envelope of host and viral proteins (mature virus) such as gp120
and gp41; this process is known as budding. Recent reports suggest that during this process
of budding, clathrin is recruited into the HIV particle with high specificity [16]. These matured
virus become ready to infect the other cells [15]. A critical aspect of viral replication is the
assembly of virus particles, which are subsequently released as progeny virus. While a great
deal of attention has been focused on better understanding this phase of the viral lifecycle,
many aspects of the molecular details remain poorly understood.

Figure 5. Replication of retroviruses: There are seven steps in the replication cycle of the retrovirus. The initial step is
attachment, in which the retrovirus utilizes one of its glycoproteins to attach to one or more particular cell-surface re‐
ceptors on the host cell. Some retroviruses likewise utilize an optional receptor, referred to as the co-receptor. The sec‐
ond step is penetration and uncoating, individually. Retroviruses infiltrate the host cell by direct fusion of the virion
envelope with the plasma membrane of the host. The third step is replication, which happens after the retrovirus un‐
dergoes partial uncoating thereby releasing its genome and three essential enzymes. At this stage, the RNA genome is
converted by reverse transcriptase into double-stranded DNA (dsDNA). The fourth step is integration, in which retro‐
virus dsDNA integrates into the host genome followed by transcription and translation of the viral proteins occurs.
The fifth step includes proteolytic processing of viral proteins. The sixth step includes assembly of viral proteins and
RNA. The seventh step is budding, in which the immature viral particle acquires the host plasma membrane and final
step is maturation and release, in which the gag and pol proteins of the retrovirus are cleaved by the retroviral pro‐
tease, thus forming the mature and infectious form of the virus.
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A provirus can be transmitted through the germ line from parents to offspring as an endoge‐
nous retrovirus [17, 18]. Human endogenous retroviruses (HERVs) account for about 8% of
the human genome [19]. Exogenous retroviruses seem to have arisen from endogenous
retrotransposons by acquisition of a cellular envelope gene [20]. The existence of HERVs has
been identified for many years, but their abundance in the genome was not predicted by earlier
studies [21]. Retroviral genome gets into human genome and by de novo insertion followed
by activation of downstream proto-oncogenes, or by gene disruption [22]. Retrovirus integra‐
tion does not occur in resting (Go phase) cells yet rather requires that cells be in the S phase
(DNA synthesis) of their mitotic cycle. Since the mitotic phase is induced by a binary recog‐
nition event, integration and virus reproduction perhaps require that the invaded target T-cell
interact with the appropriate B-cell-processed antigen complex. Once the viral cDNA integra‐
tes, transcription to mRNA proceeds at some rate that depends on the details of the infecting
virus and the invaded cell [23]. It is also reported that enhancer and promoter elements in
retroviral LTRs can influence the transcription of next genes that can result in transcriptional
activation or gene silencing and which may result in abnormal expression of tissue-specific
proteins [24]. The human genome contains many endogenous retroviral sequences, and these
have been suggested to play important roles in a number of physiological and pathological
processes. Researchers also found that ERVs also take part in the body’s immune defense
against regular bacterial and viral pathogens. HERVs are classified into three broad classes (I,
II, III). Analysis of the draft human genome has so far found only three HERV proviruses with
complete open reading frames for gag, pol, and env, which are considered as essential viral
genes, and at least one of these HERVs is mutated at a critical residue in the reverse transcrip‐
tase domain of pol [25]. HERVs have frequently been reported as etiological cofactors in
chronic diseases such as cancer, autoimmunity, and neurological disease.

5. Mode of transmission

Most of the retroviruses transmission occurs through cell to cell, mother to fetus transmission,
and through biological fluids. Cell-to-cell transmission of retroviruses is much more efficient
as compared with cell-free conditions, and as retroviruses reach through the tight cell-cell
interface, they are out of reach of the immune system [26]. Retrovirus employs various
mechanisms of immune evasion, however, and can destroy the immune system or subvert it
to enable successful transmission [27].

6. Immune system and retroviruses

The human immune system needs to manage with various pathogens, ranging from RNA
viruses to 30-foot-long tapeworms [28]. Although we have gained much understanding of
innate immune recognition of many microbial pathogens, currently we have very little
knowledge about innate immune responses against retroviral infections [29]. The immune
system retroviruses (ISRV) are defined as a retrovirus (HIV) whose target is T4-positive T-
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helper cells of the immune system that requires stimulation by antigens to reproduce. T-cells
are part of the response mechanism that defends the body against attacking agents and are
stimulated to reproduce by such agents [23]. Antiviral responses are characteristically marked
by stimulation of type I interferon through various mechanisms that recognize viral nucleic
acids. These responses restrain the viral replication by various mechanisms and activate the
adaptive immune responses with the help of antigen presenting cells and also aids in devel‐
oping memory and viral clearance. But, quite number of reports suggests that viruses also have
developed a variety of means for circumventing innate immune responses, ensuring their
survival and transmission. Surprisingly retroviruses do not appear to straightforwardly
activate host innate defenses. It was observed that generalized immune activation and
increased amount of cytokines and immunoglobulins along with the progressive loss of CD4+
T-cells was reported during HIV-1 infection [30].

Generally, viral infection triggers innate immune sensors to produce type I interferon.
However, this is not the case with retroviruses; the reason is still not known. The recent reports
suggest various molecules it includes: TREX1, which is a cytosolic exonuclease that degrades
DNA [31] derived from HIV or endogenous retroelements, thereby preventing the accumula‐
tion of cytosolic DNA, which would otherwise trigger innate immunity. In a study on Trex1(-/-)
mouse cells and human CD4(+) T-cells and macrophages in which TREX1 was inhibited by
RNA-mediated interference, cytosolic HIV-DNA accumulated and HIV infection induced type
I interferon that inhibited HIV replication and spreading [32]. The recent study on innate
immune sensors during retroviral infection has identified the enzyme cyclic guanosine
monophosphate–adenosine monophosphate (cGAMP) synthase (cGAS) which triggers the
cytosolic DNA and activates the production of type I interferons and other cytokines. The
mechanism in which these sensors act by includes firstly viral DNA binds and activates cGAS,
which catalyzes the synthesis of a cGAMP isomer from adenosine triphosphate (ATP) and
guanosine triphosphate (GTP). This cGAMP isomer that is termed has 2′3′-cGAMP contains
both 2′-5′ and 3′-5′ phosphodiester linkages. cGAMP then binds and activates the endoplasmic
reticulum protein stimulator of IFN genes (STING) and functions as a second messenger.
STING activates the NF- κB, interferon regulatory factor 3 (IRF3) to induce interferons and
other cytokines through the activation of protein kinases IκB kinase (IKK) and TANK-binding
kinase 1 (TBK1) [32–35]. In our view, there is currently insufficient understanding about how
the retroviral infection, in general, is sensed by the innate immune system. If the innate immune
part is traced, that will aid in understanding the activation of adaptive immunity and devel‐
opment of antiviral against retroviruses.

7. Antiretroviral therapy

There are about 34 million HIV-1–infected people in the world [36], and this number plainly
says that there is an urgent unmet need for investigation of antiretroviral therapy (ART), and
management of this worldwide risk is highly desired [37]. ART is treatment of people infected
with the retroviruses using anti-retroviral drugs. The goal of antiretroviral therapy is to reduce
the amount of virus in infected individual body (viral load) to a level that can no longer be
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detected with ongoing treatment blood test. Considerable advances in ART have been made
since the introduction of zidovudine (3'-azido-3'-deoxythymidine—AZT) in 1987 [38]. The
regular treatment consists of a grouping of at least three drugs called as highly active antire‐
troviral therapy (HAART) that hold back the viral replication within the host cell and thereby
reduces the viral load.

Six classes of antiretroviral agents (Table 1) currently exist (specifically towards HIV); they
include the following:

1. Nucleoside reverse transcriptase inhibitors (NRTIs) such as abacavir, emtricitabine, and
tenofovir [39] takes action by interfering with the HIV replication cycle through compet‐
itive inhibition of reverse transcriptase enzyme a key enzyme in replication and thereby
terminates the DNA formation. These can also terminate the DNA formation by incorpo‐
rating into the proviral DNA; the reason is that NRTIs are structurally similar to the DNA
nucleoside bases.

2. Non-nucleoside reverse transcriptase inhibitors (NNRTIs) includes niverapine, efavirenz,
and etravirine, which acts by non-competitive binding of NNRTIs at the hydrophobic
pocket of p66 subunit of the enzyme results in a conformational change and alters the
active site and limits RT activity. The limitation of these drugs is that it has a low genetic
barrier, i.e., a single mutation in RT genome induces a high-level of phenotypic resistance
and prevents its use [40–42].

3. Protease inhibitors (PIs) include indinavir, atazanavir, darunavir, and tipranavir. This
retrovirus protease is a 99-amino-acid, aspartic acid protein, which plays an important
role in the maturation of virus particles late in the viral life cycle. During or immediately
after viral budding from an infected cell, proteases systematically cleaves individual
proteins from the gag and gag-pol polypeptide precursors into functional subunits for
viral capsid formation. Protease inhibitors act as competitive inhibitors that directly bind
to protease and put off the subsequent cleavage of polypeptides. It has recently been
suggested that PIs can directly inhibit lymphocyte apoptosis and this effect may contribute
to an immunologic benefit independently of an antiviral effect [43–45].

4. Integrase inhibitors (INSTIs) such as dolutegravir and raltegravir are used in combination
with a protease inhibitor and target the strand transfer step of retroviral DNA integration.
These are approved by FDA in 2007. Integration is essential for viral replication and is
thus an attractive target for novel chemotherapy [46]. The integrase enzyme is responsible
for transfer of virus-encoded DNA to the host cell chromosome, a necessary event in
retrovirus replication [15] INSTIs active against a wide range, including both CCR5 co-
receptor and CXCR4 coreceptor–using strains [47].

5. Fusion inhibitors (FIs) include enfuvirtide—act extracellularly to prevent the fusion. It is
a peptide based on the gp41 sequence that specifically prevents membrane fusion by
competitively binds to gp41 and preventing the conformational change of gp41 required
to complete the final step in the fusion process [48].
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6. Chemokine receptor antagonist. This small molecule such as maraviroc [49] selectively
and reversibly binds the CCR5 coreceptor, blocking the V3 loop interaction and inhibiting
fusion of the cellular membranes. Using these inhibitors individually or in combination
the virus replication process is slowed and the retroviruses find it more difficult to
overcome this combined attack. ART has the potential both to reduce mortality and
morbidity rates among infected people, and to improve their quality of life [50].

Antiretroviral agents Examples Mode of action

1.
Nucleoside reverse transcriptase
inhibitors (NRTIs)

Abacavir, Emtricitabine

Competitive inhibition of reverse
transcriptase enzyme a key enzyme in
replication and there by terminates the
DNA formation.

2.

Non-nucleoside reverse
transcriptase inhibitors (NNRTIs)

Niverapine, Efavirenz,
Etravirine

Non-competitive binding of NNRTIs at
the hydrophobic pocket of p66 subunit of
the reverse transcriptase enzyme results
in a conformational change and alters the
active site and limits enzyme activity.

3.

Protease inhibitors (PIs)
Indinavir, Atazanavir,
Darunavir, Tipranavir

Act as competitive inhibitors that directly
bind to protease and put off the
subsequent cleavage of polypeptides
which is an important step in viral
maturation.

4.
Integrase inhibitors (INSTIs) Dolutegravir, Raltegravir

Target the strand transfer step of
retroviral DNA integration.

5.

Fusion inhibitors (FIs) Enfuvirtide

Specifically prevents membrane fusion by
competitively binding to gp41 and
preventing the conformational change of
gp41 required to complete the final step in
the fusion process.

6.

Chemokine receptor antagonist Maraviroc

It binds selectively and reversibly binds
the CCR5 coreceptor, blocking the V3 loop
interaction and inhibiting fusion of the
cellular membranes.

Table 1. Classes of antiretroviral agents and their mode of action

8. Conclusions

The central goals of retrovirology nowadays are the treatment and the prevention of human
and non-human diseases and to use this virus in research. Recent studies have shown that
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retroviruses can be used in a number of ways such as model for biological research, for
understanding of genes, molecular and cell biology studies. On the other hand, attention in
these viruses extends beyond their disease causing capabilities, discovery of oncogenes,
understanding of mechanisms that regulate eukaryotic gene expression was possible because
of the study on retroviruses. The complete understanding of retrovirus could help the
researchers and clinicians to use them in various fields of biology and medicine for the
development of new methodologies and techniques. Ongoing investigation on application of
retroviruses in gene therapy and anti-cancer agents makes these type a widely studying group.
The way retroviruses enter and target the specific cells and integrate itself into the host genome
was very fascinating to the scientists globally, and these can be used as models to develop new
vectors that could be employed in research. Collaborative international project needs to be
taken up to understand the complete life cycle of retroviruses. The reason is that this not only
aids in developing antiviral, but also gives us idea where gained knowledge could be applied
in other fields such as engineering and material sciences and to develop new technologies.
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Abstract

After 33 years of the identification of HIV-1 infection, very little is known about the role
of host cellular proteins. Till now considerable work has been done in the area of host-
pathogen interactions facilitated by the viral proteins and host receptors. The role of the
main receptor CD4 and co-receptors like CCR5, CXCR4 and their alternative receptors
were well studied in disease progression. But the intracellular events during the host-
pathogen interactions were poorly understood. Much data is available based on the glob‐
al analysis of genome-wide RNA interference screens, yeast two-hybrid system and co-
immunoprecipitation studies but their exact roles are not yet characterized. There are
very few host proteins like APOBEC3G, LEDGF/p75, INI1, HMG I(Y), BAF which are
well studied and characterized. Majority of the reported proteins are attributed to multi‐
ple functions. It will be useful to study such proteins to develop as future candidates in
HIV-1 therapeutics.

Keywords: HIV, Reverse transcription, Host proteins, CD4, CCR5, CXCR4, Topoisomer‐
ase, PICs

1. Introduction

Host cell responses are key determinants of infection pertaining to infectious diseases.
Different kind of host cell responses are exerted during the course of the infection, either a host
defense response to restrict the invasion of pathogen or may promote the invasion. During the
course of evolution, pathogens have acquired capability to protect themselves from host
defense. This protection is mainly by modulating the key regulators of the host signal trans‐
duction mechanism. Unlike other pathogens, viruses are very small with a small genome which
codes for the essential structural proteins and enzymes, a reason to consider them as primitive.
These proteins are enough to takeover host cell and to control majority of the cellular processes.
This takeover property may be due to its dependence on the host mechanisms to fulfill its
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needs to establish itself and for replication in the host. For this they have to suppress certain
mechanisms and promote others. It is very important to know the host factors involved the
host-pathogen interactions, establishment of the infection and pathogenicity. In retrovirus
especially in HIV infection, host proteins requirement starts from the beginning of attachment
of the virus to its target host cell, reverse transcription, integration, transcription and transla‐
tion of viral proteins, carrying of viral proteins to plasma membrane and release of viral
particles. Overall knowledge on host proteins involvement in any infection would increase the
possibilities of invention of the inhibitors for the host proteins which may be candidates for
the future drug inventions.

2. Binding of virus to cell surface

Viruses have remarkable specificity for the host species and the cell types that they can infect.
Similar to other viruses, human immunodeficiency virus (HIV) also has host and exhibits target
cell specificity. This feature is based on the properties of a cell which can fulfill the virus catch
and grab mechanism to complete its infection cycle (from attachment to the production of
progeny viruses is considered as an infection cycle).

HIV as a single particle is called as virion. This virion consists of an outer envelope and inner
capsid. Outer envelope is host derived plasma membrane with host cell surface molecules and
viral transmembrane glycoprotein called gp41, which connects outer surface gp120 glycopro‐
tein expressed from env gene of virus. Capsid is a cone shaped structure made up of a viral
protein p24 (named based on its molecular weight 24 kDa) which is a processed poly-protein
product of virus gene called gag. Envelope glycoprotein is translated as a 160 kDa polyprotein,
later processed into two subunits of 120 kDa and another is 41 kDa by a cellular endo-protease
[1]. One gp120 and one gp41 collectively form a unit and a trimer of this unit enmeshed in the
viral envelope [2, 3]. The gp41 is the transmembrane portion and gp120 is the extracellular
region which works as an anchor to grab the specific host cells. The primary/preliminary target
for this gp120 is CD4 (receptor) and a secondary target is a chemokine receptor (co-receptor)
of host cells.

2.1. Role of CD4

Leucocyte differentiation antigen, CD4 is a cellular receptor for HIV-1, HIV-2 and Simian
immune deficiency virus (SIV). These viruses share CD4 as the common primary receptor and
the binding sites on these viruses are highly conserved [4]. The CD4 receptor is found on CD4
T-cells (high expression) macrophages and dendritic cells (DCs; low expression). A CD4
binding site present on each monomer of gp120. Recruitment of one CD4 molecule on a single
gp120 in the trimeric anchor can induce conformational changes in all three glycoprotein
monomers of the trimer [5]. This binding of gp120 to CD4 can be blocked by the host antibodies
produced against the gp120 of the virus which are called neutralizing antibodies. But due to
variation in gp120 among virus population, there is a lag time in producing enough antibodies
to block virus attachment. Furthermore, the conformational change occurs in the gp120, which
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avoid recognition by the neutralizing antibodies, a process known as conformational masking.
The conformational changes in gp120 allow it to bind to a second receptor on the CD4 cell
surface [6].

The second docking area on the CD4+ cell surface is a chemokine receptor, a seven transmem‐
brane (7TM) co-receptor namely C-C chemokine receptor type 5 (CCR5) or C-X-C chemokine
receptor type 4 (CXCR4). The viral preference of using one co-receptor among others is called
‘viral tropism’. The virus which can infect the macrophages predominantly uses CCR5 as their
co-receptor. About 90% of all HIV infections involve the M-tropic HIV strain. CXCR4, also
called fusin, which is a glycoprotein-linked chemokine receptor used by T-cell infecting (T-
tropic) HIV to attach to the T cell. Indeed some HIV are reported to use co-receptors other than
these two co-receptors like CCR1, CCR2b, CCR3, CCR8, CCR9, CXCR4, CX3CR1/V28,
STRL-33/BONZO/CXCR6, GPR1, GPR15/BOB, APJ, ChemR23, RDC1, and Leukotriene B4
receptor though the mechanisms are unknown.

Once the HIV gp120 has attached to the CD4 molecule, it undergoes conformational changes
which enables the binding of the gp120 to a co-receptor leads to the further structural rear‐
rangements in the gp41 to fuse with the cell membrane and entry of the virions core into the
cell's cytoplasm (Fig. 1). Once within a cell, virus is safe from neutralizing antibodies, but
vulnerable to attack by CD8 cells (cytotoxic T-lymphocytes or CTLs).

Figure 1. Virus and cell surface receptors interactions. In panel (A), schematic diagram represents virion particle and
host cell surface receptors before attachment of the virion to the host. gp120, gp41 and CD4 binding region on gp120 of
virus and CD4 and co-receptors (CCR5/CXCR4) were labeled. In panel (B), the attachment of CD4 in the CD4 binding
site of gp120 and also binding of the co-receptor were shown.

In the absence of CD4, infection is inefficient and its significance in vivo is controversial. More
than this binding and internalization, CD4 is involved in the signal transduction. Binding of
gp120 to the CD4 induces rapid activation of  the ERK/mitogen-activated protein (MAP)
kinase pathway and stimulates expression of cytokine and chemokine genes by the bind‐
ing  of  nuclear  transcription factors  (AP-1,  NF-kB,  and C/EBP)  in  both  T-cell  tropic  and
macrophage tropic strain. The activation of this signaling pathway requires functional CD4
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receptors which is independent of binding to CXCR4 [7,  8].  Signal transduction by CD4
depends on its association with Lck, a src-family tyrosine kinase. Lck, interacts with CD4
with  its  unique  NH2-terminal  domain,  and  interacts  with  other  intracellular  signaling
proteins with its SH2 and SH3 domains. Given the necessity of Lck kinase activity for T
lymphocyte development and for  mature T cell  functions,  perhaps Lck may function at
different stages during T cell activation [9].

2.2. Role of chemokine receptors

Chemokine receptors are seven transmembrane (7TM) domain, G protein–coupled molecules
that mediate the chemotaxis of T cells and phagocytic cells to the areas of inflammation [10].
Chemokine receptors have four domains exposed on the cell surface: the N terminus and three
extracellular loops (E1, E2 and E3). Co-receptors take up different conformations on cell surface
and on different cell types [11, 12], influencing their ability to support HIV infection. For X4
strains, E2 is critical. Deletion of the N terminus of CXCR4 affects some of the strains but not
all [13], although, when present, participates in binding gp120 [14]. The gp120 of HIV-1 is
structurally divided into five regions called Variable regions and represented with V1,V2 etc.
The highly conserved region present between the variable region of gp120 functions as a co-
receptor binding site [15]. In vitro, envelope glycoproteins in soluble form are even capable of
co-receptor mediated signal transduction [16-18] which involves rapid phosphorylation of
GPCRs at the carboxyl-terminal tail [19]. There are 21 potential phosphorylation sites in CXCR4
and only seven in CCR5. Chemokines, small low-molecular weight proteins, are the ligands
that activate and signal through CCR5 and CXCR4 to mediate several cellular functions
including development, leukocyte trafficking, angiogenesis, and immune response [20].

The extracellular loop2 (E2) which is present on the N terminus of the co-receptor, is respon‐
sible for the gp120 binding and HIV entry. After binding of the viral extracellular gp120 to the
host cell surface, a cellular kinase called Focal adhesion kinase interacts with CCR5 [21]. The
affinity of the gp120 and the co-receptors influences the strength of the signal transduction
which can be correlated with the successes of post-fusion events of the virus [22]. This signal
transduction from the co-receptor converts the host non permissive environment to the
permissive environment for the virus establishment in the host. The binding capacity of the
viral gp120 to the host co-receptor has been considered as the viral infectivity. Even though,
the early and late events after co-receptor-gp120 interaction are not completely elucidated, yet
these interactions have an important role in very early events of HIV-1 lifecycle.

2.3. CCR5

Virus using the CCR5 as co-receptor, infects the macrophages called M-tropic virus. This viral
strain has ability to infect other cell types like dendritic cells and CD4 T-cells. Majority of the
viral isolates utilize CCR5 co-receptors for their transmission. M-tropic HIV replicates in
peripheral blood lymphocytes are less virulent and does not form syncytia. Syncytia are
multinuclear cells which are result of cellular fusion.
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The expression of CCR5 was observed on widely diverged cell types [23] and modulated by
pro-inflammatory cytokines. A number of inflammatory CC-chemokines, like MIP-1, RANTES
etc. [24] act as CCR5 agonists while, MCP-3 functions as antagonist. The cytosolic domain of
the CCR5 bound with GPCRs (G-protein coupled receptors) transduces signals upon binding
of ligands to CCR5. The signal transduction include different secondary messengers like
cAMP, Ca2+, PI3-kinase, MAP kinases, as well as other tyrosine kinase cascades [7, 25-31]. The
importance of the CCR5 mediated signaling [32] in HIV-1 infection was observed in CCR5 Δ
32 [33] mutant populations. Homozygous CCR5 Δ 32 hampers HIV's ability to infiltrate
immune cells. Not only this, many other genetic mutations in CCR5 have effect on the
progression and transmission of the HIV-1 infection. This mutation exerts resistance to many
modes of HIV-1 infection [34].

Variation in the levels of chemokines was observed from person to person. In long-term non-
progressors and seronegative individuals (people with repeated exposure to the virus but who
do not become infected), unusually high levels of the CCR5 ligands were observed. These
chemokines could function as natural competitive inhibitors to HIV-1 infection.[35].

2.4. CXCR4

T-tropic HIV uses CXCR4 as a co-receptor which belongs to the family of α-chemokine
receptor. CXCR4 (known as fusin or X4) is also a GPCR with natural ligand CXCL12, known
as Stromal Cell-Derived Factor 1 (SDF-1) [36, 37]. T-tropic virus can induce syncytium (SI) and
are responsible for the rapid disease progression in HIV-positive individuals. During HIV-1
infections X4-tropic virus has the tendency of emergence and maintains higher viral loads and
much lower CD4 cell counts in infected persons. Even though highly virulent, X4 infections
are susceptible to antiretroviral therapy [7]. Mutational effect of CXCR4 in HIV-1 infection is
not known due to its significant role in development and knockout mutant in mice for this
gene is lethal at the embryonic stage [38].

CXCR4 also involved in cell death of CD4+ T-cells which was induced by gp120 indicate an
important in vivo role for CXCR4 mediated signaling. The interaction of gp120 with CXCR4
triggers a cell death pathway of Fas independent, mitochondrial dependent, cytochrome c
mediated activation of caspase-9 and -3 [39]. Membrane fusion dependent CD4+ T-cell death
was observed in the virus strains of X4 and dual tropic (R5X4) [40].

However, majority of in vivo HIV-1 infection is mediated by M-tropic (R5) viruses could able
to lyse their target cells and X4 viruses can kill CXCR4+. It shows that, CD4 has no role in gp120
induced cell death. Moreover, cell lysis and syncytia formation were inhibited in the cells with
high levels of CD4 expression. Interestingly, Glycol protein from non-infectious strains of X4
or R5X4 could not induce cell death [41].

Based on the capability to support infection of CD4+ cell lines, other than CCR5 and CXCR4
more than 14 potential co-receptors were identified in vitro [6] (Table 1). These receptors are
members of (or closely related to) the chemokine receptor family. The significance of other co-
receptors for HIV-1 replication in vivo and pathogenesis remains unclear.
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Recently STRL-33 (CXCR6) functions as co-receptor for HIV-1 infection in primary T-cells [42],
and in thymocytes, CCR8 were identified in vitro [43].

Co-receptors Ligands Role in viral replication

In vitro In vivo

CCR1 MIP-1α, RANTES, MPIF-1, MCP-3 +

CCR2b MCP-1, MCP-2, MCP-3 +

CCR3 Eotaxin, Eotaxin-2, MCP-3, MCP-4, RANTES ++

CCR5 MIP-1α, MIP-1β, RANTES, MCP-2 ++++ ++++

CCR8 I-309 +

CCR9 TECK +

CXCR4 SDF-1 +++ ++

CX3CR1/V28 Fractalkine +

STRL-33/BONZO/CXCR6 CXCL16 +

GPR1 ? +

GPR15/BOB ? +

APJ Apelin +

ChemR23 ? +

RDC1 ? +

Leukotriene B4 receptor Leukotriene B4 +

Table 1. HIV-1 receptors and cell tropism

3. CD4-independent infection

CD4 expression is not uniform in all hematopoietic cells. While, some cell types (T-cells)
express high levels of CD4, others, including macrophages and dendritic cells (DCs), express
barely detectable amounts. But T-cells as well as macrophages are susceptible to the HIV-1
infection in vivo. This susceptibility reveals the existence of alternative host cell surface
receptors to which, HIV-1 may attach to cells by CD4-independent manner. Sugar groups
present on the both virus and host cell surface (like mannose-specific macrophage endocytosis
receptor) mediate the host pathogen interactions and helps in the HIV-1 infection [44]. Apart
from the sugars, a cell surface protein (DC-SIGN) of dendritic cells [45, 46]. A closely related
receptor to this (DC-SIGNR) on endothelial cells [47], Glycolipids namely galactocerebroside
(GalC), galactosulfatide (sGalC) which express on neurons and glia in the brain, colon
epithelial cell lines and, importantly, on macrophages [48-50] helps in HIV-1 infection. GalC
supports suboptimal entry of particular HIV-1 strains without CD4, although infection
requires a co-receptor [51]. Glycosaminoglycans like heparansulphate involved in the infection
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barely detectable amounts. But T-cells as well as macrophages are susceptible to the HIV-1
infection in vivo. This susceptibility reveals the existence of alternative host cell surface
receptors to which, HIV-1 may attach to cells by CD4-independent manner. Sugar groups
present on the both virus and host cell surface (like mannose-specific macrophage endocytosis
receptor) mediate the host pathogen interactions and helps in the HIV-1 infection [44]. Apart
from the sugars, a cell surface protein (DC-SIGN) of dendritic cells [45, 46]. A closely related
receptor to this (DC-SIGNR) on endothelial cells [47], Glycolipids namely galactocerebroside
(GalC), galactosulfatide (sGalC) which express on neurons and glia in the brain, colon
epithelial cell lines and, importantly, on macrophages [48-50] helps in HIV-1 infection. GalC
supports suboptimal entry of particular HIV-1 strains without CD4, although infection
requires a co-receptor [51]. Glycosaminoglycans like heparansulphate involved in the infection
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of HeLa cells [52]. Besides cell surface receptors, cell derived molecules incorporated onto
virions such as integrin ICAM-1 (intercellular adhesion molecule-1) and LFA-1 (lymphocyte
function-associated antigen-1) [53, 54] enhance the overall efficiency of virus entry.

Primary HIV-2 isolates generally infect CD4− co-receptor+ cells more efficiently than HIV-1 [55,
56]. In these infections, CXCR4 plays a crucial role [56].

In glioma cell line (D-54 cells) binding of recombinant gp120 to the GalC or sGalC and a 180
kDa receptor activates signal transduction by a tyrosine-kinase which phosphorylates 130- and
115-kDa proteins [57]. It shows that not only main receptors but also the alternative receptors
involved in signal transduction and host protein modifications in HIV-1 infections but the
differences were observed in efficiency of infection and disease progression. It also conveys
that HIV envelope glycoprotein can specifically bind to the different host cell surface receptors
which can function as receptor or co-receptor and this feature provides flexibility to virus to
infect wide variety of host cell types [56].

3.1. Fusion and internalization of viral particles

The HIV envelope glycoprotein is responsible not only for the virus attachment to the cell
surface but also mediates viral entry. The two parts of the envelope; gp41 and gp120 trimer
forms a functional unit, which under goes a series of structural changes (Fig. 2) upon binding
to the CD4 and an appropriate chemokine receptors. These interactions promote conforma‐
tional changes in gp120 and gp41, respectively. These changes exposes the fusion domain of
the gp41 and allows to undergo fusion [58-60]. In the viral infection co-receptor has a crucial
role in fusion. Fusion of viral particles in the absence of CD4 was observed but in the absence
of co-receptor was not yet identified. Following attachment to the receptors, some virus
particles enters into endosomes (Fig. 3) later the low pH of the endosomes promotes fusion
[61]. However, HIV uses a co-receptor dependent and independent of pH [62].

Figure 2. Schematic representation of structural changes in gp120 and gp41. Different conformational changes in
gp120 and gp41 up on binding to the host cell surface receptors were represented schematically. From left, structures
of the virion envelope gp120 before binding. Once gp120 bound to CD4 of host cell, structural change in the gp120
region in the pink dotted circle. The extreme right represents the changes in the gp120 and especially gp41 once recep‐
tor and co-receptor of the host cell interacts with gp120 of virus labeled in pink dotted circle.
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Figure 3. HIV-1 entry strategies. Two well reported strategies of HIV-1 entry into host cell. The direct membrane fu‐
sion upon binding to the CD4 and co-receptors like CCR5/CXCR4 and endocytosis mediated entry upon receptor and
co-receptors binding were represented schematically.

CD4 is the primary receptor for HIVs, but virus penetration requires further interactions with
chemokine receptor CCR5 or CXCR4. Earlier studies proposed that binding to co-receptor
initiate fusion directly at the plasma membrane. The ability of formation of syncytia, and
evidences of putative fusion events at the cell surface have supported the direct fusion at the
plasma membrane [63]. However, recent evidence with endocytosis inhibitors and single-
particle tracking revealed fusion and infection occur after endocytic uptake [64, 65]. Moreover,
in macrophages HIV infection occurs through macropinocytosis [66, 67]. Based on the receptor
density and mobility, the mode of viral entry to the host cell whether fusion on cell surface or
after endocytosis will be determined [68].

3.2. Receptor-mediated endocytosis

Adhesion to the receptor initiates later events which enable viruses to enter the cytosol. The
cortex is the potential barrier to prevent entry of large molecules [69]. Receptor-mediated
signaling induced by envelope of the viruses allow viruses that undergo penetration at the cell
surface and transit the cortex [70-72]. In HIV, Gαi (a heterotrimeric G protein subunit that
inhibits the production of cAMP from ATP [73]) and CXCR4 on resting CD4+ve T cells activate
cofilin which induces reorganization of the cortex that facilitates infection [71]. This evolve‐
ment of use of different mechanisms of viral invasion into host cell may have distinct advan‐
tages for virus, which provides broader range of cell types to infect or different ways to infect
a same cell type [68] to bypass the host restriction mechanisms.

Immediately after its release into the cytoplasm, the viral core undergoes a partial and
progressive disassembly, known as uncoating, that leads to the generation of sub viral particles
called reverse-transcription complexes (RTCs) and pre-integration complexes (PICs). In HIV-1
the uncoating of capsid is coupled to the initiation of reverse transcription [74].
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4. Reverse transcription of viral RNA

4.1. Uncoating of capsid

The events in retrovirus infection that occur between entry into the host cell and reverse
transcription are less understood. Uncoating is the process of disintegration of the capsid and
release of its components into the cytoplasm of the host cell. The uncoating of the HIV-1 capsid
is thought to precede reverse transcription, whereas MLV capsid proteins remain associated
with the reverse transcription and pre-integration complexes [75-77]. The uncoating of capsid
is a temporarily regulated [78] and the host cell factors involved are poorly understood. There
are few known host proteins function as restriction factors and block the HIV-1 infection. One
of them is TRIM5α, which prevents retrovirus infection by disrupting an early, post entry
events by associating with the retroviral capsid [79, 80]. In owl monkeys, RBCC domains of
TRIM5 fused with cyclophilin A (CypA), a known capsid ligand, was identified. [81-87].
Mechanism of Cyp A in capsid uncoating or some other step in the post-entry phases of the
HIV-1 life cycle not clearly understood [88]. TRIM5 has multiple roles in early infection. It can
interfere with the uncoating process, intercept reverse transcription and viral genome trans‐
port to the nucleus by binding to the capsid proteins [89].

In vitro, uncoating of HIV-1 capsid required activated CD4+ lymphocytes. Two distinct cellular
factors with molecular mass of approximately 60 and 160 kDa were found to be involved in
capsid uncoating [90]. In contrary, cyclophilins mediated activation of T-cells by regulating
the activity of calcineurin, a phosphatase necessary for T-cell activation was reported. [91]

4.2. Reverse transcription (Reverse transcriptase and cellular factors: regulators of HIV-1
reverse transcription)

Reverse transcription takes place in a complex organization called reverse transcription
complex (RTC), is a nucleoprotein complex comprising viral RNA, a tRNA primer and newly
synthesized DNA, along with these nucleic acids, viral factors and host factors present. Reverse
transcription complex (RTC) is a composite organization of nucleoprotein complex comprising
of viral RNA, tRNA primer and synthesized DNA where the reverse transcription takes place.
RTC comprises of several other nucleic acids, host and viral factors.

The first host factors in association with reverse transcription which are packaged in virus
particles is cellular tRNALys3, which is bound to the aminoacyl-tRNALys3, synthetase (LysRS)
[92]. tRNALys3 works as a primer by binding to the primer binding site (PBS) [93] of the HIV-1
genomic mRNA and is the first step in reverse transcription. Initiation of reverse transcription
refers to the addition of the first five deoxynucleotides to the tRNALys3 primer [94]. Several
cellular factors which bound to Integrase (IN) and effects reverse transcription were identified
[95] but their direct role in reverse transcription not yet illustrated. Some of the known cellular
proteins are integrase interactor 1 (INI1, hSNF5) [96, 97], sin3A-associated protein (SAP18),
histone deactylase 1 (HDAC1) [98] and survival motor neuron (SMN)-interacting protein 2
(Gemin2) [99].
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INI1 is a component of the SWI/SNF chromatin remodeling complex of host cell [100] and is
associated with virus. INI 1 Packaging into virus is specific for HIV-1 and is regulated by a
direct interaction with the IN domain of the HIV-1 Gag-Pol protein [101]. INI1 associates with
viral RTC/PIC [102] and stimulates IN [96] activity moreover involved in the regulation of
reverse transcription.

Like INI1 of SWI/SNF complex, Sin3a-HDAC1 complex members Sin3a, Sap18, Sap30, and
HDAC1 were found in virion [98]. HDAC1 is required for the initiation of reverse transcription
and involved in a step between uncoating and reverse transcription which results in defective
viral cDNA synthesis [98]. Another IN binding protein is Gemin2 is shown to be required for
an early reverse transcription product (negative strand strong stop) or integration of viral
DNA, suggesting that Gemin2 association with either the reverse transcription or pre-
integration complexes [99]. It can recruit other cellular factors like DHX9 (RNA helicase A)
[103], which intern associated with the SMN complex [104]. But the precise mechanism of how
Gemin2 affects early replication remains to be determined.

Human antigen R (HuR) is a nuclear protein with nucleocytoplasmic shuttling capabilities [105].
It is a RNA binding protein with 3 RNA binding domains and exhibits high specificity and
affinity for AU-rich elements (AREs) [106, 107]. HuR is required for optimal reverse transcrip‐
tion. While the mechanism behind this activity remains unclear, it appears to be due to an
interaction with the RNase H domain of RT [108]. APOBEC3G (hA3G), is a host protein with
negative effects on reverse transcription [109-112]. Furthermore, hA3G was a member of
several ribonucleoproteins including DHX9 [103], hnRNP U [113], PABPC1 [114], YB-1 and
SNRPA [115] which can affect HIV-1 replication including reverse transcription. A direct
interaction between hA3G and HuR was reported [116]. By formation of protein complex,
hA3G and HuR could regulate the functions of RTC in the cytoplasm.

A kinase anchor protein 1 (AKAP1) which bind the regulatory subunits of cAMP-dependent
protein kinase A (PKA) and anchors them to various membranes throughout the cell [117].
Interaction between AKAP149 and HIV-1 RT was also reported [108]. Like HuR, it interacts
with the RNase H region of RT but the mechanism of RT regulation was not yet clearly
understood. DNA topoisomerases 1 (TOP1) is another host protein which interact with HIV-1
NC and participate in the initiation of the cDNA synthesis by enhancing the activity of HIV-1
RT [118, 119].

Several  studies  were  conducted  on  the  role  of  Topoisomerase  II  in  HIV-1  infection.  In
eukaryotes two isoforms of topoisomerase II (Topo II) was identified. The smaller one is
170kDa topoisomerase II alpha (Topo IIα) and the bigger one is 180 kDa topoisomerase II
beta (Topo IIβ) [120]. Recent evidence has proven their key role in viral infections [121, 122].
In response to HIV-1 infection, increased protein levels of Topo IIα and β were observed
[123,  124].  Both  of  these  isoforms  were  reported  to  undergo  phosphorylation  in  HIV-1
infection [125-127]. These isoforms are phosphorylated by serine kinase present in the purified
HIV-1  virion  and  are  associated  with  pre-integration  complexes  (PICs)  [126].  Topo  II
inhibitors abrogate HIV-1 replication cycle by interfering with the PICs formation [128]. Down
regulation if these isoforms using siRNA resulting in impaired HIV-1 replication [124,129,
130] due to the incomplete reverse transcription. Co-localization studies reveled the associa‐
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tion of these isoforms with HIV-1 reverse transcriptase [124]. Similar to this, another host
protein HMGI(Y) reported to be with involvement in covalent strand transfer in HIV-1 reverse
transcription. [131].

APOBEC3G (apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G, (A3G))
belong to a group of interferon-stimulated gene [132] and is an editing enzyme for nucleic
acids. It blocks virus replication by deamination of viral minus-strand DNA, resulting in G-
to-A hyper mutation. In addition to the deaminase activity, A3G has also been shown to
directly inhibit HIV-1 reverse transcription by a non-editing mechanism [133, 134]. A3G may
also reduce viral DNA synthesis and can inducing viral DNA degradation by interacting
physically with HIV-1 reverse transcriptase [135]. Its action was blocked by the viral protein
Vif and another host protein apoptosis signal-regulating kinase 1 (ASK1) by binding to Vif
restores A3G function [136]. Cyclin-dependent kinase (CDK) 2 is a host protein which regulates
the reverse transcriptase by phosphorylating on threonine which improves the increased
efficiency and stability of reverse transcriptase and enhanced viral fitness. p21, a cell-intrinsic
CDK inhibitor, counteracts the CDK2-dependent phosphorylation and significantly reduced
the efficacy of viral reverse transcription [137].

4.3. Pre-integration complex formation

Immediately after disintegration of the capsid into the host cytosol, the viral +stand genomic
RNA converted into double stranded DNA. This newly synthesized viral genomic DNA
wrapped around the host and viral proteins in a protective manner and protected from
nuclease degradation [138]. The viral single-stranded RNA genome is converted into a linear
double-stranded DNA. The viral DNA intermediate then migrates to the cell nucleus and is
covalently integrated into a host chromosome. The integration of reverse transcribed HIV-1
cDNA into a host cell chromosome is an essential step in the viral replication cycle [108, 109].
Retroviral integration in vivo is mediated by pre-integration complexes (PICs). PICs are be
formed with viral and host cell proteins like high-mobility group protein A1 (HMGA1) and
the barrier-to-auto-integration factor (BAF) which were well studied and identified their
functions as cofactors for integration [139]. HMG I(Y) is another host protein required for the
proper function of the PICs in vitro [131]. Other proteins like XRCC6, TFRC and HSP70 were
identified as in association with viral DNA [140]. Topoisomerase IIα and β isoforms were also
identified as nucleoprotein components of PICs, which suggesting their significant role in
HIV-1 replication [128].

5. Integration of viral DNA into host genome

Integration of the viral DNA is mediated by PICs formation. These PICs are capable of
performing integration in vitro. Even though specific (HMG I(Y)) and non-specific (bovine
RNase A) could able to restore the activity, but only BAF can restore the native structure of
the HIV-1 protein–DNA intasome from salt stripped PICs [141]. HIV-1 integration in host
genome is not a random event. In majority of cases, it takes place in AT rich, euchromatin
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region. Even though PIC formation can protect the DNA and helps in the nuclear transport, it
cannot guide the integration in a proper location in the host genome. A host protein called
cellular lens epithelium-derived growth factor (LEDGF/p75) which binds both chromosomal
DNA and HIV integrase [142], directs the integration to a location where active transcription
takes place under its control [143]. The interaction between the integrase and INI1 stimulates
the DNA-joining activity of the integrase and helps to target the viral DNA towards active
genes [96, 102, 144]. Presence of a Topo II cleavage site in the HIV-1 promoter and also at 180
bp upstream of the HIV-1 integration site [145, 146] and association of these Topo II isoforms
with HIV-1 PICs [128]. Based on the available information, it can be derived that, IN alone can
carry out the integration reaction but for the selection of the proper location in the host genome
for the integration and success full HIV-1 gene transcription, Integrase required the support
of the host factors.

5.1. Transport of PICs into nucleus

Transportation of the PICs to the nucleus can be divided in two parts. One is transportation
to the nuclear periphery and second is from periphery to inside the nucleus. After completion
of the successful cell surface attachment, capsid internalization and degradation in cytoplasm
which leads to the reverse transcription of the viral genome RNA to DNA and the formation
of the pre-integration complex to protect the DNA from the host nucleases takes place. This
nucleoprotein PICs should travel from the cytosol to the nucleus to form provirus which is an
integrated viral DNA in host chromatin and can produce progeny virus [147, 148].

The PICs in the cytoplasm translocate to the perinuclear compartment by the cytoplasmic
movements by the cytoskeleton. Actin and microtubule [149] selectively plays a role in this
transport with the help of Myosin VI and Dynein [148]. The dynein complex proteins such as
dynein light chain1 (DYNLL1), Tctex1 and Dynactin have been shown to be involved in this
process. But very little is known about how HIV-1 targets cytoskeleton. Many of the viral
elements found in association with the PIC have been proposed to be important for HIV-1
nuclear import.

Studies on the HIV-1 infection in dividing and non-dividing cells provided enough evidences
to believe that PICs enter the nucleoplasm by crossing the nuclear envelope through nuclear
pore complexes (NPCs), which form stable channels through the nuclear envelope and gate-
keep the trafficking of molecules between the nucleus and cytoplasm [150]. The RTC/PIC with
the size of~100-250nm [149, 151, 152] cannot cross the nuclear pore. So, only few important
components of the PIC may enter into the nucleus [149, 152].

For nuclear transport, KPNs and NUPs functions as carrier proteins by binding to the integrase.
KPN α adaptor proteins importin α1 (Rch1) [153] and importin α3 (KPNA4) [154], to which
KPN β1 proteins bound additionally. Importin 7 [155, 156] and transportin 3 [157, 158] are
recruited by the nuclear localization signal (NLS) present on IN. In both dividing and non-
dividing cells Impα3 which interacts with IN is found to be essential nuclear import and
replication [154]. In addition to these, IN can directly interact with the KPN β1, NUP153 [159],
Pom121 [160] or hCG1 [161] who has possible interactions with IN and Vpr and can facilitate
nuclear import [162].
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6. Summary

After 33 years of the identification of HIV-1 infection, very little is known about the role of host
cellular proteins. Till now considerable work has been done in the area of host–pathogen
interactions facilitated by the viral proteins and host receptors. The role of the main receptor
like CD4 and co-receptors like CCR5, CXCR4 and their alternative receptors were well studied
with the role of their signaling in disease progression. But the intracellular events of the host–
pathogen interactions were poorly understood. Much data is available based on the global
wide analysis of genome-wide RNA interference screens, yeast two-hybrid system and co-
immunoprecipitation studies but their exact roles were not yet characterized. There are very
few host proteins like APOBEC3G, LEDGF/p75, INI1, HMG I(Y) and BAF, which were well
studied and characterized. Majority of the reported proteins were attributed with multiple
functions. It is very useful to study such proteins to develop as future candidates to HIV-1
therapy.
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Abstract

Persistence of transcriptionally silent replication competent HIV-1 is a major barrier to
clearance of the virus from patients; current combinatorial antiretroviral therapies are
successful in abrogating active viral replication, but are unable to eradicate latent HIV-1.
A “shock and kill” strategy has been proposed as a curative approach in which latent vi‐
rus is activated and infected cells are removed by immune clearance, while new rounds
of infection are prevented by antiretroviral therapy. Much effort has been put toward un‐
derstanding the molecular mechanisms maintaining HIV latency and the nature of reser‐
voirs, to provide novel therapeutic targets. This has led to the development of latency
reversal agents (LRAs), some of which are undergoing clinical trials. Targeting multiple
mechanisms underlying HIV latency via a combination of LRAs is likely to result in more
potent activation of the latent reservoir. Therefore, novel as well as synergistic combina‐
tions of therapeutic molecules are required to accomplish more potent latency reversal.

Keywords: HIV-1 latency, Latency reversal agents (LRAs), Combinatorial antiretroviral
therapy

1. Introduction

Human immunodeficiency virus-1 (HIV-1) is a lentivirus, a subgroup of Retroviridae. Like all
retroviruses, HIV-1 virions consist of an RNA genome with viral proteins encapsulated in a
viral envelope. The viral proteins execute key steps to establish a productive infection by stably
integrating into the host genome. Unlike most retroviruses, HIV-1 can also directly infect
nondividing cells. HIV-1 preferably infects a subset of T-lymphocytes (CD4+ T-cells) that play
a crucial role in the immune response. HIV-1 infection causes exhaustion and ultimately
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depletion of the host immune system, a syndrome termed acquired immuno-deficiency
syndrome (AIDS). HIV-1 came into prominence with the outbreak of the AIDS epidemic in the
1980s. Major steps have been taken toward treating this viral infection. In particular, combi‐
natorial antiretroviral therapy (cART) successfully abrogated HIV-1 replication. Thus, for
compliant patients with access to c-ART, HIV infection has become a chronic rather than a
lethal disease. However, cessation of antiretroviral therapy results in viral rebound in infected
patients, even after years of cART. This is because in a small fraction of infected cells, HIV
persists in a latent but replication-competent state. Latent HIV is unaffected by cART, but
infection can rebound upon cART interruption. Therefore, HIV latency is the main challenge
in developing a curative therapy for HIV.

The quest for an HIV-1 cure involves the development of either a sterilizing or a functional
cure. A sterilizing cure would require complete removal of replication competent viral genetic
material from the infected patient and thus the stable depletion of latently HIV-infected cells.
A functional cure, on the other hand, requires the patient’s immune system to suppress HIV-1
replication life-long in the absence of cART without disease progression, loss of CD4+ T cells
and HIV transmission. The functional cure does not aim to eradicate the virus entirely from
the patient. Both the sterilizing and functional cure strategies are currently the subject of major
research efforts.

2. Clinical picture of HIV

The AIDS epidemic in the 1980s led to the identification of HIV as the causative agent. AIDS
is a condition in which depletion of CD4+ T-cells overtime leads to the loss of the host immune
system’s ability to fight infections and cancers, eventually leading to death. As HIV was
identified as the causative agent, cure efforts focused on disrupting the viral lifecycle. In the
early 1990s, the first antiretroviral therapies – monotherapies – had limited success as they
resulted in rebound of viremia due to the appearance of resistant viral strains. Resistant HIV
required novel therapeutic strategies. Therefore, a combination of anti-retrovirals, targeting
distinct steps of the viral life cycle was developed, so-called combinatorial antiretroviral
therapy (cART). cART has proven to be extremely successful in lowering the amount of viral
RNA in plasma below the limits of detection by standard laboratory techniques. Unfortunately,
the therapy does not eradicate the virus as cessation of medication causes re-emergence of viral
replication [1–3]. Thus, a fraction of the virus escapes the effects of cART. The source for this
recurring viral replication is a small pool of latently infected cells that harbor integrated
proviruses which, while silent, are not recognized by either the immune system nor are they
subject to cART. Moreover, HIV can persist in the presence of cART in certain anatomical sites
if drug penetrance is incomplete.

According to the World Health Organization (WHO), the number of HIV-infected individuals
worldwide in late 2014 was estimated to be approximately 37 million [4]. The vast majority of
infected people live in sub-Saharan Africa, where access to appropriate diagnostic centers and
cART is limited. Estimates put new infections at 5,600 a day in 2014.

Advances in Molecular Retrovirology46



depletion of the host immune system, a syndrome termed acquired immuno-deficiency
syndrome (AIDS). HIV-1 came into prominence with the outbreak of the AIDS epidemic in the
1980s. Major steps have been taken toward treating this viral infection. In particular, combi‐
natorial antiretroviral therapy (cART) successfully abrogated HIV-1 replication. Thus, for
compliant patients with access to c-ART, HIV infection has become a chronic rather than a
lethal disease. However, cessation of antiretroviral therapy results in viral rebound in infected
patients, even after years of cART. This is because in a small fraction of infected cells, HIV
persists in a latent but replication-competent state. Latent HIV is unaffected by cART, but
infection can rebound upon cART interruption. Therefore, HIV latency is the main challenge
in developing a curative therapy for HIV.

The quest for an HIV-1 cure involves the development of either a sterilizing or a functional
cure. A sterilizing cure would require complete removal of replication competent viral genetic
material from the infected patient and thus the stable depletion of latently HIV-infected cells.
A functional cure, on the other hand, requires the patient’s immune system to suppress HIV-1
replication life-long in the absence of cART without disease progression, loss of CD4+ T cells
and HIV transmission. The functional cure does not aim to eradicate the virus entirely from
the patient. Both the sterilizing and functional cure strategies are currently the subject of major
research efforts.

2. Clinical picture of HIV

The AIDS epidemic in the 1980s led to the identification of HIV as the causative agent. AIDS
is a condition in which depletion of CD4+ T-cells overtime leads to the loss of the host immune
system’s ability to fight infections and cancers, eventually leading to death. As HIV was
identified as the causative agent, cure efforts focused on disrupting the viral lifecycle. In the
early 1990s, the first antiretroviral therapies – monotherapies – had limited success as they
resulted in rebound of viremia due to the appearance of resistant viral strains. Resistant HIV
required novel therapeutic strategies. Therefore, a combination of anti-retrovirals, targeting
distinct steps of the viral life cycle was developed, so-called combinatorial antiretroviral
therapy (cART). cART has proven to be extremely successful in lowering the amount of viral
RNA in plasma below the limits of detection by standard laboratory techniques. Unfortunately,
the therapy does not eradicate the virus as cessation of medication causes re-emergence of viral
replication [1–3]. Thus, a fraction of the virus escapes the effects of cART. The source for this
recurring viral replication is a small pool of latently infected cells that harbor integrated
proviruses which, while silent, are not recognized by either the immune system nor are they
subject to cART. Moreover, HIV can persist in the presence of cART in certain anatomical sites
if drug penetrance is incomplete.

According to the World Health Organization (WHO), the number of HIV-infected individuals
worldwide in late 2014 was estimated to be approximately 37 million [4]. The vast majority of
infected people live in sub-Saharan Africa, where access to appropriate diagnostic centers and
cART is limited. Estimates put new infections at 5,600 a day in 2014.

Advances in Molecular Retrovirology46

2.1. HIV-1 replication cycle and state-of-the-art antiretroviral therapy

HIV-1, as all viruses, is a parasite of the host cell and hijacks key cellular processes to establish
a productive infection. To produce new virions, the virus goes through a viral replication cycle.
HIV’s replication cycle consists of entering the cell by docking at the cell surface receptor CD4
and co-receptors CCR5/CXCR5 and fusing to the cell, un-packaging of the genome, reverse
transcription of the viral RNA genome into double-stranded DNA, which is the main compo‐
nent of the pre-integration complex, followed by integration of the double-stranded DNA
genome into the host genome, transcription of the provirus, translation of viral proteins, and
ultimately virion biogenesis followed by budding from host cell and maturation. Modern
cART targets most steps in the HIV viral replication cycle (Figure 1). There are currently 28
approved agents for the treatment of HIV infection [5]. They fall into six mechanistic major
classes, which act at different stages in the HIV replication cycle:

1. Fusion inhibitors: enfuvirtide (ENF, T-20), the only currently available fusion inhibitor,
binds to the gp41 receptor site, preventing the fusion of the virus with the target cell.

2. C-C chemokine receptor type 5 (CCR5) antagonists: maraviroc (MVC) is currently the only
available CCR5 antagonist. This drug is an entry inhibitor, specifically blocking the human
chemokine receptor CCR5.

3. Nucleoside (nucleotide) reverse transcriptase inhibitors (NRTIs) block the addition of
nucleosides to the DNA chain during reverse transcription of RNA.

4. Non-nucleoside reverse transcriptase inhibitors (NNRTIs) bind to and inhibit the enzyme
reverse transcriptase (RT), preventing conversion of viral RNA to DNA during infection.

5. Integrase inhibitors (INIs): raltegravir (RAL), elvitegravir (EVG) and dolutegravir (DTG)
are the only currently available drugs in this class. They target the HIV enzyme integrase
(IN) that is required for insertion of viral genetic material into human DNA.

6. Protease inhibitors (PIs) bind to the catalytic site of HIV aspartic protease, blocking the
processing of viral proteins (eg. Saquinavir).

These antivirals comprise the various current cART regimens that are used in the clinic. cART
has proven to be extremely successful in suppressing viral replication in compliant patients.
In fact, it has been argued that the theoretical potential of cART has already been reached [6].
Therefore, in the developed world with access to medication, HIV has become a chronic and
not a lethal disease.

2.2. The burden of lifelong cART

Implementation of cART has provided long-term suppression of viral replication, improving
the life expectancy and life quality of infected patients. Unfortunately, the economic burden
of cART is debilitating. According to the Centers for Disease Control and Prevention (CDC),
lifetime costs of treating HIV infection is estimated to be $379,668 per infected individual in
the United States [7].
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Moreover, patients on cART overtime can experience several side effects of cART such as:
cardiovascular diseases (e.g., myocardial infarction); non-AIDS cancers (e.g., anal cancer, liver
cancer, Hodgkin’s disease); liver, kidney, and bone disease as well as neurologic complications,
such as dementia [8]. Interestingly, most of these conditions are associated with the ageing
process. Hence, it is thought, that HIV infection controlled by cART accelerates ageing. And
importantly, HIV persists in a latent state that is not targeted by cART, rendering cART a
therapeutic management of the disease as opposed to a curative treatment. Thus, there is much
need to develop a curative therapy for HIV.

Figure 1. The viral replication cycle can be targeted pharmacologically at different stages

2.3. Clinical latency

The first step in finding a cure for HIV-1 infection is to identify the main source of cells that
carry silenced, replication-competent HIV-1. Therefore, it is critical to define which cells or
anatomical compartments constitute a reservoir of latent but replication-competent HIV-
infected cells.

HIV-1 infects cells expressing the cell surface CD4 receptor and either of the co-receptors CCR5
or CXCR4. These cells include T helper cells, monocytes, macrophages, and dendritic cells. In
vivo, HIV infects mostly activated CD4+ T-cells as quiescent and resting CD4+ T-cells are less
permissive to infection due to low expression of CD4 and CCR5, and minimal metabolism [9–
12]. The low metabolism is characterized by low levels of available dNTPs for reverse tran‐
scription and lack of energy sources [13–17]. Additionally, the cortical actin barrier in resting
cells is thought to inhibit virus entry, reverse transcription and nuclear import [18,19].
However, the biggest pool of latently infected cells comprises resting memory CD4+ T-cells.
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It is thought that these latent infections are predominantly generated while activated infected
cells revert back to a resting memory state [20–22]. During this process, as the genome of the
(partially) activated cell condenses and is silenced in transition to a memory state, so does the
HIV genome [14,15]. There is also evidence for direct infection of resting cells by HIV, resulting
in the generation of a latent infection [23]. Studying these cells in patients is challenging as the
frequency of latently infected cells in suppressed patients is very low, estimated to be 1 latent
cell per 1 million of uninfected cells [24,25]. Due to the long half-life of a latently infected resting
memory CD4+ T-cells (estimated at 44 months), cART would take over 70 years in order to
eradicate HIV from the infected patient [6,26,27].

Naive T-cells are also found to be latently infected; however, the frequency of such cells is even
smaller than resting memory cells [28]. Interestingly, the naive T-cell reservoir may increase
over time in suppressed individuals due to high proliferation of these cells compared to resting
memory cells [29].

HIV is found also in cells of monocyte/macrophage lineage such as macrophages in brain and
lung sections of infected individuals on anti-retroviral therapy [30,31]. However, proviral
transcription occurs in these cells at low levels; therefore, it is debatable whether these cells
are part of the latent reservoir [32,33].

Among the anatomical compartments affected by HIV-1, the central nervous system (CNS)
and gut-associated lymphoid tissues  (GALT)  are  two major  sites  [34–36].  The source  of
infection in the CNS is most likely infected monocytes, which are able to cross the blood–
brain barrier as the virus itself cannot [37–39]. Approximately 5-10 times more HIV-1 RNA
can  be  obtained  from  GALT  than  from  blood  cells  in  patients  receiving  cART  [40,41],
potentially  indicative  of  lower  penetrance  of  cART  in  cells  within  this  anatomical  site.
However, the contribution of these compartments to rebound of viremia after cART cessation
remains controversial [42,43].

2.4. Clinical proof-of-concepts for HIV-1 eradication

Thus far, only one patient, the so-called Berlin patient, was cured from HIV-1 after receiving
treatment for acute myeloid leukemia [44,45]. HIV eradication in this patient was accomplished
after several rounds of radio- and chemotherapy, total body irradiation, and two hematopoietic
stem cell (HSC) transplantations from a donor bearing homozygous thirty-two base pair
deletion in the CCR5 co-receptor gene (CCR5Δ32) were performed. The mutant CCR5 impedes
viral entry of R5 tropic viruses in the first phase of the infection [46–49]. It is estimated that
between 1% and 15% of the European Caucasian population harbor this mutation, while it
occurs less frequently in African and Asian populations [47, 48]. In this patient, cART was
ceased a day before the first transplant and after 7 years, no viremia or other indications of
viral replication have been detectable [52].

Following the success of the case of the “Berlin patient”, two HIV-1-positive patients, the
“Boston patients”, received HSCs transplants after developing Hodgkin’s lymphoma [53].
Both patients carried heterozygous CCR5Δ32 mutation. While still under cART regimen, no
viral production was observed which led to cessation of therapy. Unfortunately, after several
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months, strong viral rebound occurred in these patients. Follow-up analysis pointed to the
likely presence of a small refractory source of cells, which is thought to have seeded the viral
rebound; phylogenic studies revealed that only a few latent proviruses contributed to the viral
rebound [53]. Several other similar studies have been conducted with infected patients
suffering from either leukemias or lymphomas who received autologous or allogenic HSC
transplantation alongside cART as a strategy to deplete the latent pool of cells. However, in
most of these studies, viral rebound was detected following therapy interruption [54].

In another case, the Mississippi baby, an infant presumably infected in utero, received cART
30 h after birth. As newborns do not have resting memory CD4+ T-cells, it was reasoned that
cART will prevent establishment of the latent reservoir – the main impediment in eradication
strategies. One month after therapy, viremia reached undetectable levels and cART was
stopped after 18 months. Unfortunately, 2 years post therapy interruption, rebound of viremia
was detected (52, http://www.niaid.nih.gov/news/newsreleases/2014/pages/mississippibaby‐
hiv.aspx).

The immune system of rare “elite controllers” maintains low HIV-1 plasma levels, without the
need of medication for many years. Although the capability of these patient to control viral
replication is not completely understood, their circulating myeloid dendritic cells and CD8+
T-cells are more effective in depletion of infected CD4 T-cells [56–61]. Interestingly, the ARNS
VISCONTI cohort showed that cessation of long-term cART, started during the acute phase of
HIV-1 infection, resulted in post-treatment control (PST) of infection. Fourteen of the studied
individuals were able to keep or even further reduce the viral reservoir. Furthermore, these
individuals were able to maintain long-lasting, low level of viremia [62]. Recently, a perinatally
infected baby displayed more than 11 years of HIV-1 remission. At 3 months of age, plasma
HIV-RNA reached 2.1 x 106 copies/ml, and cART was administered for about 5–6 years. At 6.8
years of age, no HIV-1 RNA was detectable and cART was discontinued. After more than 12
years, plasma viremia still remains undetectable [63]. Therefore, this case provides the first
evidence that early initiated, long-term cART can result in stable and durable HIV-1 remission.

Data from the Berlin and Boston patients provided a rationale for the creation of HIV-resistant
cells. Since the CCR5Δ32 homozygous mutation is not lethal and not associated with abnormal
immune functions [52], many approaches to silence the CCR5 gene have been or are under
investigation [64–67]. These studies all employ genome editing technologies such as tran‐
scription activator-like effector nuclease (TALEN), clustered regularly interspaced short
palindromic repeats (CRISPRs) or zinc-finger nucleases (ZNFs), which target the genome with
high specificity and introduce deletions in the sequence of interest, in this case in the DNA
sequence of CCR5 or/and CXCR4 co-receptors [64,65,68]. The rationale for this approach is
based on the notion that cells bearing mutated CCR5 protein are not permissive to infection
with R5 HIV-1 viruses, while cells with a mutated CXCR4 are resistant to C4 viruses. The
double knock-out of both CCR5 and CXCR4 would allow resistance to infection regardless of
viral tropism. However, the safety of such an approach remains to be elucidated. Uninfected
HSCs isolated from infected individuals are engineered with either technology and then
transfused back into patients. The ZNF approach targeting CCR5 has shown some promising
results, although the sizes of cohorts used have been small. Gene-modified cells persisted in
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patients over 9 months, and cells seemed to expand and undergo trafficking to other tissues
[66]. An increase in CD4+ T-cell counts was observed in all individuals. Importantly HIV-1
DNA in the blood decreased. The encouraging outcome of this study has resulted in phase II
clinical trials.

Another gene therapy-based approach is the introduction of HIV-1 expression-dependent
suicide genes encoding either toxic or pro-apoptotic proteins such as members of the Bcl-2
protein family. Constructs that are responsive to Tat and Rev viral proteins were tested [69].
While obtaining encouraging results, activity of such suicide genes only affects cells that are
actively producing viruses, thus the latent pool of cells would still be unaffected.

Despite many attempts at HIV-1 cure, thus far only two cases, the "Berlin patient” and the early
treated infant have resulted in eradication [44,45,63]. Due to safety and economic issues
associated with transplantation and gene therapy approaches, broad use of such a therapeutic
approach is not feasible for HIV cure. Moreover, the gene therapy approach provides a
functional rather than sterilizing cure. Nevertheless, all these studies provided valuable
insights into the biology of the latent reservoirs. They constitute a proof-of-concept for HIV-1
cure. Moreover, it seems that immediate initiation of cART contributes to restricting the
establishment of the latent pool.

These studies highlight the need for more robust, cheaper, and feasible treatments in order to
achieve HIV-1 eradication among all infected individuals. In 2004, the concept of so-called
“shock and kill” or “kick and kill” therapy was proposed [70–72]. The aim is to specifically
reactivate proviruses in latently infected cells (“shock”) and eliminate the infected cells via
viral cytophatic effects or/and render the cells susceptible to immune clearance (“kill”). New
rounds of infection would be prevented by cART. “Shock and kill” therapy relies on the
identification of potent and specific latency reversal agents (LRAs) alongside induction of an
effective immune response against the reactivated latent pool of cells. The LRAs currently
under investigation do not result in sufficient reactivation of latent HIV in vivo. Therefore,
novel molecules that specifically reactivate latent HIV-1 are urgently needed.

3. Model systems and assays to detect and study HIV-1

To study the complex nature of HIV-1 latency, reliable model systems are required that
recapitulate the nature and dynamics of the latent reservoir in vivo. Several cell lines of
lymphocytic or monocytic lineage, primary-cell models, as well as animal models, are used to
study HIV latency [73].

3.1. Cell lines

Immortalized cell lines of T-cell and monocytic origin are cost-effective and easy to use in the
study of latent HIV. They allow fast read-outs in large scale for mechanistic molecular
characterization of HIV gene expression. Therefore, cell lines are an attractive platform for
screening and mechanistic characterization of LRAs. To generate a latent cell line, cells must
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first be latently infected with a HIV derived virus. Several different HIV derived viruses are
used ranging from full length to minimal virus and can make use of a wide range of reporter
constructs (e.g. GFP or luciferase). The viral Tat/TAR axis is of vital importance for the
transcriptional regulation of HIV and can be included or excluded from the viral construct
used. Latent infection of relevant cell lines derived from T-cells or monocytic lineage, depend‐
ing on reservoir of interest generate cell lines that can be used to study the molecular mecha‐
nisms of HIV latency [74–78].

Ach-2 and U1 cells are characterized by low expression of HIV-1, which can be strongly
upregulated upon TNFα or mitogens stimulation [74,79]. However, in these cell lines, latency
results from mutations in Tat protein (U1 cell-line) or in RNA stem loop TAR (Ach-2) [76,77].
Therefore, these cell lines do not represent complexity of latency found in vivo, however, they
do allow Tat/TAR-independent HIV-1 reactivation investigation.

A more appropriate system to study latency are J-Lat cell lines derived from Jurkat cells of T-
lymphocytic origin [78, 80,81]. These cells have integrated replication-competent full-length
or minimal proviral constructs with an intact promoter and Tat-TAR axis, a GFP reporter gene
replaces the Nef sequence in full-length proviruses or is located downstream of Tat in minimal
proviruses [78].

These cell lines have been extremely useful to delineate the molecular requirements of HIV
transcription activation and silencing. Although useful for molecular analysis and screening
platforms, the cell line model systems of HIV latency also present some limitations; first, clonal
cell lines are derived from a single integration event, and therefore do not reflect the diverse
distribution of integration sites in the host chromatin [82,83]. Consistently, results vary
depending on the cell lines used, indicating possible clonal cell line effects [84]. Due to the
above mentioned limitations and the considerable difference between cell line models and
primary cells in terms of proliferative capacity, genomic stability and mechanisms involved
in establishing and maintaining latency, generally latency models based on primary cells are
preferable.

3.2. Primary cells

To more closely resemble infection in vivo and validate putative LRAs more accurately, several
primary cell models have been developed. Depending on the cell status at infection, these
models can be divided into two groups.

The first group relies on purification of CD4+ T-cells from healthy donors, that are then
activated and subsequently infected. Depending on the method, CD4+T-cells are purified and
stimulated with a-CD3/IL-2 [85], a-CD3/aCD-28 [86], a-CD3/aCD-28/IL-2 [87], or Ag-MDDC
(antigen-loaded monocyte-derived dendritic cells; [88]), and infected with virus. Productively
infected cells die due to virus-induced apoptosis or become latent by reverting back to a resting
state. To limit infection to only one replication cycle, replication-defective viruses or antire‐
troviral drugs are also used. The rationale for these systems rely on the notion that a portion
of activated, infected CD4+ T-cells transition to a quiescent state, shutting down general
transcription and slowing down metabolism, resulting in latency [6,25,28,89–91]. Depending
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on the method used, different populations of latently infected cells are generated for use in
reactivation studies. In the methods suggested by Sahu and Marini central memory T (TCM)
cells remain in culture, in Yang’s protocol mainly effector memory T (TEM) cells are produced,
in Bosque and Planelles’s method cells phenotype resembles central memory-like (TCM). The
main disadvantage of these methods is the time needed to obtain results, which varies from 1
to 4 months. Furthermore, they are labor-intensive and technically challenging.

The second group uses direct infection of resting memory CD4+ T-cells, which immediately
after integration become latent. Cells are infected after purification and can be used after
several days for reactivation studies [90, 91]. Stimulation of CCR7, CXCR3, or CCR6 receptors
increases the susceptibility of resting memory CD4+ T-cells to infection without T-cell activa‐
tion. In the methods of Swiggard and Lassen, central memory T (TCM) and effector memory T
(TEM) cells are the source of latent HIV-1; in Saleh’s method naïve resting memory T-cells, in
addition to TCM and TEM cells, constitute the latent pool. The main advantage of these methods
is the time needed to evaluate the potency of putative LRA, as results can be obtained within
one week.

Depending on the protocol used, the amounts of cells that become latent differ from as little
as 1% to up to 40%. In models where cells are activated, on average more latently infected cells
are generated. Using these models, we can quantify the level of reactivation of HIV-1 in a
reliable manner by measuring the production of the viral protein p24 by enzyme-linked
immunosorbent assay (ELISA) or quantification of viral transcription by quantitative RT-PCR,
or by detection of GFP/luciferase in case of reporter-based constructs.

A novel detection method distinguishes uninfected, productively infected, and latently
infected cells using a dual reporter system. A modified HIV-1 derived genome containing GFP
as a reporter of viral transcriptional activity and mCherry under an EF1a promoter as a reporter
of infection (latent or productive) allows easy isolation of the different cell populations [23].

Ultimately, the golden standard for testing activity of LRAs are primary cells from infected
individuals under cART obtained by leukophoresis, a process in which white blood cells are
specifically isolated while other blood components are reverted back to the patients’ circula‐
tory system. The isolated cells are uninfected, latently infected, and infected with defective
viruses. Large amounts of CD4+ T-cells are required and isolated from patients for testing
LRAs.

The development of primary cell models greatly improved the quest for LRAs, yet results differ
between each model system [84]. No in vitro models completely recapitulate the full range of
latent cells in vivo; instead, only a small sub-fraction of latently infected cells is represented.
Hence, the validation process of putative LRAs requires testing on cells derived from infected
individuals [93].

3.3. Animal models of HIV-1 infection

The number of animal models available to study latency is limited. The toxicity of putative
LRAs can be assessed with use of mouse and non-human primate (NHP) models [94]. Two
mouse models have been developed and used in HIV latency studies: the humanized SCID
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(SCID-hu) mouse, transplanted with human thymus and liver fragments, and the humanized
blood, liver, and thymus (BLT) mouse which has a human immune system with full mucosal
immunity [95–97]. Unfortunately, SCID-hu mice do not express human proteins involved in
the viral replication cycle; therefore, the study of HIV-1 in these mice is restricted to events
taking place within organs of human origin in this model. In addition, HIV-1 is not responsive
to cART in these animals. BLT mice are a better model of HIV-1 infection, as they produce
resting memory CD4+ T-cells of human origin. However, some components of cART do not
repress replication in BLT mice [34].

NHP models employ the Simian immunodeficiency virus (SIV) infection in rhesus and pig
tailed macaques to recapitulate HIV-1 infection in humans [98,99]. NHP models allow the
monitoring of the spread of infection. Moreover, infection in this model can be controlled by
antiretroviral therapy. NHP models are helpful in studying the first stages of latency estab‐
lishment, as investigating this part of HIV-1 infection is extremely challenging in patients, as
the pool of latently infected cells is established early during infection [100]. One caveat to the
use of SIV-based NHP models of HIV latency is that the viral 5′LTR or promoter of SIV is
considerably different in sequence from HIV-1 [101] and therefore latent SIV response to LRAs,
which is a direct consequence of promoter-mediated transcription activation may vary
substantially from latent HIV-1. In addition, animal models are far more expensive than cell-
based systems. Nor do they fully reflect human infection or metabolism. Finally, ethical
concerns are inherent to the use of NHP models of HIV latency.

3.4. Detection of the latent reservoir

The study of latent HIV infection requires accurate measurement of the size of the latent
reservoir and the extent of reactivation following LRA treatment. Depending on the experi‐
mental aim, different detection methods can be employed. These methods generally rely on
PCR, protein quantification, or reporter detection.

The quantitative viral outgrowth assay (QVOA) is a well-established method to estimate the
latent pool. The assay relies on the use of serial dilutions of cells obtained from an infected
individual in co-culture with uninfected cells that are permissive to infection. Viral proteins
are detected by ELISA. Unfortunately, QVOA is time-consuming, costly, and might generate
false-negative results as not all replication-competent proviruses are reactivated, and thus not
detected [83].

The HIV reservoir can be approximated by detecting the number of viral DNA copies present
in the cells. The recently introduced digital droplet PCR (ddPCR) improves on classic and
nested qRT-PCR by simultaneously amplifying thousands of nanoliter reactions in combina‐
tion with very sensitive detection system based on flow cytometry [94,102,103]. ddPCR is
therefore superior to nested qRT-PCR in its ability to resolve rare events such as latent HIV-1.
Although PCR based methods provide increased sensitivity for the detection of viral genetic
material, these approaches also detect defective proviruses, which results in false-positive
results.
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which is a direct consequence of promoter-mediated transcription activation may vary
substantially from latent HIV-1. In addition, animal models are far more expensive than cell-
based systems. Nor do they fully reflect human infection or metabolism. Finally, ethical
concerns are inherent to the use of NHP models of HIV latency.

3.4. Detection of the latent reservoir

The study of latent HIV infection requires accurate measurement of the size of the latent
reservoir and the extent of reactivation following LRA treatment. Depending on the experi‐
mental aim, different detection methods can be employed. These methods generally rely on
PCR, protein quantification, or reporter detection.

The quantitative viral outgrowth assay (QVOA) is a well-established method to estimate the
latent pool. The assay relies on the use of serial dilutions of cells obtained from an infected
individual in co-culture with uninfected cells that are permissive to infection. Viral proteins
are detected by ELISA. Unfortunately, QVOA is time-consuming, costly, and might generate
false-negative results as not all replication-competent proviruses are reactivated, and thus not
detected [83].

The HIV reservoir can be approximated by detecting the number of viral DNA copies present
in the cells. The recently introduced digital droplet PCR (ddPCR) improves on classic and
nested qRT-PCR by simultaneously amplifying thousands of nanoliter reactions in combina‐
tion with very sensitive detection system based on flow cytometry [94,102,103]. ddPCR is
therefore superior to nested qRT-PCR in its ability to resolve rare events such as latent HIV-1.
Although PCR based methods provide increased sensitivity for the detection of viral genetic
material, these approaches also detect defective proviruses, which results in false-positive
results.
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Another recent PCR-based method for reservoir detection evades false positive results from
defective proviruses. The Tat/rev induced limiting diluting assay (TILDA) relies on PCR
amplification of multiply spliced RNA (msRNA) of tat/rev transcripts that are present in
productively infected cells and absent in latent infection [104]. Small amounts of cells isolated
from patients are divided into two equal parts and distributed in limiting dilution. One half
is left unstimulated while the other is activated with PMA/Ionomycin. After 12 hours, cells are
lysed and subjected to ultrasensitive nested RT-PCR. By employing statistical modeling, the
frequency of cells that are expressing msRNA in both groups is estimated and based on the
unstimulated group a threshold of activation can be set. Using the TILDA assay, the size of
the reservoir is estimated at 24 cells per million, which is more than measured by QVOA but
less than measured by PCR methods [24,83,104]. The assay more accurately estimates the true
size of the latent reservoir, is highly sensitive, reproducible, fast, relatively inexpensive, and
requires only 10 mL of patients’ blood. However, a limitation on the TILDA assay is that it
detects the presence of viral transcripts but not the production or release of infectious viral
particles; therefore, it may still overestimate the true size of the reservoir, yet to a smaller extent
than other PCR-based methods. Additionally, signal detection relies on amplification of highly
variable region of the HIV-1 DNA; therefore, detection of all subspecies of HIV-1 might be
challenging and require extra optimization steps.

Unfortunately, all current methods to detect latent HIV-1 have limitations. First, the pool of
latently infected cells in patients is extremely low, resulting in a high noise-to-signal ratio.
Furthermore, defective or hyper-mutated proviruses are detectable by PCR-based techniques,
yet irrelevant for eradication strategies. Moreover, not all replication-competent proviruses
are inducible in the first round of treatment, yet get reactivated upon subsequent rounds of
stimulation [83]. Thus, assays to measure latency reversal are overestimating – in the case of
PCR-based methods – or underestimating – in the case of QVOA – the latent pool. This poses
a main problem in measuring efficiency of the reactivation of HIV-1. A captivating approach
employing the use of a biomarker (e.g., gene), which responds to treatment in the same way
as HIV-1, would allow more easily quantifiable assessments as to whether latent HIV in patient
cells would be responsive to a particular treatment.

4. Molecular mechanisms of latency

Although replication-competent, latent HIV is transcriptionally silenced but susceptible to
reactivation upon certain stimuli. Following integration into the host genome, transcription
from the HIV genome is controlled by key cellular host factors, and subject to host cell gene
regulation similar to endogenous genes. Since viral transcription initiation, elongation, and
termination are tightly regulated by host proteins, HIV is also widely used as a model system
to study gene regulation.

4.1. Host antiretroviral mechanisms thwart infection

Host defense mechanisms impede HIV-1 infection. Upon entering the cell, HIV’s RNA genome
is reverse transcribed into double-stranded DNA (dsDNA). This process requires freely
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available deoxynucleotide triphosphates (dNTPs). By limiting the pool of freely available
dNTPs, the nucleotide scavenger SAMHD1 restricts viral replication in non-cycling myeloid
cells and quiescent CD4+ T-cells [105–108]. Additionally, SAMHD1 has 3′–5′ exoribonucleases
(RNAse) activity that specifically cleaves single-stranded RNA [109,110]. Interestingly, Vpx,
encoded by HIV-2 and Simian immunodeficiency virus, is an accessory protein packaged into
the virion, which induces SAMHD1 degradation [111].

Additionally, APOBEC3G limits viral replication by catalyzing the deamination of cytidine to
uridine in the viral single-stranded DNA (ssDNA) genome during reverse transcription [112].
Interestingly, APOBEC3G is inactive in memory CD4+T-cells, which helps to explain why this
cell type is more permissive to HIV-1 infection. Therefore, activated CD4+ T-cells are the main
target cell type of HIV infection and of the main source of the latent reservoir.

4.2. Integration of HIV into the host genome required by host factors

The reverse-transcribed viral DNA genome is incorporated in the pre-integration complex
(PIC). The PIC is imported into the nucleus. Host factors identified so far that affect viral
integration are lens epithelium-derived growth factor (LEDGF/p75/PSIP1) and hepatoma-
derived growth factor related protein 2 (HRP- 2/ HDGFRP2), through an integrase binding
domain. In the absence of LEDGF, provirus integration is decreased 10-fold and HIV’s pattern
of integration is altered [113–115]. Simultaneous LEDGF and HRP-2 knockdown further
decreases viral replication [116]. Nevertheless, knockdown of both factors does not completely
abolish HIV-1 integration, indicating that IN alone and/or in cooperation with other host
factors can still integrate the viral genome [117]. PIC nuclear import stimulates export to the
cytoplasm of INI-1 and PML, disrupting this effect greatly improves integration efficiency
[118–120]. Upon knockdown of transportin-3/TNPO3 and nuclear pore protein RanBP2/Nup35
HIV-1 integrates randomly [121]. Therefore, nuclear import affects the site of integration with
a preference for open chromatin.

4.3. Pre-integration vs post-integration latency

Two states of latency can be defined based on the integration state of HIV: pre-integration
latency and post-integration latency. Defects in integration or in a prior phase of the viral
replication cycle (e.g., incomplete reverse transcription) might result in unintegrated viral
DNA. The half-life of the linear pre-integration complex is approximately 1 day [122]. The
linear unintegrated viral DNA can also be circularized, resulting in slightly extended half-life
of the virus [123]. In quiescent cells, the pre-integrated virus can reside near the centromere
for weeks [124]. Unintegrated virus can replicate, albeit very inefficiently [125]. The half-life
of both forms of unintegrated virus is too short and replication inefficient to serve as the source
required for the long-term persistence of latent HIV making pre-integration latency less
clinically relevant.

Post-integration latency occurs when the HIV virus is stably integrated into the host genome,
but a productive infection is not achieved. The site of integration and the abundance of
transcription factors are crucial for determining whether an infection will be latent or produc‐
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tive. The site of integration will determine the chromatin environment (such as histone
modifications), relative position to other genes (intronic insertion vs gene desert) and position
within the nucleus of the provirus.

4.4. Integration biases

The site of integration greatly determines the transcriptional activity of the provirus. HIV
preferentially integrates into active genes both in patient material and transformed cell lines
[82,126–128]. Moreover, HIV-1 integrates in regions of genome that are in close proximity to
nuclear envelope [129]. Latent integrations are in or close to alphoid repeat elements in
heterochromatin, whereas productive integrations avoid insertion in or near heterochromatin
[78]. Integration is associated with transcription-inducing histone modifications (i.e., H3 & H4
acetylation and H3K4 methylation) but not transcription-inhibiting modifications (i.e., H3K27
trimethylation and DNA CpG methylation) [130]. A comparison of integration sites in resting
and activated CD4+ T-cells showed that in both cell types HIV integrates in active genes.
However, in activated cells, insertions were enriched for gene dense, CpG island-rich and high
G/C-content regions [131]. Latency in infected Jurkat cell lines correlated with integrations in
gene deserts, centromeric heterochromatin, and highly expressed cellular genes [128]. Within
the nucleus, HIV-1 is located mostly in decondensed chromatin at the nuclear periphery, while
it disfavors heterochromatic regions [132]. Interestingly, latent proviruses were found to
interact with a pericentromeric region of chromosome 12 in quiescent cells [133]. In a study of
viremic progressors and viremic controllers, integration was enriched into, or in close prox‐
imity to, Alu repeats, local hotspots, and silent regions of the genome [134]. In addition, close
proximity of the provirus to PML bodies is associated with latency, an association that is lost
upon reactivation [135].

4.5. Integration relative to host genes affects transcriptional state of the provirus

Sense and antisense integration relative to host genes can greatly affect the transcriptional state
of HIV. Integration in sense orientation can lead to promoter occlusion, whereas integration
in antisense orientation can lead to collision of the transcriptional machinery. Promoter
occlusion occurs when the transcriptional machinery is depleted from the viral promoter by a
dominant host promoter that is transcribed and negatively affects proviral expression.

Indeed, chimeric transcripts of the host gene and in sense viral integrations were observed
[136,137]. Additionally, Han et al. compared the effect of sense and antisense insertions of HIV
relative to the active HPRT gene [138]. In this setting, sense integration enhanced viral
expression whereas antisense integration (transcriptional collision) led to suppression. Sense
integrations were shown to be modestly preferred in latent cells, a preference that was not
present in productively infected cells [139]. Transcriptional interference and transcriptional
collision are examples of host genes interference with viral expression. On the other hand,
reactivation of HIV may lead to suppression of host gene expression [136]. Indeed, in a cell
model with a latent integration into the HMBOX1 gene, the host gene was repressed upon viral
reactivation [140].
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4.6. Viral transcription starts at the 5'LTR

The provirus is flanked by a 5′ and 3′ long terminal repeats (LTRs). While transcription can be
initiated from both LTRs, the 5′ LTR is dominant and serves as the HIV promoter, although 3′
transcription is activated when the 5′ LTR is defective [141]. Transcriptional interference has
been proposed as the mechanism by which the 5′ LTR exerts its dominance over the 3′ [142].
Interestingly, low-level antisense transcription takes place at the 3′ LTR, a mechanism by which
latency can be maintained [143–147]. Sense transcription results in at least 40 coding transcripts
due to alternative splicing of the HIV-1 genome [148]. Finally, both LTRs also act as a source
of negative sense transcription, which could potentially affect the expression of neighboring
genes [149,150].

4.7. The 5′ LTR contains numerous putative transcription factor binding sites

HIV-1 encodes a potent trans-activating protein – Tat – that drives viral expression during
productive infection. However, initially, before sufficient levels of Tat are expressed, the
provirus relies on host factors to initiate transcription. The 5′ LTR contains three regions – U3,
R, and U5 (Figure 2) [151]. The R region, immediately next to the transcription start site (TSS),
contains the trans-activation response (TAR) element, an important regulator of HIV expres‐
sion. The U3 region contains the core promoter (nucleotides –78 to –1 upstream of TSS), a core
enhancer (nucleotides –105 to –79), and a modulator region (nucleotides –454 to –104)
[152,153]. The core promoter contains three Sp1 binding sites in tandem, a TATA box, and an
initiator element at the transcription start site. The core enhancer contains two NF-kB-binding
sites. The modulator region – so-called because early experiments with deletion upstream of
the LTR caused increased activity of the LTR – was shown by later experiments to contain
binding sites for both repressive and activating factors including nuclear factor of activated T-
cells NFAT, STAT5, NF-kB p65/p50 heterodimers, lymphocyte enhancer factor (LEF-1),
CCAAT/enhancer binding protein (C/EBP) factors, AP-1, and activating transcription factor/
cyclic AMP response element binding (ATF/CREB) factors (Figure 2) [152,154–162]. It is well
established that these transcription factors have binding sites within HIV-1 sequence. More‐
over, they are strong activators of HIV-1 transcription of which NF-κB is considered the most
critical [163–166]. In addition to the presence of these sites, bioinformatic tools indicate that
this region of the HIV LTR contains a tightly clustered distribution of multiple transcription
factor consensus binding elements [167].

4.8. Positive host factors bind to the 5′ LTR

Initial transcription of HIV-1 is entirely dependent on host factors. Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) is a hetero dimer comprised of p50 and p65
subunits involved in T-cell activation. NF-kB acts as a transcription factor and is a potent
activator of HIV-1 transcription initiation and elongation. It interacts and functions coopera‐
tively with numerous proteins. Independent of Tat, NF-kB can reactivate HIV to high expres‐
sion levels [168]. Mutated NF-kB-binding sites on the LTR inhibit basal transcription and Tat
transactivation [169]. NF-kB, Sp1, and other factors (LEF-1, Ets1, and TFE-3) bind to sites near
NF-kB sites and synergistically activate HIV transcription, even in the presence of repressive
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chromatin structures [170,171]. NF-kB and AP-1, a heterodimer of proteins from the c-Fos, c-
Jun, ATF, and JDP families, cooperatively trans-activated LTR activity through the ERK1/ERK2
mitogen-activated protein kinase (MAPK) pathway [161]. Acetylation of Lys310 in NF-kB p65
subunit is an activating mark that is removed by NAD+-dependent protein deacetylases SIRT1
and SIRT2 [172]. Tat positively affects NF-kB by inhibiting SIRT1 and stimulating degradation
of IkB, a protein that sequesters NF-kB in the cytoplasm [169,173]. The viral nucleocapsid (NC)
protein enhances NF-kB-mediated activity by interacting with the LTR [174]. p65 recruits
THIIH which is part of the preinitiation complex and its subunit CDK7 with kinase activity
activates CDK9, resulting in increased HIV transcription [175,176]. The cell surface receptor
OX40, bound by its ligand gp34, activates transcription from 5′ LTR, in a manner dependent
on the presence of NF-kB-binding sites on the LTR [177]. The transcription factor E2F-1, a
regulator of S-phase gene expression, inhibits LTR transcription through the recruitment of
p50 at the NF-kB-binding sites on the LTR [178].

Members of the SV40-promoter (Sp) specific transcription factor family regulate LTR activity.
Sp1 and Sp4 are activators of HIV-1 [179]. Expression of Sp transcription factors changes during
monocytic maturation, suggesting differences in susceptibility to LTR activation during
differentiation [180].

Nuclear factor of activated T-cells (NFAT) can induce LTR activity in T-cells [155]. NFAT
recruits HATs through CBP/p300, which results in reactivation of HIV-1 transcription [181].
The Janus kinase (JAK)/signal transducers and activators of transcription (STAT5) can
stimulate or inhibit HIV transcription. STAT5 binds to its binding sites in the U3 enhancer
region on the LTR where it promotes transcription [156]. In response to a broad range of
cytokines (e.g., IL-2, IL-7, IL-15) and granulocyte-macrophage colony-stimulating factor (GM-

Figure 2. The genome of HIV-1
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CSF) JAK-mediated phosphorylation of a C-terminal tyrosine residue activates STAT5A and
STAT5B. Homodimers or heterodimers of activated STAT5A and STAT5B translocate to the
nucleus to stimulate HIV expression [182,183]. Interestingly, STAT5Δ, an isoform of STAT5
truncated on the C-terminus, acts as a repressor of LTR activity [184]. Indeed, in the promon‐
ocytic cell line U1 high levels of STAT5Δ are present. Upon stimulation with GM-CSF,
STAT5Δ blocks RNAPII from binding to LTR U3 region, inhibiting activity of HIV promoter
[185]. STAT5Δ promotes p50 homodimers binding to the LTR, contributing to latency main‐
tenance [186].

In monocytes and macrophages, CCAAT/enhancer binding protein (C/EBP) factors are crucial
for activation of HIV-1 [160,187–189]. C/EBP, a member of the bZIP superfamily, contains a
DNA-binding domain and a leucine zipper for homo- and heterodimerizations. Similar to Sp-1,
levels of C/EBP vary during myeloid development [190]. Interestingly, the HIV-1 LTR contains
several C/EBP binding sites [159].

Some studies employing mutagenesis of binding sites for activator protein-1 (AP-1) within
proviral genome showed that AP-1 transcription factor is the crucial activator of proviral
transcription, as proviruses with altered AP-1-binding sites were less prone to reactivation
even if treated with strong activator such as phorbol 12-myristate 13-acetate – PMA [191].
Furthermore, the latent pool was bigger in cells infected with a virus carrying a deletion in
AP-1 sites, implicating that the AP-1 protein is necessary for successful provirus transcription
[192]. Heterodimeric protein AP-1 is formed upon phosphorylation od c-Jun N-terminal kinase
(JNK) in JNK/MAPK pathway [193]. It is well established that activation of TLR signaling
induces nuclear localization of NF-kB and AP-1 mediated via JNK pathway [194–196].

In addition to the already mentioned host factors, the potent viral trans-activating protein
Tat and to a lesser extent the multifunctional viral protein, viral protein R (Vpr), positive‐
ly affect viral transcription. Productive infection requires the presence of Tat. Exogenous
expression of Tat rescues HIV from latency [197]. A defective Tat mutant (C22G) is incapable
of full-length viral expression [198]. Additionally, the Tat mutant (H13L) is more prone to
establish latency [197]. Tat recruits the positive transcription elongation factor b (P-TEFb),
which shifts RNAPII promoter proximal pausing to transcriptional elongation leading to a
productive  infection  [199,200].  P-TEFb  consists  of  CDK9,  a  serine/threonine  kinase,  and
CyclinT1. The N-terminal cystein-rich region of Tat (Cy22-Cy37) binds to CycT1 through
Zn2+-mediated interactions [201–203].

Vpr is a multifunctional HIV-1 protein that plays a role in nuclear import of the PIC and cell
cycle arrest in proliferating cells. Vpr also activates LTR activity through multiple mechanisms.
Vpr recruits p300 to the 5′ LTR increasing acetylation, resulting in HIV-1 transcription [204].
Moreover, Vpr interacts with Sp1 and TFIIB, part of the transcription initiation complex,
stimulating proviral transcription [204–206].

4.9. Repressive host factors at the 5′ LTR

Not all host transcription factors have an activating effect on LTR activity (Figure 3). YY1 and
LSF recognize binding sequences in the LTR and repress transcription through epigenetic
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modification [207]. C-promoter binding factor-1 (CBF-1) also represses HIV through epigenetic
silencing [208,209]. c-Myc recruits an epigenetic silencing factor to repress HIV-1 [210].

Transcription factors initiate LTR activity, but full-length transcripts are not produced because
transcription elongation is inhibited. DRB sensitivity-inducing factor (DSIF), a heterodimer
composed of hSpt4 and hSpt5 proteins, induces capping of RNA from newly initiated
transcription complexes [211]. The subunit hSpt5 interacts directly with nascent RNA as it
appears from the RNAPII exit site and recruits negative elongation factor (NELF) (Figure 3)
[212–214]. Escape of transcripts from the promoter proximal pause site is prevented by NELF,
which induces termination of transcription over several hundred bases [215]. Moreover, the
binding sequence of NELF subunit E recognizes a homologous sequence on TAR, increasing
association of NELF with the LTR, which results in transcription silencing. Indeed, experi‐
ments where NELF is knocked down show higher basal HIV transcription and reactivation
from latency [216–218].

A novel, RNA interference independent, mechanism mediated by microprocessor and
termination factors causes transcriptional silencing and chromatin remodeling at the HIV-1
promoter [219]. Microprocessor binds to TAR, which is then cleaved by Drosha into two RNAs,
a 5′-end and 3′-end product. The 5′ is further processed in an Rrp6-dependent manner into a
transcription repressing RNA species. The 3′ RNA recruits termination factor Xrn2 and Setx,
which induces RNAPII pausing and premature termination of transcription [219].

Figure 3. Molecular mechanisms in latent and productive HIV-1 infection

4.10. Host factors induce transcriptional initiation, but not elongation

While some host transcription factors recruit RNAPII, in the absence of Tat, transcription
elongation does not occur resulting in the generation of short abortive transcripts by promoter
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proximal pausing [220,221]. These ~60nt transcripts include TAR, which has a stem-loop
structure and binds near the HIV 5′LTR, inhibiting RNA-polymerase. TAR directly binds Tat,
which recruits transcriptional elongation complex to the LTR [222].

4.11. Tat-dependent transcription leads to productive infection

If cells become activated or due to leaky transcription, Tat can be produced. Tat binding to P-
TEFb induces significant conformational changes in P-TEFb, allowing Tat and CycT1 to
cooperatively recognize and stably bind TAR [200,223].

Tat-P-TEFb phosphorylates NELF-E resulting in the dissociation of NELF from TAR and the
paused RNAPII complex [214,216,218,224]. CDK9 phosphorylates RNAPII at the carboxyl
terminal domain (CTD) at Ser2 and Ser5 residues of the 52 heptad repeats, which regulates
progression to the elongation phase of transcription [225–227]. The phosphorylation status
determines regular and alternative RNA splicing and the 3′ end recruitment of polyadenyla‐
tion factors [228,229]. Ser2 phosphorylation of the RNAPII CTD recruits splicing-associated c-
Ski-interacting protein, SKIP, and stimulates elongation transcription and alternative splicing
of the Tat-specific splice site through interactions with U5snRNP proteins and tri-snRNP110K
[230].

Phosphorylation of hSpt5, a subunit of DSIF, by CDK9 converts it into a positive elongation
factor that prevents nascent RNA from breaking of from the transcription complex prema‐
turely and inhibits pausing of RNAPII at arrest sites [231,232]. By removing several blocks Tat-
P-TEFb induces transcriptional elongation as well as co-transcriptional processing. During
active transcription elongation, increased recruitment of RNAPII to TSS maintains a stable
level of RNAPII at the promoter proximal region [218]. Throughout transcription, Tat-P-TEFb
remains associated with the elongating transcription machinery [231,233,234].

4.12. P-TEFb can be recruited in active and inactive form in the nucleus by Tat

In activated T-cells, inactive P-TEFb predominantly resides in the 7SK small nuclear ribonu‐
cleoprotein (snRNP) complex (Figure 3) [235–237]. The 7SK snRNP complex consists of 7SK
snRNA, HEXIM1 (or its homolog HEXIM2), the La-related protein 7 (LARP7), and the 7SK-
specific 5′ methylphosphate capping enzyme (MePCE). The snRNA functions as a scaffold: it
binds two units of P-TEFb and one HEXIM1/2 homo-/heterodimers [238,239]. MePCE and
LARP7 protect the 7SK RNA from nuclease degradation, MePCE binds the 5′ end, LARP7 the
polyuridine 3′ end [240–242]. Tat disrupts the interaction between pTEFb and HEXIM1/7SK
snRNA and recruits P-TEFb to 5′ LTR, resulting in active transcription [226].

BRD4 can also recruit P-TEFb from 7SK snRNP [241,243], to promote transcription. Due to
similarities in their C-terminal P-TEFb interacting domains [244], Tat and BRD4 compete for
P-TEFb [245,246]. In a latent model, knockdown of BRD4 results in Tat-dependent reactivation
of HIV-1 [247].

Bromodomain and extra-terminal domain family of proteins (BET) play an important role in
repression of the HIV-1 transcription. BET proteins are responsible for the recruitment of P-

Advances in Molecular Retrovirology62



proximal pausing [220,221]. These ~60nt transcripts include TAR, which has a stem-loop
structure and binds near the HIV 5′LTR, inhibiting RNA-polymerase. TAR directly binds Tat,
which recruits transcriptional elongation complex to the LTR [222].

4.11. Tat-dependent transcription leads to productive infection

If cells become activated or due to leaky transcription, Tat can be produced. Tat binding to P-
TEFb induces significant conformational changes in P-TEFb, allowing Tat and CycT1 to
cooperatively recognize and stably bind TAR [200,223].

Tat-P-TEFb phosphorylates NELF-E resulting in the dissociation of NELF from TAR and the
paused RNAPII complex [214,216,218,224]. CDK9 phosphorylates RNAPII at the carboxyl
terminal domain (CTD) at Ser2 and Ser5 residues of the 52 heptad repeats, which regulates
progression to the elongation phase of transcription [225–227]. The phosphorylation status
determines regular and alternative RNA splicing and the 3′ end recruitment of polyadenyla‐
tion factors [228,229]. Ser2 phosphorylation of the RNAPII CTD recruits splicing-associated c-
Ski-interacting protein, SKIP, and stimulates elongation transcription and alternative splicing
of the Tat-specific splice site through interactions with U5snRNP proteins and tri-snRNP110K
[230].

Phosphorylation of hSpt5, a subunit of DSIF, by CDK9 converts it into a positive elongation
factor that prevents nascent RNA from breaking of from the transcription complex prema‐
turely and inhibits pausing of RNAPII at arrest sites [231,232]. By removing several blocks Tat-
P-TEFb induces transcriptional elongation as well as co-transcriptional processing. During
active transcription elongation, increased recruitment of RNAPII to TSS maintains a stable
level of RNAPII at the promoter proximal region [218]. Throughout transcription, Tat-P-TEFb
remains associated with the elongating transcription machinery [231,233,234].

4.12. P-TEFb can be recruited in active and inactive form in the nucleus by Tat

In activated T-cells, inactive P-TEFb predominantly resides in the 7SK small nuclear ribonu‐
cleoprotein (snRNP) complex (Figure 3) [235–237]. The 7SK snRNP complex consists of 7SK
snRNA, HEXIM1 (or its homolog HEXIM2), the La-related protein 7 (LARP7), and the 7SK-
specific 5′ methylphosphate capping enzyme (MePCE). The snRNA functions as a scaffold: it
binds two units of P-TEFb and one HEXIM1/2 homo-/heterodimers [238,239]. MePCE and
LARP7 protect the 7SK RNA from nuclease degradation, MePCE binds the 5′ end, LARP7 the
polyuridine 3′ end [240–242]. Tat disrupts the interaction between pTEFb and HEXIM1/7SK
snRNA and recruits P-TEFb to 5′ LTR, resulting in active transcription [226].

BRD4 can also recruit P-TEFb from 7SK snRNP [241,243], to promote transcription. Due to
similarities in their C-terminal P-TEFb interacting domains [244], Tat and BRD4 compete for
P-TEFb [245,246]. In a latent model, knockdown of BRD4 results in Tat-dependent reactivation
of HIV-1 [247].

Bromodomain and extra-terminal domain family of proteins (BET) play an important role in
repression of the HIV-1 transcription. BET proteins are responsible for the recruitment of P-

Advances in Molecular Retrovirology62

TEFb to transcribed genes [246,248]. BRD4 competes with viral protein Tat for binding site on
pTEFb, and it represses HIV-1 transcription [245,246]. Knockdown of BRD2 indicates this
protein contributes to the maintenance of latency. These results are consistent with the notion
that BRD2 is binding to remodeling factors such as HDACs [249,250].

P-TEFb can be recruited to transcription complexes by other factors. CTIP2 recruits P-TEFb by
binding HEXIM1 and negatively regulates the complex by repressing the CDK9 kinase activity
of P-TEFb [251]. Phosphorylation of HEXIM1 at Tyr271 and Tyr 274 decreases retention of P-
TEFb in the 7SK RNP [252]. Additionally, through the binding of nascent RNA, SRSF2 and P-
TEFb are released from the 7SK complex and induce transcription elongation in a manner
similar to TAR/Tat-mediated recruitment of P-TEFb [253].

4.13. P-TEFb is a subunit of the super elongation complex

P-TEFb is required for activation of HIV transcription but does not explain the maximum
observed viral expression; therefore, additional factors are necessary [254,255]. P-TEFb is an
integral part of the super elongation complex (SEC) (Figure 3), which is a potent activator of
transcriptional elongation of host genes [234,256]. It is composed of one of two scaffold
proteins, AF4/FMR2 proteins AFF1 or AFF4. Translocations of AFF1 and AFF4 resulting in
fusion proteins are commonly found in mixed lineage leukemia (MLL) [257–259]. The resultant
fusion proteins cause aberrant recruitment of SEC to MML-specific genes [260]. AFF1 and AFF4
recruit many other proteins to the SEC [261], such as ELL family of elongation stimulatory
factors ELL1 and ELL2, which inhibit RNAPII pausing and synergistically improve Tat-
transactivation with P-TEFb [256]. Moreover, knockdown of ELL2 strongly suppresses viral
expression. [203,210,230,252]. Tat and AFF4 inhibit the polyubiquitination-mediated degra‐
dation of ELL2, increasing available levels of SEC. [256,262].

4.14. Tat can be extensively post-translationally modified – “Tat code”

Modifications on numerous amino residues of Tat regulate the interaction with a wide variety
of host proteins. In comparison to the histone code which is used to explain the multiple
modification on histone tails and their function, a “Tat-code” has been proposed [34]. Tat is
phosphorylated on Ser16 and Ser 46 by CDK2, modifications which result in transcription
inhibition [263]. Acetylation of Lys28 increases affinity for P-TEFb binding and is removed by
HDAC6 [264–266]. Tat dissociates from TAR and binds acetyltransferase PCAF which
acetylates Tat at Lys50 and Lys51 [264,265,267–270]. Acetylated Lys50 allows recruitment of
the PBAF (SWI/SNF B) chromatin remodeling complex to the LTR [267,271–273]. SIRT1
deacetylates Tat at Lys50 as part of a late phase of transcriptional regulation, striping Tat of
acetyl groups allowing its reuse in subsequent rounds of transcriptional cycles [274]. Mono‐
methyl-transferase Set7/9 and LSD1, respectively, methylate and demethylate Lys51. Deme‐
thylated Lys51 of Tat enhances HIV-1 transcription [275,276]. Hdm2 polyubiquitinates Lys71,
activating Tat [277].
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4.15. Nucleosome positioning at the 5′ LTR controls viral expression

Regardless of integration position, the latent 5′ LTR typically contains two nucleosomes, Nuc-0
and Nuc-1, at fixed positions [278]. Nuc-1 blocks transcription elongation as it is positioned
just downstream of the TSS. Nuc-1 is displaced upon virus reactivation [278–280]. Nucleo‐
somes can be altered by chromatin remodeling complexes. A third unstable or loosely
positioned nucleosome is located in between nuc-0 and nuc-1 [281] (Figures 2 and 3A).

BCL11B, together with the chromatin remodeling complex NuRD, strongly represses HIV-1
transcription [282]. BCL11B is specifically expressed in T-cells and neurons. Interestingly, the
NuRD complex consists of several proteins with histone deacetylase activities – i.e., HDAC1
and HDAC2 [283,284].

The ATP-dependent chromatin remodeler BAF (SWI/SNF-A) was discovered by our group to
be essential to both the establishment and maintenance of HIV latency (Figure 3). The BAF
complex utilizes energy from ATP to push Nuc-1 from an energetically favorable position
upstream of the TSS to a suboptimal region, downstream of TSS, resulting in a transcriptional
block [281]. siRNA depletion of the BAF complex de-repressed proviral transcription. Fur‐
thermore, in siRNA-mediated BAF knockdown, latency establishment occurred less frequent‐
ly than in the presence of the functional complex. The PIC through LEDGF interacts with INI-1
a subunit of BAF, allowing nucleosomes to be deposited at the provirus, contributing to latency
establishment [118].

4.16. Epigenetic modifications regulate latency

Epigenetic modifications of nucleosomes such as histone-acetylation and -methylation and of
DNA such as DNA-methylation play an important role in regulating the proviral transcription.
Nucleosomes are the basic units of organization of chromatin and consist of a combination of
histone subunits. Histones have an amino acids tail that can be extensively modified. Two
broadly studied modifications that regulate expression effects are histone-acetylation and
histone-methylation

Histone-acetylation by histone acetyl transferases (HATs) induces chromatin loosening, while
histone deacetylases (HDACs) reverse the effect by removing the acetyl group (Figure 3). HATs
such as p300/CREB-binding protein (p300/CBP) and p300/CBP-associated factor (P/CAF) can
be recruited to activate the HIV LTR [158,285]. HDAC1, HDAC2, HDAC3, and HDAC6 repress
HIV [286–289]. Numerous host factors recruit HDACs to the LTR. A negative regulator of P-
TEFb, CTIP2 in cooperation with COUP-TF and Sp1 also recruits HDAC1 and HDAC2 to the
HIV LTR in microglial cells [290,291]. Host factors LSF and YY1 co-operatively bind to the LTR,
where YY1 recruits HDAC1 to deacetylate Nuc-1[207]. CBF-1 and c-Myc also repress HIV
through the recruitment of HDAC1 [208–210].

Methylation of histones by histone methyltransferases (HMT) can act as an activating or
repressing mark depending on the histone tail residue modified (e.g., methylation of lysine 4
on histone 3 (H3K4) is activating whereas H3K9, H3K27, and H4K20 methylation is repressive).
HMTs modify specific histone residues, e.g., EZH2 (H3K27me3), SUV39H1 (H3K9me3), G9a
(H3K9me2), and G9a like protein, GLP (H3K9me2). The repressive methyl groups deposited
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by these HMTs contribute to the maintenance of latency [292–295]. Moreover, EZH2 is
suspected to recruit additional repressive proteins such as HDACs and other HMTs [294].

DNA methylation at CpG dinucleotides represses transcription by disrupting the binding of
transcription activators to their binding sites or indirectly through the binding methyl-CpG
binding proteins (MeCPs). In cell line models of latency, the HIV-1 LTR contains two CpG
islands that are hypermethylated (Figure 3) [296]. Methyl-CpG binding domain protein 2
(MDB2) and HDAC-2 bind to the second CpG island on the HIV LTR and are displaced from
there when cells are treated with cytosine-methylation inihibitor 5-aza-2′deoxycytidine [296].
In memory CD4+ T-cells from long-term aviremic and viremic patients, an increase in HIV
LTR DNA methylation was observed in the aviremic patients [297]. The methylation of the
HIV LTR in long-term non-progressors and elite controllers is increased compared to the LTR
of aviremic patients on cART [298]. In contrast, this difference was not found in the first CpG
island of resting memory CD4+ T-cells from aviremic patients, indicating that the mechanism
by which DNA-methylation regulates latency deserves further exploration.

4.17. Viral and host non-coding RNAs regulate viral expression

Non-coding RNAs exert post transcriptional control on gene expression. Small non-coding
RNAs (<200 nt) and in particular microRNAs (miRNAs) are well established to have regulatory
function. The study of long non-coding RNAs (lncRNA, >200 nt) is an emerging field because
of their epigenetic regulatory potential. Both viral and host miRNAs and lncRNAs affect
replication of HIV-1 [146,299–301].

RNA interference (RNAi) is a post-transcriptional gene silencing mechanism. miRNAs post-
transcriptionally suppress or silence gene expression as part of the RNA-induced silencing
complex (RISC) forming a protein–RNA complex. Pri-miRNAs are generated by RNAPII and
are subsequently processed by microprocessor into pre-miRNAs in the nucleus. Following
export to the cytoplasm, they are cleaved by Dicer and incorporated into RISC. RISC generally
binds in the 3′-untranslated region (3’UTR) of a target mRNA. The bound transcript is
degraded or transcription is impeded depending on the level of homology, resulting in
translational repression. The RNAi affects the infectivity of monocytes and macrophages [302].
Comparisons of productively infected, suppressed, and uninfected patients found difference
in miRNA profiles, but it is very unlikely that the observed effects are due to viral activity
because the number of infected cells is low in elite controllers or under cART [303–305].
Knockdown of Dicer or Drosha, a component of microprocessor, stimulates HIV-1 replication,
indicating that miRNA generally are responsible for suppression of proviral transcription
[299,300]. However, phenotypic effects are hard to interpret due to the pleiotropic side effects
of microprocessor depletion. RNAi affects infectivity by targeting transcripts of key host
factors and viral proteins involved in HIV-1 repression. In resting T-cells, the polycistronic
miRNA cluster miR-17/92 is suppressed by HIV, resulting in PCAF upregulation [299].
Additionally, CycT1 is negatively regulated by miR27b [306]. Moreover, during differentiation
from monocytes to macrophages, expression of miRNA198 and miR27b decreases relieving
suppression of CycT1 [307,308]. In infected cells Tat, and possibly Vpr, inhibit RNAi [309–
311]. In resting, but not activated, CD4+ T-cells a cluster of five miRNAs (miR-28, miR-125b,
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miR-150, miR-223, and miR-382) were found to be upregulated. They all target viral mRNAs
for degradation; therefore, these miRNAs are contributing to latency maintenance [312].
However, further studies are required as results thus far are inconsistent [313–319].

The viral protein Nef is targeted by miR29a which interferes with HIV replication [300,320].
TRIM32 activates HIV-1 expression through the NF-kB pathway and is downregulated by
miRNA-155 [321]. Tat-induced upregulation of miR34a and miR217 inhibits SIRT1 expression,
which in turn results in high abundance of NF-kB, enhancing proviral transcription [322,323].
miRNA-182 has a positive effect on LTR activation by Tat [324]. miR-1236 restricts viral
replication by repressing Vpr (HIV-1)-binding protein expression, VprBP [325].

HIV-1-derived miRNAs (vmiRNAs) were predicted in silico [326]. Applying deep sequenc‐
ing technologies vmiRNAs were observed in cell line model systems of latency [327,328]. The
TAR-derived  miRNA-TAR5p  and  miR-TAR3p  are  asymmetrically  processed  and  both
repress LTR activity [329]. The Nef-derived miR-N367 inhibits viral promotor activity [330].
Nevertheless, relevance of vmiRNAs is debatable as no vmiRNAs were detected in PBMCs
or macrophages of infected patients [331].

lncRNAs can modulate gene expression through different proposed mechanisms: (1) affecting
mRNAs through sequence recognition, (2) recruiting proteins to DNA, (3) blocking host factors
by assuming a secondary structure, (4) functioning as a scaffold for protein complexes. An
anti-sense lncRNA of HIV-1 inhibits viral replication[146]. The non-coding repressor of NFAT
(NRON) inhibits LTR activity in a NFAT-dependent manner [301].

4.18. Stochastic gene expression

The current model of HIV latency proposes that resting memory CD4+ T-cells are deprived of
host factors that are necessary for viral expression. An alternative model proposes that
expression is highly stochastic. Due to fluctuations in chromatin state and availability of the
transcription factors, the latent and productive state co-exist [332]. In support, clonal lines
(containing the same integration) showed binominal distributions of viral expression [333].
Transcriptional bursts of 2–10 mRNA transcripts were estimated to be the source of HIV-1
gene expression [334]. Tat-controlled positive feedback extends the expression reactivation
[335]. The sensitivity to reactivation is also stochastic, as cells derived from patients remained
latent during a first round of activation and were reactivatable in the next round of activation
[83]. Moreover, molecules that increase gene expression fluctuations synergistically enhance
HIV-1 reactivation [336].

5. HIV cure

Mechanistic insight into the complex nature of latent HIV-1 infection provides a rationale for
eradication strategies. Therefore, identification of molecules that inhibit activity of repressors
or potentiate HIV-1 activators alongside with immune system boosting are important objec‐
tives in eradication strategies.
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5.1. Shocking the virus: screening for Latency Reversal Agents (LRAs)

The initial step of LRA discovery is screening drug libraries with cell-line-based models.
Positive hits are evaluated further using primary-cell-based models as they better recapitulate
the nature of latent reservoirs. If effective and not toxic, putative LRAs should undergo
reactivation studies using primary cells derived from HIV-1-positive individuals that are on
cART as well as toxicology studies in animal models, in case of novel molecules. It is advan‐
tageous to include molecules that are already approved drugs in such putative LRAs libraries,
employing them into clinical practice would be time and resources effective. Moreover, in
order to easily diffuse through cell membranes, ideal LRAs are small molecules, with molec‐
ular weight below 900 daltons, although clinical practice shows that most effective compounds
do not exceed 500 daltons [337,338].

The first attempts to reactivate proviral DNA failed, due to the use of agents (e.g., IL-2 or a
monoclonal antibody against CD3 receptor) which resulted in global T-cell activation. Indeed,
viral p24 and plasma HIV-1 RNA levels increased, but the toxicity of such treatment left this
approach useless [339–341]. Therefore, there is a need for more specific agents, which are able
to reactivate proviral transcription without T-cell activation.

5.2. HDAC inhibitors (HDACis)

Histone deacetylase inhibitors (HDACis) are a very promising class of LRAs which include
valporic acid (VPA), Vorinostat (SAHA), Romidepsin, Panobinostat, Givinostat, Droxinostat,
or Entinostat. Some (Vorinostat (SAHA), Romidepsin, Panobinostat) are undergoing clinical
trials [94,342–344].

The focus on HDACis is due to their ability to loosen up the compact chromatin structure at
the latent proviral promoter. Inhibition of HDACs results in an increase of histone acetylation
level by HATs. HDACs 1, 2, and 3 are of particular interest as they considerably contribute to
HIV-1 repression [287]. Fortunately, HDACis are already used in clinical therapies, e.g., VPA
is used in epilepsy and bipolar disorders, Vorinostat and Romidepsin are used to treat
cutaneous T-cell lymphoma (CTCL) while Panabinostat is used in patients with multiple
myeloma. In a very promising study by Archin et al., a single treatment with Vorinostat
resulted in an increase in proviral RNA [345]. Unfortunately, the follow-up study with
additional, multiple-dose rounds of treatment showed that increase on HIV-1 transcription is
neither sustained nor elevated [346]. It is possible that other mechanisms maintaining latency
compensate histone acetylation, in order to restrain proviral transcription. Alternatively such
low concentrations of Vorinostat result in activation of pTEF-b instead of HDAC inhibition
[347]. Since HDACs are involved in general regulation of gene expression; they have pleio‐
tropic effects causing toxicities. Therefore, their use must be strictly controlled and monitored
in order to provide maximal safety [348]. Nevertheless, HDACis are still under much interest.
Especially, finding more specific HDAC inhibitors is very appealing, as current drugs are
inhibiting a wide range of different HDACs, contributing to high toxicity [349].
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5.3. BET inhibitors (BETi’s)

Since BET proteins repress the HIV-1 promoter, it is worth to use their inhibitors in latency
reversal strategies. Treatment with BET protein inhibitor JQ1 reactivates HIV-1 transcription
in Tat-independent fashion [247]. Furthermore, BET inhibitor activity was positively tested in
more relevant primary model system of latency [249]. Unfortunately, JQ-1 is not clinically
available, due to its short half-life.

5.4. HMT inhibitors (HMTis)

Several histone methyltransferases (HMTs) such as EZH2, SUV39H1, and G9a interact with 5′
LTR contributing to maintenance of latency by deposition of repressive methyl groups on
nucleosomal proteins [292–295]. Moreover, EZH2 recruits additional repressive proteins such
as HDACs and other HMTs [294]. Several inhibitors of these proteins were tested in cell lines
or primary cells from HIV-1 positive patients. Among which, Chaetocin (SUV39H1 inhibitor)
and BIX-01294 (G9a inhibitor) were most potent [292,350]. However, high toxicity, due to
pleiotropic effects, makes them unsuitable for clinical practice. Therefore, identification of
novel compounds that are able to inhibit the activity of HMTs is needed.

5.5. DNMT inhibitors (DNMTis)

Inhibition of DNA methyltransferases (DNMTs) with 5-aza-2′ deoxycytidine (aza-CdR or
Decitabine) leads to modest reactivation of latent HIV-1. This activity can be further enhanced
with PKC agonists [351]. However, 5′ LTR methylation in patients material remains contro‐
versial [352]. Thus, further investigation of provirus methylation in vivo is needed.

5.6. Toll-like receptors (TLRs) stimulation

TLRs recently gained more attention, as theirs agonists are strong reactivators of HIV-1 [353–
357]. The main role of these receptors is to activate an immune response against bacterial or
viral infections [358]. Stimulating TLRs (as adjuvants in immunization) as well as opportunistic
bacterial infections elevate plasma HIV-RNA and improve immune function [359–363].

Vaccine adjuvant – CPG 7909 (TLR 9 agonist) is able to decrease plasma HIV-1 RNA via
activation of HIV-specific CD8+ T-cells in peripheral blood [359]. More recently, in SIV-positive
rhesus monkeys undergoing cART were treated with GS-9620, a TLR7 agonist, reversible CD8
cytotoxic T-cells activation alongside with modest CD4 T-cell activation were observed.
Moreover, elevated plasma viremia was observed as well as decrease in HIV-1 DNA in blood,
colon, and lymph nodes. Interestingly, viral load returned back to undetectable levels when
GS-9620 was no longer administrated. More strikingly, when cART was stopped, GS-9620-
treated monkeys had 0.5 log lower viral set-point than untreated, infected animals. Addition‐
ally, in cells isolated from HIV-positive individuals transcription of HIV-1 was observed.
However, some variability between samples was noticed. Clinical trials with the use of this
compound are planned [364,365].
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5.7. Super elongation complex stimulation

Treatment of cell lines and cells isolated from aviremic patients on cART with hexamethylene
bisacetamide (HMBA), an anticancer drug that transiently activates PI3K/Akt pathway, results
in phosphorylation of HEXIM1. P-TEFb is subsequently released and interacts with RNAP II,
resulting in latency reversal [366–368]. Moreover, HMBA provides CDK9 recruitment to the
viral promoter by interaction with SP1, which enhances transcription from proviral DNA.
Furthermore, Klichko et al. showed that treatment with HMBA resulted in a decrease of CD4
receptor expression without affecting transcription of CCR5 and CXCR4 co-receptors [369].
Moreover, HMBA does not trigger activation of T-cells. Studies on P-TEFb’s role in HIV-1
latency indicate that this heterocomplex might be an interesting target for inclusion in “shock
and kill” therapies.

5.8. PKC pathway activation

Another interesting approach is the use of molecules that are able to selectively activate the
protein kinase C (PKC) pathway. PKC pathway agonists trigger nuclear localization of NF-kB,
NFAT, and AP-1 transcription factors. Therefore, PKC agonists are one of the most potent
activators of HIV-1 transcription. Currently, two PKC agonists are being scrutinized clinically:
prostratin and bryostatin, due to their safety and specificity toward HIV-1 reactivation. The
latter is a clinically available drug [370]. Moreover, these two compounds prevent de novo
infections, as they downregulate viral receptor and co-receptors CD4, CCR5 and CXCR4 in
PBMCs [371]. A rather controversial molecule that reactivates HIV-1 transcription via NF-κB
pathway is arsenic trioxide (As2O3). In the Jurkat model system of latency, As2O3 activates NF-
κB leading to HIV-1 replication. Moreover, it synergizes with prostratin, tumor necrosis factor
alpha (TNFα), and VPA [372]. Interestingly, arsenic is already used in clinical practice to treat
acute promyelocytic leukemia (APL). Therefore, it would be interesting to test this compound
in more relevant models of HIV-1 latency such as primary cells infected ex vivo and in cells
derived from aviremic patients.

The use of PKC agonists raises concerns about their safety in a clinical setting. The protein
kinase enzyme family consists of several isoenzymes that play important roles in signal
transduction cascades [373]. As activation of latent HIV-1 is mediated via PKCα and PKCθ,
the identification of more specific agonists of PKCα and PKCθ is needed. Alternatively,
lowering the concentration of a specific agonists might decrease toxicity and contribute to
latency reversal [374].

5.9. JNK/MAPK pathway activation

Studies employing mutagenesis of binding sites for activator protein-1 (AP-1) within the
proviral genome showed that the AP-1 transcription factor is a crucial activator of proviral
transcription, as proviruses with altered AP-1 binding sites were less prone to reactivation
even if treated with a strong activator such as phorbol 12-myristate 13-acetate – PMA [191].
Furthermore, the latent pool of cells infected by virus with deletion in AP-1 sites was bigger,
implicating that AP-1 is necessary for provirus transcription [192]. Heterodimeric protein AP-1
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is formed upon phosphorylation of c-Jun N-terminal kinase (JNK) in JNK/MAPK pathway
[193]. It is well established that activation of TLR signaling induces nuclear localization of NF-
kB and AP-1 mediated via JNK pathway [194,196,376,377].

Virtual screening followed by validation of positive hits in cell line model systems for HIV-1
latency discovered 8-methoxy-6-methylquinolin-4-ol (MMQO) as a specific activator of the
JNK-AP-1 pathway, which is able to reactivate HIV-1 from its latent state. Interestingly,
MMQO inhibits IL-2 and TNFa expression, contributing to maintenance of resting state of
CD4+ T-cells [378]. The recently synthetized panel of inhibitors of farnesyl transferase (FTase)
are able to moderately reactivate HIV-1 transcription via JNK pathway. Interestingly, strong
synergy with other LRAs, such as Vorinostat or TNF-a, was observed for these molecules in
latency reversal [379,380].

5.10. Canonical Wnt signaling pathway activation

Recently, our group showed that treatment with Wnt3A/Rsp (natural stimulators of Wnt
pathway) and lithium (inhibitor of Wnt repressor protein GSK3) leads to latency reversal in
latent cell lines and enhances the latency reversal potential of HDAC inhibitors in CD4+ T
primary cells obtained from patient volunteers when co-treated [381]. This observation shows
a functional role for three LEF1 binding sites in the 5′ LTR contains, which are downstream
targets of the classical Wnt pathway [381,382]. It would be very interesting to find more potent
and selective inducers of Wnt pathway, as lithium exhibits many pleiotropic, toxic effects
[383,384].

5.11. Chromatin loosening

It was discovered by our group that a main player in the establishment and maintenance of
latency is the BAF complex (SWI/SNF-A), which belongs to ATP-dependent chromatin
remodelers’ family. Interestingly, Dykhuizen et al. [378] screened a library of compounds that
would be able to mimic BRG-1 knock out. In their study, they found 20 compounds that were
transcriptionally mimicking BAF complex disruption. We showed that several of those
molecules were able to decrease the frequency of latency establishment and reactivate HIV-1
in cell line and primary cells models of latency [386, in press]. Moreover, they synergize with
other LRAs – SAHA and prostratin. Two most potent inhibitors – caffeic acid phenethyl ester
(CAPE) and pyrimethamine (PYR) did not activate T-cells derived from healthy donors and
cells obtained from aviremic patients. Moreover, PYR is a registered drug used in malaria
treatment. Therefore, these inhibitors are promising molecules to include in eradication
strategies.

5.12. Multifunctional LRAs

In vitro treatment with cocaine leads to increase in HIV- replication in PBMCs as well as
increased viral load in mouse models of HIV infection [387–389]. Interestingly, in ex vivo
infected primary CD4+ cocaine treatment resulted in downregulation of miR125-b expression,
which led to enhanced replication of HIV-1 [314]. In primary human macrophages and myeloid
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cell systems of latency, cocaine increased replication of HIV-1. Cocaine treatment activates NF-
κB and leads to phosphorylation of mitogen- and stress-activated kinase 1 (MSK1). Further‐
more, pMSK1 phosphorylates RELA (p65), a subunit of NF-κB promoting the interaction of
NF-κB with p300 and recruitment of P-TEFb to the proviral 5′ LTR [390]. Moreover, treatment
with cocaine results in histone H3 phosphorylation, thus increasing accessibility of HIV-1
promoter for transcription factors [390]. Therefore, cocaine not only reverses latency via NF-
κB pathway but also causes epigenetic changes on 5′ LTR as well as blocks repressive miRNA.

Oral bacteria secrete short-chain fatty acids (SCFAs) including butyric acid, propionic acid,
isovaleric acid, and isobutyric acid that are capable of HIV-1 and herpesviruses latency reversal
[384,385]. Some of these molecules are known HDACis (e.g. Butyric acid) [393]. Moreover,
SCFAs not only promotes histone acetylation, but also inhibit repressive histone formation
and DNA methylation. Furthermore, they activate P-TEFb resulting in increased elongation
of transcription from 5’ LTR. [345,385,386].

5.13. Immune clearance of reactivated cells – “Kill”

The majority of chronic patients are facing immune exhaustion, characterized by low cytokine
secretion, smaller proliferative capacity, and low cytopathic potential of CD8+ T-cells [394,395].
Therefore, the first line of action would be reviving normal immune activity. Indeed, inhibition
of programmed cell death protein 1 (PD-1) leads to restoration of immune functions in mouse
models of HIV-1 infection [396]. However, these results were obtained in viremic animals.
Nevertheless, an IgG4 antibody targeting PD-1 receptor is undergoing clinical trials to assess
safety, immunotherapeutic activity, and the ability of treatment to reduce pool of latently
infected cells [397].

In so-called “elite controllers”, CD8+ T-cells effectively restrain infection without intervention
of cART, by killing CD4+ T-cells that are actively producing HIV-1 particles [398,399]. The
immune system can be boosted by specific amplification of HIV-1-specific CD8+ T-cells. These
observations again aroused the idea of developing a vaccine. Indeed, rhesus monkeys
vaccinated with CMV vectors resulted in broad cellular immune response to SIV [400–402].
However, safety issues related to the use of such vectors remain to be elucidated. Another
platform being investigated to increase immune response against HIV-1 are Ad26 vectors, as
it was shown that vaccinated rhesus monkeys were protected against infection with SIV as
well as viral loads were lowered after vaccination [403,404].

A very interesting group of immunoglobulins to include in eradication strategies are broadly
neutralizing monoclonal antibodies (mAbs or bNAbs) isolated from chronically infected
patients. New generations of bNAbs exert higher potency and wider range of activity against
many HIV-1 subtypes. It was shown that a combination of bNAbs is potent enough to
transiently suppress viremia in rhesus monkeys as well as to reduce the amount of HIV-1 DNA
in the blood, lymph nodes, and gastrointestinal mucosa [403,405,406].
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6. Future perspectives and challenges

A reservoir of latent HIV is the main obstacle in finding a functional and sterilizing cure.
Several challenges need to be addressed in order to overcome this obstacle. Defining the latent
reservoir is impeded by the rare occurrence of a latent infection in a high background of
defective proviral integration. Although HIV prefers integration in or near transcriptionally
active genes which leaves ample room for variation in chromatin environment and available
host transcription factors. This puts considerable demands on LRAs. LRAs should be effective,
yet specific, without being toxic. As LRAs act via pathways involved in distinct cellular
processes, pleiotropic effects are to be expected. Furthermore, recent studies on material
obtained from HIV-1-positive suppressed patients revealed that currently available LRAs are
not strong enough to reactivate the whole pool of latent proviruses, even after multiple rounds
of stimulation. One of the concerns arising from “shock and kill” therapy is whether putative
LRAs are strong enough to drive virus production to a level at which the immune system will
be able to recognize and destroy HIV-1-producing cells. Indeed, trials aiming at testing HDAC
inhibitors are inconsistent in showing depletion of latently infected cells while showing
increased proviral transcription [407–412]. A complementary strategy would be to use multiple
LRAs in combination to broadly and potentially synergistically reactivate the diversely
integrated latent proviruses. Synergism between LRAs was already identified, e.g., Vorinostat
and Prostratin [84]. Therefore, the quest for identification and characterization of novel
compounds which are able to reactivate HIV-1 transcription as well as identifying combina‐
tions of drugs that can synergize to reverse latency is needed. Currently, no cell model is able
to recapitulate the complexities of latency in vivo. A better system that more closely resembles
the in vivo situation would greatly aid the understanding of molecular mechanisms underlying
latency and the screening of new LRA. Moreover, as HIV-1 persists in a silent state, it contrib‐
utes to a low level of inflammation, which over time leads to immune exhaustion. Furthermore,
depletion of cells harboring latent provirus requires antigen-specific CTLs stimulation [399].
Most likely successful eradication therapies will be based on the combination of LRAs coupled
with boosting HIV-1-specific immune response. A “shock and kill” approach in combination
with immune therapies provides hope for reversing HIV-1 infection.
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Abstract

Vaccination is one of the most successful approaches for controlling various viral diseas‐
es. Novel approaches will be needed to develop highly effective vaccines to prevent infec‐
tious diseases such as HIV. There are many aspects of HIV-1 biology that make the
development of an HIV vaccine difficult, including viral diversity, effective type of im‐
mune response, and suitable experimental model for preclinical trials. In spite of these
challenges, recent published results showed that a vaccine regimen could reduce HIV in‐
fection rates by 31% in Thailand. This vaccine named as RV144 is composed of a recombi‐
nant canarypox vector expressing three HIV-1 proteins as a prime and two different
recombinant HIV-1 gp120 envelope glycoproteins with alum adjuvant as a boost. In addi‐
tion, a subunit vaccine constructed from the viral envelope protein could be efficiently
developed using new techniques available through genetic engineering. The current
HIV-1 vaccine development focuses on antibody-based approaches. It was shown that
immunization with the viral envelope glycoprotein, gp120, should generate neutralizing
antibodies that would prevent infection, thereby yielding protective immunity. However,
HIV could develop many pathways to escape from antibodies that bind to the different
parts of the viral envelope molecules. Thus, the generation of neutralizing antibodies is
very difficult after viral infection or immunization protocols. Indeed, the viral envelope
molecules (Env) possess glycosylated residues that cover surface epitopes for binding
and neutralizing antibodies, even if the antibodies are produced. Furthermore, the tri‐
meric structures of envelope molecules show rapid conformational changes due to the in‐
teraction with viral cell surface receptors, CCR5/CXCR4 and CD4; thus the transition
state is very poor to be recognized by the immune system. Currently, studies focus on
generating stable trimeric envelope molecules (gp120/gp41) as immunogens that can in‐
duce neutralizing antibodies that can compete for binding to the cell surface receptors.
Altogether, it is clear that the design of a vaccine to elicit HIV-neutralizing antibodies is
not straightforward, and it causes major challenges in structural biology and immunolo‐
gy, several other studies strongly suggest cytotoxic T-lymphocyte (CTL)-based immune
responses against HIV infections. Indeed, CD8+ T cells play a major role in controlling vi‐
ral replication during primary HIV infections and in maintaining a stable viral load dur‐
ing the chronic phase. In this line, live-attenuated vaccines could elicit more potent and
durable pathogen-specific immune responses than inactivated or subunit vaccines. Gen‐
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erally, DNA vaccines are poorly immunogenic alone, and viral vector vaccines are inef‐
fective due to vector-specific immune responses if used repeatedly; hence, the two
approaches have often been tested in combination as prime-boost vaccination strategies.
Indeed, the prime-boost vaccination has been considered as an efficient strategy against
HIV infections. In this chapter, we will represent challenges to determine the best vaccine
strategies against HIV infections.

Keywords: HIV infection, Immune responses, Vaccination, DNA vaccine, Prime-boost
vaccine, Adjuvant, Challenges for HIV vaccine

1. Introduction

1.1. HIV infection and vaccination

According to recent reports, 35 million people were living with HIV-1 at the end of 2013, the
considerable majority being in Sub-Saharan Africa, with dynamic epidemics in Asia [1]. HIV
infection results in gradual loss of CD4+T lymphocytes, containing immune competence, and
progression to AIDS. Effective treatment with combined antiretroviral drugs decreases viral
load below detectable levels but cannot eliminate the virus from the body. Furthermore, the
success of combined antiretroviral drugs is hindered by accumulating drug toxicities and
chronic immune activation leading to increased risk of several non-AIDS disorders, even when
viral replication is inhibited. Therefore, there is a major need for therapeutic strategies as an
alternative to the combined antiretroviral drugs [2]. HIV vaccine strategies are expected to be
a critical component for controlling the HIV epidemic [3, 4]. Immunotherapy, or therapeutic
vaccination, aims to enhance existing immune responses against HIV or stimulate immune
responses. These immune responses should provide an efficient cure by controlling viral
replication and preventing disease progression in the absence of combined antiretroviral drugs
[2]. The cost-effective and different HIV-1 vaccine approaches have recently attracted a special
interest. Both antibodies and cell-mediated immune responses are considered to be important
to prevent HIV-1 infection in the mucosal compartment, i.e., the entry point for sexual
transmission [1]. A great majority of HIV-1 infections occur at mucosa during sexual contact.
Therefore, it is important to provide mucosal barrier protection against this entry by mucosal
vaccination. A number of mucosal routes of vaccination such as enteric oral or intranasal
vaccines have significant barriers that limit vaccine efficacy or cause safety risks. In contrast,
the sublingual region of the mouth could provide a simple route for mucosal vaccination with
immunogens, but this site does not always induce strong immune responses, especially when
protein antigens are used [5].

Currently, antibody-inducing vaccines are a major focus in the preventive HIV vaccine field
[6]. In addition, T-cell-based therapeutic vaccines have focused on three strategies: a) to
increase the levels of vaccine-induced responses, b) to enhance the responses targeting only
conserved regions of the virus, and c) to use replication-competent viral vectors [1]. Generally,
antiviral T-cell and B-cell responses play a crucial role in suppressing HIV replication during
chronic infection [7, 8]. Novel approaches of HIV treatment include both conventional
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therapeutic vaccines (i.e., active immunization strategies using HIV-derived immunogens) and
the use of checkpoint blockers such as anti-PD-1 antibodies. These complex therapeutic
strategies appear as promising approaches against HIV infection [7].

The biggest barrier for many vaccines is the pathogen’s variability. Thus, studies should be
further focused on the functionally most conserved regions of proteins common to many
variants, including escape mutants inducing both antibody and T-cell immune responses. For
vector-based vaccines, the “universal” subunit immunogens are efficiently delivered using
heterologous prime-boost regimens, which can be further improved using adjuvants and
delivery approaches [9–11]. Several studies have described the development of vaccine
strategies, including improved envelope proteins formulated with potent adjuvants, DNA and
vectors expressing mosaics or conserved sequences, capable of inducing strong relevant
immune responses, such as neutralizing antibodies (NAbs) and non-neutralizing antibodies,
CD4+ and CD8+ cell-mediated immune responses, mucosal immune responses, and immuno‐
logical memory. The type of immune response elicited by different immunogens can also
correlate with the risk of HIV infections. For example, IgG antibodies against the V2 loop of
gp120 are associated with a decreased risk of HIV infection, while Env-specific IgA antibody
is directly related to increased risk [12]. Generally, a combination of two independent ap‐
proaches, containing the induction of broadly neutralizing antibodies (bNAbs) to prevent or
reduce acquisition of infection and stimulation of effective CTL responses, is the currently used
technique to slow disease progression in advance infections [13].

Briefly, more than 20 years after the discovery of HIV, researchers are trying to design a
protective AIDS vaccine. The problem is the lack of basic knowledge about the immunological
requirements for the protection against HIV. Virus diversity and escape from immune
responses are the most important challenges to the development of an effective HIV vaccine.
In this chapter, we will represent the challenges to vaccine design against HIV biologically and
immunologically. Moreover, different vaccine strategies will be described to determine the
best strategies already focused on HIV infections. In this line, the relationship between HIV
biology and immunity will be demonstrated for the first time.

2. Immunogen-induced Neutralizing Antibodies (NAbs)

The most common tests for HIV infections rely on detecting antibodies against virus. Thus,
these tests can also detect antibodies induced by a candidate HIV vaccine. The detection of
vaccine-induced antibodies to HIV by serological tests is referred to as vaccine-induced
seroreactivity (VISR) [6]. Neutralizing antibodies are useful in identifying the neutralizing
epitopes of vaccine and for understanding the mechanism of potent and broad cross-neutral‐
ization, thereby providing a modality of preventive and therapeutic value [14, 15]. It has been
shown that some NAbs confer protection toward neonatal HIV-1 infection [16].

Various types of HIV-1 Env immunogens were developed that express epitopes for broadly
neutralizing antibodies and their precursors. There are three new structures proposed for the
HIV-1 Env trimer, which will be more immunogenic than previously used immunogens: a)
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minimal immunogens that are fragments of HIV-1 Env-neutralizing epitopes, b) intermediate
Env immunogens (e.g., monomeric Env gp120), and c) various forms of Env trimers [17]. To
date, these structures have not been capable of inducing the immune system to generate bNAbs
after vaccination. Thus, a successful vaccination for HIV-1 and induction of bNAbs will need
repetitive immunizations for a long time [17].

The current studies of HIV-positive patients with strongly neutralizing sera indicated that
the immune system is able to produce antibodies neutralizing up to 90% of HIV strains
[18].  The neutralizing antibodies bind to conserved gp120 sites,  and the identification of
these sites can help to design effective vaccines. Glycosylated residues (or carbohydrates)
have a key role because of binding broadly neutralizing antibodies to carbohydrates and
combining carbohydrate and peptide elements on gp120. However, carbohydrates partial‐
ly  cover  some  peptides  on  envelope  surface  recognized  by  bNAbs.  Thus,  the  use  of
engineered glycoproteins as vaccines for the stimulation of bNAbs is a subject of interest
in HIV vaccine design [18].Antibody responses to the HIV-1 envelope glycoproteins can be
classified into two: a) non-neutralizing responses directed to peptide epitopes expressed on
isolated  envelope  glycoproteins  but  not  on  the  native  envelope  trimers  responsible  for
mediating the entry of virus into target cells; b) broadly neutralizing antibody responses
targeting epitopes expressed on the native envelope trimers. Currently, many potent broadly
neutralizing  antibodies  have  been  isolated  to  stimulate  prophylactic  and  therapeutic
activities  in  animal  models.  These  antibodies  help  us  to  improve  vaccine  design  and
therapeutic  strategies  for  HIV-1  [19].  The  recent  characterization  of  new  epitopes  for
stimulating broadly neutralizing antibodies has encouraged studies in the synthesis of novel
antigenic constructs for the development of HIV-envelope-directed vaccines [20]. Thus, an
important step in vaccine design is the determination of antibodies and epitopes associat‐
ed with  broad HIV neutralization.  Indeed,  immunogens  and/or  immunization  protocols
should be designed to increase antibody affinity maturation [1].

Regarding the studies, HIV-1 envelope gp120 is the target for neutralizing antibodies against
the virus. HIV-1 envelope gp120 exhibits a great degree of variability that causes a major
challenge for the development of vaccines against HIV/AIDS. Different approaches have been
used to improve immunogenicity of broadly neutralizing epitopes on HIV-1 gp120 with
limited success [21]. For example, immunogenicity of gp120 and its V3 epitopes was enhanced
when gp120 was co-injected with monoclonal antibodies (mAb) to the CD4-binding sites
(CD4bs). Indeed, the gp120/CD4bs complex was a potent immunogen for eliciting cross-
reactive functional NAbs against V3 epitopes [21]. In contrast, the membrane proximal external
region (MPER) of the gp41 subunit of the HIV-1 envelope glycoprotein (Env) includes epitopes
for recognizing bNAb as an important region in vaccine development. However, designing
an immunogen for the induction of bNAbs to MPER is difficult because of the relative
inaccessibility of the MPER in the native conformation of Env [22]. Therefore, a group of
oligomeric gp41 immunogens was designed to further expose MPER in a suitable conforma‐
tion. The immunogens comprised different gp41 N-heptad lengths and insertion of extra
epitopes and flexible C-termini. These immunogens were used in two different immunization
strategies, including gp41/gp140 proteins and gp41/gp160 DNA associated with various
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adjuvants and modalities. It was observed that the gp41 immunogens elicit higher levels of
MPER than the gp140 immunogens. In prime-boost strategies, the best MPER responses were
shown in the groups receiving gp41 DNA followed by gp41 protein. Several agents may
influence MPER immunogenicity such as the immunization route, dose, or adjuvant. Gener‐
ally, these data encourage the researchers for designing MPER immunogens with optimized
immunization protocols [22]. Furthermore, the aggregation of HIV-1 virions was detected by
antibodies (IgG) to the viral envelope glycoprotein (Env). Neutralizing antibodies directed to
a V3-base- and glycan-dependent epitope on gp120 and to the apex of the Env trimer, as well
as non-neutralizing antibodies to the epitope cluster I on the gp41-ectodomain, could aggre‐
gate virions, but the neutralizing antibody 2G12, which is specific for a glycan-dependent
monovalent epitope on gp120, could not aggregate. These data can potentially open the ways
for the development of HIV-1 vaccine [23].

3. Preventive HIV vaccines

The studies indicated that a successful vaccine candidate needs to elicit broad antibodies
targeting the Env protein. Immunogens targeting gp120 have been developed, which block
infection in monkeys. Attempts to induce antibody persistence were complicated by increasing
the number of HIV-target cells [24]. RV144 consisting of canary pox vector vaccine ALVAC-
HIV (vCP1521) prime and AIDSVAX®gp120 B/E boost was the first vaccine against HIV-1
infection achieved in clinical trial [1, 25]. The analysis of vaccine-induced immune responses
in vaccinated-infected and vaccinated-uninfected volunteers indicated that IgG specific for the
V1V2 region of gp120 was related to the decreased risk of HIV-1 infection, and plasma Env
IgA was directly associated with infection risk. Thus, RV144 studies indicated that Env is
essential and possibly sufficient to stimulate protective antibody responses against mucosally
acquired HIV-1. Efficacy trials were planned in heterosexual populations in southern Africa
and Thailand [1]. Generally, the studies of nonhuman primates suggest that Env is a necessary
component for a successful protection against viral infections. Two approaches are being
followed to induce Env-specific-antibody-mediated protection: a) vaccines that elicit potent
and broadly reactive neutralizing antibodies against viruses which are common in human
transmission, b) vaccines that induce antibody neutralizing only in less commonly transmitted
HIV strains, but that block HIV-1 infection by non-neutralizing (nNAbs) mechanisms [26, 27].
Monomeric gp120 HIV-1 envelope proteins alone failed to protect high-risk individuals
against infection. In fact, the level and breadth of elicited NAb were not sufficient for protection
[1]. Furthermore, the results indicated that IgG to linear epitopes in the V2 and V3 regions of
gp120 is part of a complex interaction of immune responses that contribute to the protection
in RV144 [28]. In RV144, Env IgG3 was correlated with decreased risk of HIV infection, a
response that declined rapidly compared to overall IgG responses. Indeed, the rates of Env-
specific IgG3 and V1/V2 IgG3 responses were high, and conversely IgG4 responses were
considerably low in recipients of the RV144 vaccine. These findings indicated that V2 IgG plays
a role in protection against HIV-1 infection. Generally, an increase in magnitude, affinity,
breadth, and importantly in frequency and durability of V2- and V3-specific antibodies of IgG3
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and IgG1 subclasses may confer a higher and more durable rate of protection against HIV-1
infection. The induction of cross-reactive V1V2-specific IgG raises the hypothesis of cross-clade
protection. Additional booster vaccinations may increase the antibody levels. Residual
antibody responses against gp120 were detected 6–8 years post vaccination in RV144 vaccinees.
Additional boosts increased plasma IgG gp120 and gp70 V1/V2 antibodies at titers higher than
those in RV144, while weak gp120 IgA responses were induced. These HIV-specific IgG
antibodies were also detected in rectal secretions while IgAs were undetectable [29–34].

Regarding the studies, HIV antibodies capable of preventing mucosal cell-free or cell-to-cell
HIV transmission are critical for the development of effective prophylactic and therapeutic
vaccines. The interactions between antigen-presenting cells (APCs) and HIV result in cell-to-
cell transmission of HIV. In the experimental macaque model, data indicated that the broadly
neutralizing antibodies are capable of neutralizing an extensive range of HIV strains, prevent‐
ing cell-to-cell transfer, and protecting from infection[35]. In addition, IgG Fcg receptor (FcgR)-
mediated inhibition of antibodies at the mucosal site may play a role in protection against HIV
mucosal transmission. On the contrary, mucosal IgA antibodies may be effective in protection
against HIV sexual transmission. Thus, the determination of inhibitory effects of antibodies is
critical for evaluating protection in HIV vaccines [35]. Furthermore, the majority of the
antibodies against different viral proteins described a marker (shared idiotope) that is
recognized by the monoclonal antibody 1F7. This shared idiotype on antibodies induced by
HIV-1 was involved in the immune memory mechanism linking the early and late antibodies,
the so-called back-boost effect. This finding was supported by auto-antibodies that bind to the
1F7 idiotope in sera of HIV-1-infected individuals. The expression of a shared idiotope in
antibodies could provide a strategy to stimulate B cells selected to produce antibodies against
HIV-1 and HCV, suggesting their implications in vaccine design [36].

The use of potent adjuvants may also enhance antigen-specific antibody responses. Several
adjuvants have been tested in nonhuman primates and humans indicating a significant benefit
of HIV envelope proteins formulated with MF59 and AS01 adjuvants. A study indicated that
alum protected macaques from simian immunodeficiency virus (SIV)mac251 infection, while
MF59 did not protect despite its ability to elicit higher systemic T-cell and antibody responses.
Adjuvant-associated differences in the homing of plasmablasts and induction of key cellular
signaling pathways may explain these effects. The formulation of HIV-1 gp120 with MPLA
and alum induced significantly higher levels of neutralizing antibodies and T-cell lympho‐
proliferation compared to alum, MF59, or MPLA alone. Importantly, antibodies to gp70 V1V2
(subtypes B, C, and CRF01 AE) were induced more rapidly, to a higher magnitude and with
a greater durability than alum-adjuvanted gp120 [37–42]. Also, the formulation of antigens
with solid nanoparticles may prolong the duration of antibody responses by increasing antigen
retention locally in the tissues driving B-cell responses, enhancing dendritic cell (DC) antigen
presentation, and the development of CD4+ Th cells that provide cytokines and signals that
are required to initiate somatic hypermutation and affinity maturation for effective B-cell
memory [1]. Furthermore, the ability of two mucosal adjuvants, including α-galactosylcera‐
mide (α-GalCer) as a potent stimulator of natural killer (NK) T cells and CpG-oligodeoxynu‐
cleotide (CpG-ODN) as a TLR9 agonist, was evaluated to enhance immune responses against
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clade C gp140 HIV-1 envelope protein antigen. The results showed that CD4+ and CD8+ T-cell
responses in systemic and mucosal tissues were significantly higher in mice immunized with
gp140 in the presence of either α-GalCer or CpG-ODN and further enhanced when both
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CpG-ODN, and the combination of α-GalCer and CpG-ODN adjuvants was more effective
than either alone [5]. Another approach is called B-cell lineage vaccine design. In this line, the
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subsequently stimulate B-cell evolution until bNAb-producing cells are elicited [43, 44].
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cells that result in germline-reverted bNAbs [43, 44]. A number of potent broadly neutralizing
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bNAbs using traditional vaccine approaches has been obscure. The researchers tested a single
dose of 3BNC117 or 10-1074 (mAb specific for the CD4-binding site and the V3 region,
respectively) and also a combination of both antibodies. The data showed a total decline in
viral loads post infusion in simian-human immunodeficiency virus (SHIV)-infected macaques.
Another approach to the generation of bNAbs is to circumvent “normal” immune responses
and direct non-lymphoid cells to produce bNAbs in vivo using gene therapy. Vectored
immunoprophylaxis (VIP) is a gene therapy method in which transgenes encoding bNAbs are
delivered directly into muscle tissue where bNAbs are produced. Two recent animal studies
demonstrated that VIP could generate modest titers of NAb that can effectively prevent in
vivo HIV infection in a humanized bone marrow–thymus–liver (BLT) HIV infection model and
a simian immunodeficiency macaque infection model [7]. Recent findings showed that adeno-
associated virus (AAV)-delivered broadly neutralizing antibodies can inhibit HIV replication.
Indeed, a single injection of AAV could generate long-term antibody responses as a therapeutic
approach in the lack of antiretroviral drugs. Induction of vector-mediated antibodies could
inhibit cell-to-cell transmission and replication of HIV. This result represented an alternative
to immunogen-based vaccine design and a novel therapeutic intervention by enabling
particular manipulation of humoral immunity [45, 46].

A challenge for HIV-1 immunogen design is the induction of neutralizing antibodies against
neutralization-resistant (Tier-2) viruses that control human transmissions. A soluble recombi‐
nant HIV-1 envelope glycoprotein trimer possessing a native conformation (BG505 SOSIP.664)
could induce NAbs potently against the sequence-matched Tier-2 virus in rabbits but weaker
and similar responses in macaques. The trimer also stably stimulated cross-reactive NAbs
against more sensitive (Tier-1) viruses. Tier-2 NAbs recognized conformational epitopes that
differed between animals and in some cases overlapped with those recognized by broadly
neutralizing antibodies, whereas Tier-1 responses targeted linear V3 epitopes. A second trimer,
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B41 SOSIP.664, also induced a strong autologous Tier-2 NAb response in rabbits. Thus, native-
like trimers may represent a promising starting point for developing HIV-1 vaccines directed
at inducing bNAbs [47].

The goal of an HIV vaccine is to generate robust and durable protective antibody. Thus, it is
important to induce CD4+ T-follicular helper (TFH) cells. However, very little is known about
the TFH response to HIV vaccination and its relative contribution to magnitude and the quality
of vaccine-elicited antibody titers [48]. In this line, a DNA/modified vaccinia virus Ankara SIV
vaccine with and without gp140 boost in aluminum hydroxide was administered in rhesus
macaques. The studies indicated that booster immunization with modified vaccinia virus
Ankara induces a distinct and transient accumulation of proliferating CXCR5+ and CXCR5−

CD4 T cells in blood at day 7 post-immunization, and the frequency of the former but not the
latter correlated with TFH and B-cell responses in germinal centers of the lymph node.
Furthermore, gp140 boost elicited a skewing toward CXCR3 expression on germinal center
TFH cells, which was strongly associated with longevity, avidity, and neutralization potential
of vaccine-elicited antibody response. However, CXCR3+ cells preferentially expressed the HIV
co-receptor CCR5, and vaccine-induced CXCR3+CXCR5+ cells showed a moderate positive
association with peak viremia following SIV251 infection. These data demonstrated that
vaccine regimens eliciting CXCR3-biased TFH cell responses favor antibody persistence and
avidity but may prompt higher acute viremia in advance infections [48, 49].

Generally, broadly neutralizing antibodies specific for conserved epitopes on the HIV-1
envelope (Env) are believed to be essential for the protection against multiple HIV-1 clades.
Recently, an HIV vaccine incorporating the molecular adjuvants B-cell activating factor (BAFF)
and a proliferation-inducing ligand (APRIL) was designed with the potential to facilitate the
maturation of polyreactive and autoreactive B cells as well as to enhance the affinity and/or
avidity of Env-specific antibodies. The results indicated that mice immunization with a DNA
vaccine encoding BAFF or APRIL multitrimers, together with IL-12 and membrane-bound
HIV-1 Env gp140, induced neutralizing antibodies against Tier-1 and Tier-2 viruses. The
APRIL-containing vaccine was especially effective at generating Tier-2 neutralizing antibodies
following a protein boost. Notably, BAFF and APRIL did not cause B-cell expansion or an
increase in total IgG. Thus, BAFF and APRIL multitrimers were proposed as promising
molecular adjuvants for inducing bNAbs against HIV-1 infection [50].

4. Stimulation of cell-mediated immune responses

A successful HIV vaccine must either completely prevent infection or eliminate the first
round of infected CD4 T cells before the latent pool of HIV-infected cells is  established.
Thus, an effective HIV vaccine requires high levels of protective immunity at the time of
virus contact with the host, and it cannot rely on memory immune responses to occur. CD8
T cells can effectively kill HIV-infected T cells, but in most cases of acute HIV infection,
the virus rapidly escapes. For example, anti-HIV CD8 CTL activity is capable of eliminat‐
ing virus-infected T cells in the setting of vaccination with an attenuated rhesus cytomega‐

Advances in Molecular Retrovirology116



B41 SOSIP.664, also induced a strong autologous Tier-2 NAb response in rabbits. Thus, native-
like trimers may represent a promising starting point for developing HIV-1 vaccines directed
at inducing bNAbs [47].

The goal of an HIV vaccine is to generate robust and durable protective antibody. Thus, it is
important to induce CD4+ T-follicular helper (TFH) cells. However, very little is known about
the TFH response to HIV vaccination and its relative contribution to magnitude and the quality
of vaccine-elicited antibody titers [48]. In this line, a DNA/modified vaccinia virus Ankara SIV
vaccine with and without gp140 boost in aluminum hydroxide was administered in rhesus
macaques. The studies indicated that booster immunization with modified vaccinia virus
Ankara induces a distinct and transient accumulation of proliferating CXCR5+ and CXCR5−

CD4 T cells in blood at day 7 post-immunization, and the frequency of the former but not the
latter correlated with TFH and B-cell responses in germinal centers of the lymph node.
Furthermore, gp140 boost elicited a skewing toward CXCR3 expression on germinal center
TFH cells, which was strongly associated with longevity, avidity, and neutralization potential
of vaccine-elicited antibody response. However, CXCR3+ cells preferentially expressed the HIV
co-receptor CCR5, and vaccine-induced CXCR3+CXCR5+ cells showed a moderate positive
association with peak viremia following SIV251 infection. These data demonstrated that
vaccine regimens eliciting CXCR3-biased TFH cell responses favor antibody persistence and
avidity but may prompt higher acute viremia in advance infections [48, 49].

Generally, broadly neutralizing antibodies specific for conserved epitopes on the HIV-1
envelope (Env) are believed to be essential for the protection against multiple HIV-1 clades.
Recently, an HIV vaccine incorporating the molecular adjuvants B-cell activating factor (BAFF)
and a proliferation-inducing ligand (APRIL) was designed with the potential to facilitate the
maturation of polyreactive and autoreactive B cells as well as to enhance the affinity and/or
avidity of Env-specific antibodies. The results indicated that mice immunization with a DNA
vaccine encoding BAFF or APRIL multitrimers, together with IL-12 and membrane-bound
HIV-1 Env gp140, induced neutralizing antibodies against Tier-1 and Tier-2 viruses. The
APRIL-containing vaccine was especially effective at generating Tier-2 neutralizing antibodies
following a protein boost. Notably, BAFF and APRIL did not cause B-cell expansion or an
increase in total IgG. Thus, BAFF and APRIL multitrimers were proposed as promising
molecular adjuvants for inducing bNAbs against HIV-1 infection [50].

4. Stimulation of cell-mediated immune responses

A successful HIV vaccine must either completely prevent infection or eliminate the first
round of infected CD4 T cells before the latent pool of HIV-infected cells is  established.
Thus, an effective HIV vaccine requires high levels of protective immunity at the time of
virus contact with the host, and it cannot rely on memory immune responses to occur. CD8
T cells can effectively kill HIV-infected T cells, but in most cases of acute HIV infection,
the virus rapidly escapes. For example, anti-HIV CD8 CTL activity is capable of eliminat‐
ing virus-infected T cells in the setting of vaccination with an attenuated rhesus cytomega‐

Advances in Molecular Retrovirology116

lovirus  (rhCMV) containing simian immunodeficiency virus  genes,  but  in  the  setting of
acute HIV infection, the transmitted/founder virus usually escapes from CD8 T-cell control
[51]. CTL responses targeting specific HIV proteins (e.g.,  Gag) have been associated with
relative control of viral replication in vivo.  In a SIVmac251 intravenous challenge model,
breadth of Gag CTL epitope recognition correlated with control of viremia peak [1]. These
data have demonstrated that CD8+ T cells are associated with the control and eradication
of early retrovirus infections [17].

The  vaccine  trials  were  focused  on  whether  cell-mediated  immune-response-inducing
vaccines can prevent infection or reduce post-infection plasma viral load [1]. Vaccinees with
HLA alleles associated with HIV-1 control had a significantly lower mean viral load over
time. Interestingly, the most highly conserved epitopes were detected at a lower frequen‐
cy,  suggesting  that  stronger  responses  to  conserved  sequences  may  be  as  important  as
breadth  for  protection  [52,  53].  Interestingly,  heterologous  vector  prime-boost  regimens
enhanced  immunity  by  increasing  the  magnitude,  onset,  and  multi-functionality  of  the
insert-specific  cell-mediated immune responses  compared to  homologous  regimens  [54].
New progress has been made in overcoming HIV-1 diversity through induction of cross-
reactive  T-cell  responses  to  HIV-1  by  vaccines  designed  in  silico  (called  conserved  and
mosaic  vaccines)  [17].  Polyvalent  mosaic  immunogens  derived  by  the  recombination  of
natural HIV-1 strains were designed to induce cellular immune responses that recognize
genetically diverse circulating virus isolates. Increasing the breadth and depth of epitope
recognition may contribute to the protection against infection by genetically diverse viruses
and also to the control of variant viruses that emerge as they mutate away from recogni‐
tion by CTLs. For example, mosaic HIV-1 Gag, Pol, and Env antigens expressed by Ad26
vectors  markedly  augmented  both  the  breadth  and  depth  without  compromising  the
magnitude  of  antigen-specific  T-lymphocyte  responses  as  compared  with  consensus  or
natural  sequence HIV-1 antigens in rhesus monkeys [55,  56].  An alternative to  multiva‐
lent wild-type or mosaic vaccines is the use of conserved element immunogens as a novel
and effective strategy to broaden responses against highly diverse pathogens by avoiding
decoy epitopes,  while focusing responses to critical  viral  elements for which few escape
pathways exist. Priming with conserved elements boosted with the complete immunogen
induced broad cellular  and humoral  immunity focused on the conserved regions of  the
virus. In contrast, full-length HIV-1 immunogens elicited greater magnitude and compara‐
ble  breadth  of  T-lymphocyte  responses  to  conserved  HIV-1  regions  compared  with
conserved-region only HIV-1 immunogens in rhesus monkeys [57, 58].

An important point is the use of replicating vector. A replication-competent rhesus cytome‐
galovirus vaccine expressing SIV proteins induced and maintained high frequency of SIV-
specific CD4+ and CD8+ T-cell effector memory responses at extra-lymphoid sites without
measurable antibody responses to SIV. Half of vaccinated monkeys showed a severe control
of three routes of SIVmac239 transmission including intrarectal, intravaginal, and intravenous.
The conservation of particular cytotoxic epitopes does make them good candidates for a global
HIV-1 vaccine [59, 60].
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5. Therapeutic HIV vaccines

Recent studies have focused on the improvement of effective prophylactic and therapeu‐
tic  approaches to  combat  persistent  viral  infections.  Therapeutic  vaccines  for  HIV infec‐
tion should aim to elicit antiviral CD8 T cells (CTLs), CD4 T cells, and neutralizing antibody
since these immune responses control viral replication [7, 61]. It is critical to generate broad
cellular responses as HIV mutates very rapidly to escape immune system. In addition, recent
studies  determined  that  T-follicular  helper  cells  constitute  a  significant  source  of  virus
production  and  contribute  to  the  total  viral  reservoir.  Since  these  cells  reside  in  B-cell
follicles/germinal centers,  it  may be critical  to generate CD8 T cells that can home to B-
cell follicles and exert immune response on these cells. The HIV-specific CD4 T-cell response
is also important for maintaining the functional CD8 T-cell and B-cell responses. Howev‐
er,  these HIV-specific CD4 T cells could also serve as potential  targets for virus replica‐
tion [7]. Interestingly, CD4 T cells with cytolytic function have been shown to be associated
with enhanced viral control, although it is demonstrated whether these responses can be
primed by vaccination. The function of dendritic cells may be also critical for generating a
protective cellular and humoral immune response, as chronic HIV infections are associat‐
ed with impaired DC function. Thus, therapeutic vaccines may also need to use strategies
such as adjuvants to enhance the function of innate immunity [7].

Several therapeutic vaccine strategies have already been used such as live-attenuated mi‐
crobes, viral vectors, and dendritic cell-based vaccines that led to suppress and/or clear
infections. Among them, improved DNA vaccines have emerged as a promising candidate for
the treatment of infectious diseases especially HIV infections [61–63]. Some strategies have
been considered to improve immune responses stimulated by DNA vaccines such as in vivo
efficient DNA delivery systems, co-delivery with molecular adjuvants as well as the develop‐
ment of potent heterologous prime-boost regimens [61, 62, 64]. DNA vaccines have been
utilized as candidate HIV vaccines because of their ability to generate cellular and humoral
immune responses, the lack of anti-vector response allowing for repeat administration, and
their ability to prime the response to viral-vectored vaccines. Because the HIV epidemic has
unreasonably affected the developing world, the favorable thermostability profile and relative
ease and low cost of manufacture of DNA vaccines offer additional advantages. In vivo
electroporation (EP) has been utilized to improve immune responses to DNA vaccines as
candidate HIV-1 vaccines alone or prime-boost regimens with both proteins and viral-vectored
vaccines in several animal models, and recently, in human clinical trials [65]. In addition,
intradermal electroporation of HIV DNA was well tolerated. Strong cell- and antibody-
mediated immune responses were elicited by the HIV-DNA prime and HIV-Modified Vaccinia
Ankara (MVA) boosting regimen, with or without intradermal electroporation use [66]. DNA
vaccines have an intrinsic bias toward generating cellular immunity against intracellular
pathogens. By manipulating the DNA formulation and delivery, effective antibody responses
can also be induced. For instance, studies showed that the immunized monkeys with DNA
vaccine developed HIV-specific T-cell immune responses that persisted for months [62].
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The use of live-attenuated invasive bacteria as a carrier for DNA-based vaccines has previously
been reported [67]. Immunization with recombinant invasive bacteria including Shigella,
Salmonella, and Listeria carrying plasmid DNA (pDNA) vaccines has been shown to induce
protective immune responses in mice. The use of human enteric bacteria is especially useful
due to their ability to infect human colonic mucosa, and their tropism for the activation of
dendritic cells and macrophage of internal mucosa. Thus, they are very efficient for the delivery
of DNA vaccines to APCs in the mucosa resulting in stimulation of potent systemic and local
immune responses. Such responses may be critical for the development of an effective
prophylactic HIV vaccine, because a large number of HIV transfer through human mucosal
routes [67]. For instance, a live-attenuated strain of Salmonella typhimurium was used to deliver
plasmid orally and showed an adjuvant role through the release of various cytokines [68]. In
addition, intranasal immunization of mice with live recombinant Shigella cells induced an HIV
Gag-specific cellular immune response similar to that observed by intramuscular injection of
naked DNA. Importantly, a strong boosting effect was obtained in mice primed with DNA,
suggesting the efficacy of bacterial vectors in prime-boost vaccination regimens [67]. The
studies indicated that a novel vaccine delivery system using bacterial ghosts (BGs) can be
considered as an efficient and nontoxic delivery system for DNA vaccines in vitro and in vivo.
In this line, a new strategy of HIV vaccine delivery was designed using Salmonella typhi Ty21a
bacterial ghosts. The data showed that Ty21a BGs loaded with an HIV gp140 DNA vaccine
(Ty21a BG-DNA) are easily taken up by murine macrophage cells (RAW264.7), and gp140 is
efficiently expressed in these cells. Peripheral and intestinal mucosal anti-gp120 antibody
responses in mice vaccinated with BGs–DNA vaccine were significantly higher than those in
mice immunized with naked DNA vaccine. The enhancement of antibody responses was
associated with BG-induced production of IL-10 through TLR4 pathway [69].

Attenuated virus vaccines have traditionally been potent and relatively easy to produce and
deliver. Vaccination with a live virus results in high intracellular synthesis of viral proteins.
This high-level expression stimulates strong cellular and humoral immune responses and
results in the production of long-lasting memory B and T cells. However, attenuated HIV
vaccines replicate strongly in animal models to retain residual virulence. Recent studies
indicated that priming with a DNA vaccine induces a Th1 response that can be boosted by the
subsequent administration of a viral vector encoding the same gene. This prime-boost strategy
elicited strong protective immunity in several primate models [70]. Currently, immunogenicity
of a highly attenuated vaccinia virus with low neuro-virulence, LC16m8 strain, was studied as
an HIV vaccine vector. The data showed that the recombinant vaccinia virus-based vaccine
(vLC-Env) combined with DNA vaccine expressing the HIV env gene (pCAG-Env) produces
a protective immune response against HIV infection in BALB/c mice. Vaccination of vLC-Env
alone induced much higher HIV-specific humoral and cellular immune responses than that of
pCAG-Env. Priming with pCAG-Env further enhanced vLC-Env-induced immune responses,
especially cell-mediated immune response. In addition, administration of vLC-Env-infected
dendritic cells to mice generated a high cellular immune response. These results demonstrated
that priming with pCAG-Env and boosting with vLC-Env represents a potential candidate for
vaccination against HIV infection [70]. A few studies have used DC presenting either the
autologous virus or virus-derived peptides as therapeutic vaccines (DC-based vaccines) in
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macaques and humans. They also showed that a similar approach could successfully control
HIV replication in humans. Similarly, a recent study showed that an efficient HIV-1-specific
immune response could be generated using an autologous monocyte-derived DC (MDDC)
transfer. Thus, HIV-specific immune responses could be elicited by DC-based therapeutic
vaccinations. In general, therapeutic vaccinations should be explored as a combination therapy
with other immune modulators to achieve a functional cure (i.e., long-term control of virus
replication in the absence of antiretroviral therapy) [7].

There is growing interest in the role of anti-HIV antibody-dependent cellular cytotoxicity
(ADCC) antibodies in the prevention and control of HIV infection. Passive transfer studies in
macaques supported a role for the Fc region of antibodies in the prevention of simian–human
immunodeficiency virus infection. The Thai RV144 HIV-1 vaccine trial induced anti-HIV
ADCC antibodies that may play a role in the partial protection observed. Several studies
showed a role for ADCC antibodies in slowing HIV disease progression. However, HIV
evolves to escape ADCC antibodies, and chronic HIV infections cause the dysfunction of
effector cells such as natural killer cells that mediate the ADCC functions. Furthermore, four
recent studies showed that the HIV-1 Vpu protein, by promoting release of virions, reduces
the capacity of ADCC antibodies to recognize HIV-infected cells [71]. On the contrary, The
HIV-1 transactivator of transcription (Tat) is a key HIV virulence factor, which plays critical
roles in virus gene expression, replication, transmission, and disease progression. The results
indicated that Tat-induced immune responses are necessary to restore immune homeostasis,
to block the replenishment and to reduce the size of the viral reservoir. Anti-Tat antibodies are
uncommon in natural infection and, when present, correlate with the asymptomatic state and
lead to lower or no disease progression. Hence, targeting Tat represents a pathogenesis-driven
intervention [72].

6. Adjuvants

Although the importance of DNA vaccines, especially as a priming immunization, has been
well proved in different HIV vaccine studies, the immunogenicity of DNA vaccines is generally
moderate. Novel adjuvant is necessary for improving the immunogenicity of DNA vaccine
[73]. Multiple groups have demonstrated the potential of co-administering plasmid DNA that
express cytokines, chemokines, or co-stimulatory molecules together with plasmids encoding
target viral antigens [74]. The potency of DNA vaccines can be developed by the co-delivery
of plasmid-encoded molecular adjuvants. The pDNAs encoding granulocyte-macrophage
colony-stimulating factor (GM-CSF), hematopoietic factor fms-like tyrosine kinase 3 ligand
(Flt-3L), and interleukin-12 (IL-12) could markedly enhance cell-mediated immune responses
elicited by an HIV-1 env pDNA vaccine in BALB/c mice [74]. Plasmid GM-CSF also increased
the immune responses elicited by DNA vaccines expressing HIV-1 Gag and Nef-Tat-Vif. In
addition, the use of pGM-CSF as a vaccine adjuvant appeared to increase antigen-specific
proliferative responses and the percentage of polyfunctional memory CD8+ T cells. Co-delivery
of pFlt-3L with pGM-CSF did not result in a further increase in adjuvant activity. However,
the co-administration of pGM-CSF with pIL-12 significantly enhanced Env-specific prolifera‐
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tive responses and vaccine efficacy in the murine vaccinia virus challenge model relative to
mice immunized with the env pDNA vaccine adjuvanted with either pGM-CSF or pIL-12 alone
[74]. In another study, co-administration of the HIV-1 DNA vaccine with pIL-12 and pGM-
CSF by topical application to the skin enhanced the levels of both the HIV-specific cytotoxic
T-lymphocyte response and delayed-type hypersensitivity (DTH). Indeed, the skin is accessi‐
ble for generating immune responses by both intradermal injection and topical use of gene
delivery vectors [75]. In addition, co-administration of plasmids encoding the codon-opti‐
mized GM-CSF sequence with the HIV-1 Gag DNA vaccine resulted in a strong antibody and
CTL response and a protective immune response against infection with recombinant vaccinia
virus expressing HIV-1 Gag [76]. On the contrary, researchers strongly support the use of IL-6
or IL-15 as a cytokine adjuvant in HIV DNA vaccination. The data indicated that intranasal
administration of DNA vaccine and pIL-15 can enhance Th1-dependent HIV-1-specific cell-
mediated immunity. However, co-injection of pIL-15 with pIL-2 or pIL-12 did not show any
synergistic effect on the immune responses induced by DNA vaccine in vivo [77]. Furthermore,
the immunogenicity of HIV-1 DNA vaccine expressing the chimeric gene Gag-gp120 (pVAX1-
Gag-gp120) was increased by co-inoculating pVAX1-IL6 in BALB/c mice [78]. The studies
demonstrated that in-frame fusion of tumor necrosis factor alpha (TNF-α), DNA to DNA,
encoding a large fragment of HIV gp120 could enhance Th1 immune responses against gp120
antigen. Also, in-frame fusion of IFNγ-encoding DNA at the 5′ end of the chimeric molecule,
to create a tripartite fusion, had no additional effect on immunogenicity [79]. A number of
studies have shown that α-galactosylceramide, a natural killer T-cell (NKT) ligand, was
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plasmid DNAs expressing either the membrane bound or soluble form of 4-1BBL were
designed to enhance the Gag DNA vaccine as an adjuvant. The data showed that 4-1BBL DNA
increased the Gag-specific IgG and cellular immune responses. Importantly, the expression of
Gag and 4-1BBL from the same plasmid was critical for the adjuvant activity [82].

To improve the immunogenicity of DNA vaccines, some studies were focused on the immu‐
noglobulin (Ig) fusion antigen. These reports showed that cytokine-coding plasmids fused
with Ig have higher expression efficiency and better adjuvanticity. Furthermore, these
plasmids have features that make them useful such as augmentation of half-life in vivo,
formation of a multivalent antigen, and solubilization of hydrophobic proteins [83]. The
possibility of increasing HIV gp120-specific cellular immune responses was determined in
mice using a DNA vaccine encoding a mouse Ig fragment fused with gp120 in two directions
(gp120-Ig or Ig-gp120). In vitro expression analysis revealed that the efficiency of HIV gp120
protein expression was higher in cells transfected with the gp120-Ig-coding plasmid
(pGp120Ig) than in those transfected with the gp120 and Ig-gp120 expression plasmids
(pGp120 and pIgGp120, respectively). The gp120-Ig-coding plasmid elicited more HIV-specific
CD8+ T cells and effector memory CD8+ T cells than pGp120 in immunized mice. Furthermore,
pGp120Ig significantly reduced the viral load after challenge with an HIV Env gp160-
expressing vaccinia virus. These results represented that covalent antigen modification with
an Ig sequence can modulate antigen-specific cellular immune responses [83].

Conversely, polysaccharide and nucleic acid fraction extracted from Mycobacterium bovis
bacillus Calmette–Guérin (BCG-PSN) could be used as a novel adjuvant of DNA vaccine to elicit
potent cellular and humoral immune responses against the HIV-1 Env antigen in BALB/c
mouse model. In this experiment, the BCG-PSN was mixed with 10 μg or 100 μg of DNA
vaccine and injected intramuscularly two or three times. BCG-PSN co-immunization with 10
μg DNA vaccine could elicit cellular and humoral immune responses which were comparable
to that induced by 100 μg DNA vaccine alone. Moreover, BCG-PSN could activate TLR
signaling pathways and induce Th1-type cytokine secretion. These findings suggested that
BCG-PSN can be applied as a new and effective adjuvant for DNA vaccination [73].

Chemokines are largely bioactive inflammatory molecules which play a major role in a variety
of immune and inflammatory responses, acting primarily as chemoattractants and activators
of various leukocytes. In addition, some chemokines play a critical role in the transmission
and progression of HIV-1 and HIV-2 viruses responsible for AIDS. Recent studies have
indicated that chemokines and their receptors may play an important role in the differentiation
and expansion of T cells in response to immune activation. These regulatory properties of
chemokines make them suitable as molecular adjuvants [84]. For example, the modulation and
regulation of immune responses were evaluated from the co-delivery of two β-chemokines as
gene expression cassettes, MIP-1α or RANTES, along with HIV-1 DNA immunogen constructs.
The data showed that MIP-1α had the greatest effect on antibody responses. In addition, co-
expression of MIP-1α also modulated the shift of immune responses to Th2-type (i.e., the
increase of IgG1/IgG2a ratio). RANTES co-immunization also enhanced the levels of antigen-
specific Th1 and CTL responses. The use of chemokine adjuvanted vaccines as HIV vaccine
modulators may be important due to the interesting relationship between HIV cell entry and
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the receptors for β-chemokines. Indeed, β-chemokines as vaccine adjuvants increased β-
chemokine production in an antigen-specific manner [84].

7. Heterologous prime-boost strategies

Most of the current DNA vaccines utilize CMV, β-actin, or muscle-specific desmin promoters
to potentiate expression of one or two fused genes of HIV-1 including the Env, Gag, Pol, and
Tat. DNA vaccines comprising multiple plasmids encoding different HIV-1 proteins have been
used to obtain a broader spectrum of immunity than individual plasmids expressing single
proteins. The use of these plasmid DNA vaccines proved to be safe and immunogenic in
macaques; however, these constructs needed to be boosted with viral proteins expressed by
various vector systems including recombinant pox virus, modified vaccinia virus Ankara, and
adenovirus for enhancing their efficiency in preventing AIDS [85].

The heterologous prime-boost regimen uses the ability of the immune system to generate large
numbers of secondary antigen-specific T cells following an initial priming step. The same
antigen is delivered subsequently using different vectors. Following a priming immunization,
the antigen-specific T-cell populations develop to modest levels and then reduce. Indeed, a
percentage of these cells transform into antigen-specific memory T cells. In a heterologous
boost, because the priming and boosting vectors are different, T cells that specifically target
the viral vector are not boosted and do not activate cell number control mechanisms, therefore
allowing for greater development of the disease antigen-specific T-cell populations [82].
Several groups have now established that heterologous prime-boost regimens are the most
potent strategies to induce cellular immune responses [86, 87]. In a plasmid DNA vaccine
priming and viral vector-boosting regimen, the order of DNA followed by recombinant virus
is important, as the reverse order did not induce higher levels of antigen-specific CD8+ T cells.
It seems that the cytokine microenvironment created by a local virus infection during boosting
is responsible for the efficient expansion of effector T cells [86]. In 2004, a consecutive immu‐
nization strategy involving priming with DNA and boosting with recombinant fowlpoxvirus
(rFPV) vaccines encoding multiple common HIV-1 antigens was evaluated in 30 macaques.
The vaccines were well tolerated, and a significant enhancement of DNA-vaccine primed
HIV-1-specific T-lymphocyte responses was observed following rFPV boosting. Co-expression
of IFNγ or IL-12 by the rFPV vaccines did not further enhance immune responses [88]. In
addition, a subtype A or B HIV gp160 plasmid DNA and Env gp140 trimeric glycoprotein co-
immunization was superior to immunization with glycoprotein alone by enhancing neutral‐
izing antibodies. These data showed that co-delivering DNA and protein can increase antibody
responses to Env. Hence, this approach has the potential to simplify vaccine regimens by
inducing higher antibody responses using fewer vaccinations, an advantage for a successful
HIV vaccine design [89].

The reports showed that co-immunization of a DNA vaccine encoding HIV-1P24-Nef with
GM-CSF in DNA priming and peptide boost strategy increases the immunogenicity of the
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candidate vaccine. Cytokine profile studies showed that both IL-4 and IFN-γ levels were
increased. Also, co-immunization with GM-CSF resulted in a higher level of total IgG,
comprising approximately equal levels of both specific IgG1 and IgG2a subtypes. Taken
together, the results suggested that GM-CSF is able to induce long-term memory for the HIV-1
P24-Nef vaccine candidate [90]. Recent studies have used DNA/protein or DNA/adeno-vector
regimens for HIV immunization. The essential mechanisms of heterogeneous prime/boost
regimens are not well understood, but DNA priming results in much lower antigen expression
compared to protein vaccines, and this may prime T-helper cell responses with the humoral
response subsequently being boosted by the high-dose protein or viral vector (e.g., RV 144
tested in clinical trials) [87].

8. Clinical trials

Several vaccine candidates were used in different phases of clinical trials. DNA prime-viral
vector boost regimens have become the primary choice for stimulation of T-cell immune
responses. For example, Poxvirus vector-based vaccines including the Modified Vaccinia
Ankara and the genetically modified NYVAC-based vaccines appeared to be efficient in
inducing the immune responses and could be evaluated in combination with DNA priming
in clinical trials [91]. In addition, the safety and immunogenicity of several Canarypox-based
vaccines with multiple HIV-1 gene inserts have been studied in humans. A phase III trial,
RV144, using Canarypox (vCP1521) prime and AIDSVAX B/E boost has demonstrated modest
protective efficacy in Thailand. The protection in RV144 trial was short-time and needed to
use the additional boosters in participants for improving recall responses and continuing
protection among them. AIDSVAX was also a component of the prime-boost (ALVAC/
AIDSVAX) RV 144 vaccine in Thailand that showed successful results. In both cases, the
vaccines targeted gp120 and were specific for the geographical regions. Among the adenoviral
vector vaccine candidates, replication-defective Ad5 candidate indicated high immunogenic‐
ity in phase I clinical trials and reduced viral load in the SHIV/NHP model. However, this
strategy failed to prevent new infections as well as reduce post-infection viral RNA levels in
the vaccinated individuals in phase IIb. Furthermore, participants with preexisting antibodies
against Ad5 vector showed increased HIV infection rates [91]. The heterologous prime-boost
strategy using DNA prime and Ad5 boost was considered to avoid the problem of preexisting
immunity. It has been shown that the preexisting Ad5-neutralizing antibodies did not affect
the levels of cell-mediated responses in the DNA/rAd5 prime-boost recipients, as compared
to participants who received rAd5 alone. However, in spite of robust immune responses
induced by DNA/Ad5 strategy in phase I and phase II trials, the strategy failed to show
protection from new infections in phase IIb [91]. Generally, prime-boost vaccination is an
efficient approach compared to other strategies, but it still needs to develop against HIV
infections in future.
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9. Challenges for HIV vaccines

There are some major challenges against HIV vaccine design as described below. Figure 1
shows these challenges briefly.

Figure 1. Challenges for HIV-preventive vaccines

9.1. Designing trimeric HIV-1 envelopes

The challenge remains to develop HIV-1 immunogens that will elicit protective immunity [13].
The challenge is to design, engineer, and produce a pure stable envelope immunogen that
mimics the antigenic profile of the functional envelope spike. The engineered trimeric envelope
was unable to induce bNAb in animals. Modification of the trimers, including removal of
individual glycans proximal to CD4-binding region, elimination of the glycosylation site near
the gp41 loop, linker-stabilized gp140 trimeric envelopes, have resulted in improved immu‐
nogenicity but have not yielded the desired bNAb. A combination of mosaic envelopes
increased the magnitude of NAbs but not the breadth of the response in macaques. Therefore,
no trimeric envelope induces bNAb in humans [1]. Some studies showed that HIV-1 bNAbs
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identifies four conserved Env targets for HIV neutralization. To date, more than 30 bNAbs
specific for conserved neutralizing Env epitopes have been characterized [17].

9.2. Why does vaccination with HIV envelope not induce bNAbs?

Whether bNAb will effectively confer protection against HIV infection in humans remains
unknown. An alternative to inducing bNAb by vaccination with immunogens is to deliver
these bnMAbs with viral vectors (e.g., adeno-associated virus (AAV) gene transfer vector
expressing antibodies or antibody-like immunoadhesins). This approach generated a long-
lasting neutralizing activity in serum of macaques conferring complete protection against
intravenous challenge with virulent SIVmac316. Similarly, full protection against intravenous
HIV-1 challenge was observed in humanized mice receiving AAV carrying b12, while those
receiving AAV carrying 2G12, 4E10, and 2F5 were partially protected [1]. A recent study has
demonstrated that up to 50% of HIV-infected individuals will make cross-reactive antibodies
that neutralize 50% of HIV primary strains. However, when bNAbs develop in HIV infection,
they only occur after 2–4 years of infection. In contrast, no vaccine immunizations to date have
induced high levels of bNAbs. The bNAbs are targeted to one of five conserved sites on the
HIV Env trimer: the CD4 binding site, the membrane proximal gp41 region, the V3-glycan site,
the V1V2-glycan site, and gp41-gp120 bridging regions [51]. Each of these sites is protected by
surrounding glycans, and each one of these sites is restricted in access, such that relatively few
antibody variable heavy (VHDJH) and variable light (VL) combinations may be used to bind
these Env sites. Example of restricted VHDJH/VL usage is the use of VH1-2 paired with a 5 aa
VL complementarity-determining region 3 (LCDR3) for the VRC01 type of CD4 binding site
bNAb, and the use of VH1-69, Vk3-20 for 4E10-like gp41 bNAbs. Moreover, all bNAbs have
one or more unusual features, including high levels of somatic mutations, and poly- or
autoreactivity that can result in immune tolerance control for bNAbs. However, in the simian-
human immunodeficiency virus rhesus macaque challenge model, passive infusion of the new
bNAbs could potently protect against SHIV challenge [51].

9.3. Effective adjuvants

Adjuvants are important for the use of recombinant envelope immunogens, since these
proteins by themselves generate only weak immune responses. For potent vaccine formula‐
tions delivered by mucosal routes, incorporation of adjuvants that controls the potential of
innate immune modulators is important for overcoming immune tolerance and enhancing the
immunogenicity of co-administered antigens [25]. The RV144 trial used alum as an adjuvant,
which was then the only licensed vaccine adjuvant. However, alum is not believed to support
robust cellular immune responses. Also, bacterial toxins are the most potent mucosal adjuvant
candidates but concerns remain regarding their safety even when mutated to reduce toxicity.
In contrast, ligands for TLRs 7/8 and 9 serve as potent adjuvants for parenteral and mucosal
vaccines based on plasmid DNA, viral vectors, and recombinant proteins [25]. In particular,
CpG-containing synthetic oligodeoxynucleotides (CpG-ODN) that activate TLR9 on dendritic
cells appear potent in stimulating antigen presentation and induction of antigen-specific
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immune responses. The synthetic glycolipid α-galactosylceramide has been tested primarily
in cancer immunotherapy studies because of its capacity to serve as a ligand and potent
activator of invariant natural killer T cells. In addition, the repeated mucosal delivery of α-
GalCer adjuvant was done in primary and booster immunizations that resulted in repeated
activation of NKT cells and DC to progressively increase adaptive immune responses [25]. The
parallel development of adjuvants along with better HIV-1 immunogens will be needed for a
successful AIDS vaccine. Additional comparative testing will be required to determine the
optimal adjuvant and immunogen regimen that can elicit antibody responses capable of
blocking HIV-1 transmission [92].

Both flagellin (fliC) and IL-18 (interferon-γ-inducing factor) have been developed as adjuvants
to improve immunogenicity in DNA-vaccinated hosts. An HIV-1 Gag plasmid encodes a
protein harboring broad epitopes for CTLs [93]. The immunogenicity of BALB/c mice immu‐
nized with an HIV-1 Gag plasmid (pVAX/Gag), combined with a chimeric plasmid encoding
IL-18 fused to flagellin (pcDNA3/IL-18_fliC) or a single plasmid encoding IL-18 (pcDNA3/
IL-18) and/or flagellin (pcDNA3/fliC), was studied. The IL-18 and flagellin fusion protein
effectively induced IFN-γ by lymphocytes. During a 12-week immunization, both Gag-specific
IgG in sera and spleen cell proliferation were elevated in all murine groups. However, the
IgG2a/IgG1 ratio, Th1 cytokine (IL-2 and IFN-γ) production, and the proportion of Gag-
specific CD3+ CD8+ IFN-γ-secreting cells were significantly increased in the murine group co-
immunized with the pVAX/Gag plasmid and pcDNA3/IL-18_fliC compared with the mice
immunized with the pVAX/Gag plasmid combined with either the pcDNA3/fliC or pcDNA3/
IL-18 plasmid or both of them. The data suggested that the chimeric plasmid encoding IL-18
fused to flagellin can be used as an adjuvant-like plasmid to improve the Th1 immune
response, particularly for the induction of CD3+ CD8+ IFN-γ-secreting cells in Gag plasmid-
vaccinated mice [93].

9.4. High mutation rate of HIV-1

The high mutation rate of HIV-1 and tolerance for genetic diversity represented central
challenges for vaccine design. Because the immune response is itself adaptive, the optimal
HIV-1 sequence within an individual also differs over time. HIV-1 develops specific mutations
within its genome that allow it to escape detection by human leukocyte antigen (HLA) class
I-restricted immune responses, notably those of CD8+ CTLs. HLA thus represents a major force
driving the evolution and diversity of HIV-1 within individuals [94].

9.5. Escaped variants

A major challenge is how to induce effective immune responses against escaped variants. It is
important that a CTL-based vaccine stimulate effective cellular responses across the range of
HLA class I alleles expressed in a host population. These observations have led to the idea that
immune-mediated control of HIV-1 replication to levels that slow disease progression might
be feasible through the design of vaccines that focus CTL responses against viral regions where
escape cannot occur [94]. To date, adenovirus vector prime and pox vector boost vaccines have
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been one among the most immunogenic vaccines for inducing HIV CD8 T-cell responses in
humans. Efforts continue to overcome HIV diversity for T-cell epitope recognition by the in
silico design of centralized consensus or mosaic HIV gene inserts based on optimizing the
coverage of T-cell epitopes in HIV strains in the Los Alamos HIV Sequence Database, or based
on conserved epitopes in the vaccine [51].

9.6. Expression of the bNAbs is limited by host tolerance mechanisms

The studies showed that two human recombinant bNAbs, called 2F5 and 4E10, that bind near
the virion membrane to Env gp41 were reactive in human autoantibody assays. In a subsequent
study, 2F5 was shown to avidly bind the human protein kynureninase (KYNU), and 4E10 was
shown to react with the mammalian RNA splicing factor 3B3. The nominal gp41 epitope of the
2F5 bNAb is the linear peptide ELDKWAS and an identical 6-residue sequence is present in
KYNU (ELDKWA). This ELDKWA motif in KYNU is conserved in nearly all mammalian
species and absent in all proteins other than the HIV Env. Thus, the autoantigens for these two
bNAbs, 2F5 and 4E10, have been identified, suggesting that expression of these bNAbs is
limited by host tolerance mechanisms [17].

9.7. Challenges for developing vaccines targeting viral glycan epitopes

Generation of antibodies to glycans has several challenges: a) due to the inherent weakness of
carbohydrate–protein interactions, binding affinities must be enhanced through avidity
effects. For example, lectins are able to overcome this problem using interaction of multiple
carbohydrate binding domains with arrays of glycan ligands; b) glycoproteins usually always
exist as a number of different glycoforms where the same protein backbone is glycosylated
with different glycan structures. This microheterogeneity weakens the antigenic response to
the individual glycan structures. These multiple conformations may be presented to the
immune system further weakening the response; c) glycosylation is ubiquitous to all mam‐
malian cells, thus the host may display tolerance toward these sugars. Generally, these effects
result in glycans are poorly immunogenic. The major concern of generating antibodies against
self-glycan structures is their potential autoreactivity in vivo [95].

9.8. Animal model for preclinical studies

There are few nonhuman primate models of enhanced HIV susceptibility [96]. Animal model
research during the past years has focused on the development of models in order to explore
key questions about HIV entry, immune control, and persistence and also their use for testing
therapeutic vaccines [97].

9.9. Design of new envelope immunogens

A major challenge for HIV-1 B-cell vaccine development is the design of new envelope
immunogens that can trigger the selection and expansion of germline precursor and inter‐
mediate memory B cells associated with the maturation of a broadly neutralizing antibody
response. The identification of delivery systems, prime-boost strategies, and synergistic
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effects. For example, lectins are able to overcome this problem using interaction of multiple
carbohydrate binding domains with arrays of glycan ligands; b) glycoproteins usually always
exist as a number of different glycoforms where the same protein backbone is glycosylated
with different glycan structures. This microheterogeneity weakens the antigenic response to
the individual glycan structures. These multiple conformations may be presented to the
immune system further weakening the response; c) glycosylation is ubiquitous to all mam‐
malian cells, thus the host may display tolerance toward these sugars. Generally, these effects
result in glycans are poorly immunogenic. The major concern of generating antibodies against
self-glycan structures is their potential autoreactivity in vivo [95].

9.8. Animal model for preclinical studies

There are few nonhuman primate models of enhanced HIV susceptibility [96]. Animal model
research during the past years has focused on the development of models in order to explore
key questions about HIV entry, immune control, and persistence and also their use for testing
therapeutic vaccines [97].

9.9. Design of new envelope immunogens

A major challenge for HIV-1 B-cell vaccine development is the design of new envelope
immunogens that can trigger the selection and expansion of germline precursor and inter‐
mediate memory B cells associated with the maturation of a broadly neutralizing antibody
response. The identification of delivery systems, prime-boost strategies, and synergistic
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adjuvant combinations is important to induce the magnitude and quality of antigen-specific
T-follicular helper cell responses needed to induce somatic hypermutation (SHM) and B-cell
maturation against heterologous primary virus envelopes [98].

9.10. Safety of vaccines

Safety of vaccines is one of the most important subjects for the design of vaccines that should
be determined in clinical trials [99].

9.11. Accessibility of the glycoconjugate vaccines

Accessibility of these glycoconjugate vaccines in resource-poor regions which bear the highest
disease burden from these pathogens remains challenging largely due to high vaccine pricing
[100].

9.12. Induction of potent and broadly cross-reactive neutralizing antibody responses

Induction of potent and broadly cross-reactive neutralizing antibody responses remains a
major challenge for the development of HIV vaccines because of the high diversity of gp120.
The high glycosylation, large conformational changes, and steric restriction of the epitopes in
gp120 during receptor binding and membrane fusion processes prevent the access of antibod‐
ies to these sites [101].

9.13. Challenges associated with antigen immunogenicity

The failure to date of Env-based antigens to stimulate bNAb is likely to result from several
specific reasons that influence BCR recognition of unusual structural antigenic elements:

a. Incorrect presentation of the vaccine antigen: Immunization with linear peptides of
MPER failed to re-elicit neutralizing responses because the MPER peptide mimics adopted
an inappropriate conformation in solution and failed to present the correct surface for B-
cell recognition [5].

b. Cross-reactivity with self: The 4E10 mAb, and to a lesser extent the 2F5 mAb, binds lipid
as part of their epitope by using an array of hydrophobic residues. This binding appears
to make them autoreactive, resulting in B-cell tolerance mechanisms [5].

c. Epitopes with steric constraints for BCR recognition: The CD4bs is an apparent target
for eliciting NAbs as it requires conservation for function, and needs to be exposed for
CD4 binding. In contrast, most infected individuals do not make CD4bs-specific bNmAbs.
The main reason is the intrinsic immunorecessive nature of the conserved segments of
CD4bs [5].

d. Unique antigenic features for BCR recognition: The 2G12 bNmAb has an epitope
composed entirely of oligomannose groups. The PG and PGT series of bNmAbs have
complex glycan–peptide binding surfaces in which the glycans are heterogeneous.
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Preparation of such epitopes will require powerful synthetic chemistry related to scaf‐
folded peptide design. Both MPER bNmAbs 2F5 and 4E10 require a lipid component to
their epitopes and up to now this has not been incorporated into a successful immunogen
[5].

e. Germline BCR recognition and requirement for extensive antibody affinity matura‐
tion: There are two possible consequences of the steric constraints imposed on BCRs
during the recognition of structurally unusual antigens: a) the frequency of germline BCRs
available to recognize such complex antigens will be low, thus an extensive degree of
affinity maturation will be required to generate a high-affinity bNAbs recognizing
structurally “difficult” epitopes; b) the germline BCR affinity for a bNmAb epitope may
be undetectable. A feasible outcome of these constraints is that the host will require long-
term antigen exposure to select and clonally expand the rare B cells with appropriate BCRs
and to affinity mature them into bNAbs, because most bNmAbs arise in individuals after
chronic HIV-1 infection [5].

f. Conceptual concerns relating to epitope recognition by BCRs: There are concerns that
isolating an epitope from its antigenic context will not lead to re-elicitation of the same
type of antibody against the epitope, which is a reasonable concern. However, although
an epitope mimic may not re-stimulate an antibody identical to the template bNmAb, it
may be sufficiently balance between elicited Ab and epitope mimic to allow specific
binding to trimeric Env. If this is achieved, trimeric Env may be used to boost and affinity
mature those B cells reactive with the epitope mimetic [5].

g. Responders and non-responders: The finding that among large cohorts of HIV-1-infected
individuals only a minor percentage makes a bNmAb response suggests that this may
apply also to responses to vaccination [5].

Finally, the key difficulty in the development of an HIV vaccine is our ignorance of the immune
responses that control viral replication, how these responses can be elicited, and how they can
be monitored [2]. The question of whether to focus on induction of antibody or CTLs continues
to be discussed in the HIV-1 field. However, evidence from many other vaccine-preventable
infectious diseases indicates that antibody titers correlate with protection from infection, but
CTL-mediated immune responses are required for protection against disease. This suggests
that a dual approach is still necessary. Aspects of CTL vaccine technology such as replicating
or persistent vectors may need to express Env-based antigens to allow long-term antigenic
exposure for the induction of bNAb. In contrast, approaches to elicit bNmAbs may need to be
immunologically compatible with the generation of a parallel CTL response.

9.14. Conclusions

The development of a safe and effective vaccine for HIV is a major global priority. To date,
efforts to design an HIV vaccine have not been successful due to HIV diversity, HIV integration
into the host genome, and ability of HIV to consistently evade antiviral immune responses.
While the RV144 immunization strategy remains a priority for future efficacy trials, newer
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prime-boost mosaic and conserved sequence immunization strategies inducing efficient and
long-time immune responses as well as the development of immunogens inducing broadly
neutralizing antibodies should be followed and tested in humans. Recent success in isolation
of potent broadly neutralizing antibodies, in discovery of mechanisms of bNAb induction and
atypical mechanisms of CD8 T-cell killing of HIV infected cells, has opened new ways for HIV
vaccine design. Indeed, the most protective HIV vaccine will require the combination of T-cell-
inducing and antibody-inducing vaccine candidates with appropriate adjuvant formulations,
since the innate and adaptive arms of the immune system cooperate for virus neutralization
and pathogen-infected cell elimination. In general, acceleration of vaccine discovery depends
on basic research and new technologies. Novel strategies should be safe, but rapidly tested in
humans.

10. Key points

• Development of a safe and effective vaccine for HIV is a major global priority

• Efforts to design an efficient HIV vaccine have not succeeded due to HIV diversity, HIV
integration into the host genome, and ability of HIV to consistently evade antiviral immune
responses

• The cost-effective and different HIV-1 vaccine approaches have recently attracted a special
interest

• Both antibodies and cell-mediated immune responses are considered to be important to
prevent HIV-1 infection in the mucosal compartment

• Novel prime-boost mosaic and conserved sequence immunization strategies as well as the
development of immunogens inducing broadly neutralizing antibodies have attracted a
special interest

• Recent success in isolation of potent broadly neutralizing antibodies, in discovery of
mechanisms of bNAb induction and atypical mechanisms of CD8 T-cell killing of HIV
infected cells, has opened new ways for HIV vaccine design

• Several therapeutic vaccine strategies have already been used such as live-attenuated
microbes, viral vectors, and dendritic cell-based vaccines that led to suppress and/or clear
HIV infections

• Among different vaccines, improved DNA vaccines have emerged as a promising candidate
for the treatment of infectious diseases especially HIV infections

• Some strategies have been considered to improve immune responses stimulated by DNA
vaccines such as in vivo efficient DNA delivery systems, co-delivery with molecular
adjuvants as well as the development of potent heterologous prime-boost regimens

Which Vaccination Strategies and Immune Responses are More Effective Against HIV Infections?
http://dx.doi.org/10.5772/61913

131



Author details

Azam Bolhassani*

Address all correspondence to: A_bolhasani@pasteur.ac.ir; azam.bolhassani@yahoo.com

Department of Hepatitis and AIDS, Pasteur Institute of Iran, Tehran, Iran

References

[1] Excler, J.L., Robb, M.L., Kim, J.H. (2015). Prospects for a globally effective HIV-1 vac‐
cine. Vaccine, 1–9

[2] de Goede, A.L., Vulto, A.G., Osterhaus, A.D., Gruters, R.A. (2015). Understanding
HIV infection for the design of a therapeutic vaccine; Part I: Epidemiology and
pathogenesis of HIV infection. Ann. Pharm. Fr., 73(2), 87–99

[3] Richert, L., Lhomme, E., Fagard, C., Lévy, Y., Chêne, G., Thiébaut, R. (2015). Recent
developments in clinical trial designs for HIV vaccine research. Hum. Vaccin. Im‐
munother., 11(4),1022–1029

[4] Wilson, C.B., Karp, C.L. (2015). Can immunological principles and cross-disciplinary
science illuminate the path to vaccines for HIV and other global health challenges?
Philos. Trans. R. Soc. Lond. B. Biol. Sci.,19, 370

[5] Schiffner, T., Sattentau, Q.J., Dorrell, L. (2013). Development of prophylactic vaccines
against HIV-1. Retrovirology, 10(72), 1–16

[6] VISR Working Group of the Global HIV Vaccine Enterprise. (2015). HIV vaccine-in‐
duced sero-reactivity: A challenge for trial participants, researchers, and physicians.
Vaccine, 33, 1243–1249

[7] Mylvaganam, G.H., Silvestri, G., Amara, R.R. (2015). HIV therapeutic vaccines: mov‐
ing towards a functional cure. Curr. Opin. Immunol., 35, 1–8

[8] Goepfert, P., Bansal, A. (2014). Human immunodeficiency virus vaccines. Infect. Dis.
Clin. North. Am., 28(4), 615–631

[9] Hanke, T. (2014). Conserved immunogens in prime-boost strategies for the next-gen‐
eration HIV-1 vaccines. Expert Opin. Biol. Ther.,14(5), 601–616

[10] Alchin, D.R. (2014). HIV vaccine development: an exploratory review of the trials
and tribulations. Immunol. Res. 60(1), 35–37

[11] Pavot, V., Rochereau, N., Lawrence, P., Girard, M.P., Genin, C., Verrier, B., Paul, S.
(2014). Recent progress in HIV vaccines inducing mucosal immune responses. AIDS,
28(12), 1701–1718

Advances in Molecular Retrovirology132



Author details

Azam Bolhassani*

Address all correspondence to: A_bolhasani@pasteur.ac.ir; azam.bolhassani@yahoo.com

Department of Hepatitis and AIDS, Pasteur Institute of Iran, Tehran, Iran

References

[1] Excler, J.L., Robb, M.L., Kim, J.H. (2015). Prospects for a globally effective HIV-1 vac‐
cine. Vaccine, 1–9

[2] de Goede, A.L., Vulto, A.G., Osterhaus, A.D., Gruters, R.A. (2015). Understanding
HIV infection for the design of a therapeutic vaccine; Part I: Epidemiology and
pathogenesis of HIV infection. Ann. Pharm. Fr., 73(2), 87–99

[3] Richert, L., Lhomme, E., Fagard, C., Lévy, Y., Chêne, G., Thiébaut, R. (2015). Recent
developments in clinical trial designs for HIV vaccine research. Hum. Vaccin. Im‐
munother., 11(4),1022–1029

[4] Wilson, C.B., Karp, C.L. (2015). Can immunological principles and cross-disciplinary
science illuminate the path to vaccines for HIV and other global health challenges?
Philos. Trans. R. Soc. Lond. B. Biol. Sci.,19, 370

[5] Schiffner, T., Sattentau, Q.J., Dorrell, L. (2013). Development of prophylactic vaccines
against HIV-1. Retrovirology, 10(72), 1–16

[6] VISR Working Group of the Global HIV Vaccine Enterprise. (2015). HIV vaccine-in‐
duced sero-reactivity: A challenge for trial participants, researchers, and physicians.
Vaccine, 33, 1243–1249

[7] Mylvaganam, G.H., Silvestri, G., Amara, R.R. (2015). HIV therapeutic vaccines: mov‐
ing towards a functional cure. Curr. Opin. Immunol., 35, 1–8

[8] Goepfert, P., Bansal, A. (2014). Human immunodeficiency virus vaccines. Infect. Dis.
Clin. North. Am., 28(4), 615–631

[9] Hanke, T. (2014). Conserved immunogens in prime-boost strategies for the next-gen‐
eration HIV-1 vaccines. Expert Opin. Biol. Ther.,14(5), 601–616

[10] Alchin, D.R. (2014). HIV vaccine development: an exploratory review of the trials
and tribulations. Immunol. Res. 60(1), 35–37

[11] Pavot, V., Rochereau, N., Lawrence, P., Girard, M.P., Genin, C., Verrier, B., Paul, S.
(2014). Recent progress in HIV vaccines inducing mucosal immune responses. AIDS,
28(12), 1701–1718

Advances in Molecular Retrovirology132

[12] Excler, J.L., Robb, M.L., Kim, J.H. (2014). HIV-1 vaccines: challenges and new per‐
spectives. Hum. Vaccin. Immunother. 10(6), 1734–1746

[13] Mann, J.K., Ndungu, T. (2015). HIV-1 vaccine immunogen design strategies. Mann
and Ndungu Virol. J., 12 (3), 1–11

[14] Ringe, R., Bhattacharya J. (2013). Preventive and therapeutic applications of neutral‐
izing antibodies to human immunodeficiency virus type 1 (HIV-1). Ther. Adv. Vac‐
cines, 1(2), 67–80

[15] Mouquet, H. (2014). Antibody B cell responses in HIV-1 infection. Trends Immunol.,
35(11), 549–561

[16] Braibant, M., Barin, F. (2013). The role of neutralizing antibodies in prevention of
HIV-1 infection: what can we learn from the mother-to-child transmission context?
Braibant and Barin Retrovirology, 10 (103), 1–14

[17] Haynes, B.F., Moody, M.A., Alam, M., Bonsignori, M., Verkoczy, L., Ferrari, G., et al.
(2014). Progress in HIV-1 vaccine development. J. Allergy Clin. Immunol., 134, 3–10

[18] Horiya, S., MacPherson, I.S., Krauss, I.J. (2014). Recent strategies targeting HIV gly‐
cans in vaccine design. Nat. Chem. Biol., 10(12), 990–999

[19] Burton, D.R., Mascola, J.R. (2015). Antibody responses to envelope glycoproteins in
HIV-1 infection. Nat. Immunol., 16(6), 571–576

[20] Fernández-Tejada, A., Haynes, B.F., Danishefsky, S.J. (2015). Designing synthetic vac‐
cines for HIV. Expert Rev. Vaccines, 14(6), 815–831

[21] Kumar, R., Tuen, M., Liu, J., Nàdas, A., Pan, R., Kong, X., Hioe, C.E. (2013). Elicita‐
tion of broadly reactive antibodies against glycan-modulated neutralizing V3 epito‐
pes of HIV-1 by immune complex vaccines. Vaccine, 31, 5413–5421

[22] Vassell, R., He, Y., Vennakalanti, P., Dey, A.K., Zhuang, M., Wang, W., et al. (2015).
Immunogens modeling a fusion-intermediate conformation of gp41 elicit antibodies
to the membrane proximal external region of the HIV envelope glycoprotein. PLoS
One, 10(6), e0128562

[23] Alexander, M.R., Sanders, R., Moore, J., Klasse, P.J. (2015). Virion aggregation by
neutralizing and non-neutralizing antibodies to the HIV-1 envelope glycoprotein.
AIDS Res. Hum. Retroviruses

[24] Gallo, R.C. (2015). Developing a successful HIV vaccine. J. Infect. Dis., 212(1), S40–
S41

[25] Singh, S., Yang, G., Byrareddy, S.N., Barry, M.A., Sastry, J. (2014). Natural killer T cell
and TLR9 agonists as mucosal adjuvants forsublingual vaccination with clade C
HIV-1 envelope protein. Vaccine, 32, 6934–6940

Which Vaccination Strategies and Immune Responses are More Effective Against HIV Infections?
http://dx.doi.org/10.5772/61913

133



[26] Zolla-Pazner, S. (2014). A critical question for HIV vaccine development: which anti‐
bodies to induce? Science, 345, 167–168

[27] Mascola, J.R. (2007). HIV/AIDS: allied responses. Nature, 449, 29–30

[28] Gottardo, R., Bailer, R.T., Korber, B.T., Gnanakaran, S., Phillips, J., Shen, X., et al.
(2013). Plasma IgG to linear epitopes in the V2 and V3 regions of HIV-1 gp120 corre‐
late with a reduced risk of infection in the RV144 vaccine efficacy trial. PLoS One, 8,
e75665

[29] Yates, N.L., Liao, H.X., Fong, Y, Decamp, A., Vandergrift, N.A., Williams, W.T., et al.
(2014). Vaccine-induced Env V1–V2 IgG3 correlates with lower HIV-1 infection risk
and declines soon after vaccination. Sci. Transl. Med., 6, 228–239

[30] Chung, A.W., Ghebremichael, M., Robinson, H., Brown, E., Choi, I., Lane, S., et al.
(2014). Poly-functional Fc-effector profiles mediated by IgG subclass selection distin‐
guish RV144 and VAX003 vaccines. Sci. Transl. Med., 6(228), 228–238

[31] O’Connell, R.J., Kim, J.H., Excler, J.L. (2014). The HIV-1 gp120 V1V2 loop: structure,
function and importance for vaccine development. Expert Rev. Vaccines, 1–12

[32] Plotkin, S.A., Gilbert, P.B. (2012). Nomenclature for immune correlates of protection
after vaccination. Clin. Infect. Dis., 54, 1615–1617

[33] Karasavvas, N., Karnasuta, C., Ngauy, V., Vasan, S., Tricharavoj, R., de Souza, M.S.,
et al. (2013). Investigation of antibody responses induced in RV305 a late boost vacci‐
nation of HIV-1 uninfected volunteers that participated in RV144, a Thai trial. In:
P03.68LB, AIDS Vaccine

[34] Akapirat, S., Karnasuta, C., Madnote, S., Savadsuk, H., Puangkaew, J., Rittiroongrad,
S., et al. (2014). HIV-specific antibody in rectal secretions following late boosts in
RV144 participants (RV305). In: OA11.05, HIV R4P.

[35] Su, B., Moog, C. (2014). Which antibody functions are important for an HIV vaccine?
Frontiers in Immunology, HIV and AIDS, 5, 1–12

[36] Kohler, H. (2015). Novel vaccine concept based on back-boost effect in viral infection.
Vaccine, 33, 3274–3275

[37] O’Hagan, D.T., Ott, G.S., De Gregorio, E., Seubert, A. (2012). The mechanism of ac‐
tion of MF59-an innately attractive adjuvant formulation. Vaccine, 30, 4341–4348

[38] Leroux-Roels, I., Koutsoukos, M., Clement, F., Steyaert, S., Janssens, M., Bour‐
guignon, P., et al. (2010). Strong and persistent CD4+ T-cell response in healthy
adults immunized with a candidate HIV-1 vaccine containing gp120, Nef and Tat an‐
tigens formulated in three adjuvant systems. Vaccine, 28, 7016–7024

[39] Garcon, N., Van Mechelen, M. (2011). Recent clinical experience with vaccines using
MPL- and QS-21-containing adjuvant systems. Expert Rev. Vaccines, 10, 471–486

Advances in Molecular Retrovirology134



[26] Zolla-Pazner, S. (2014). A critical question for HIV vaccine development: which anti‐
bodies to induce? Science, 345, 167–168

[27] Mascola, J.R. (2007). HIV/AIDS: allied responses. Nature, 449, 29–30

[28] Gottardo, R., Bailer, R.T., Korber, B.T., Gnanakaran, S., Phillips, J., Shen, X., et al.
(2013). Plasma IgG to linear epitopes in the V2 and V3 regions of HIV-1 gp120 corre‐
late with a reduced risk of infection in the RV144 vaccine efficacy trial. PLoS One, 8,
e75665

[29] Yates, N.L., Liao, H.X., Fong, Y, Decamp, A., Vandergrift, N.A., Williams, W.T., et al.
(2014). Vaccine-induced Env V1–V2 IgG3 correlates with lower HIV-1 infection risk
and declines soon after vaccination. Sci. Transl. Med., 6, 228–239

[30] Chung, A.W., Ghebremichael, M., Robinson, H., Brown, E., Choi, I., Lane, S., et al.
(2014). Poly-functional Fc-effector profiles mediated by IgG subclass selection distin‐
guish RV144 and VAX003 vaccines. Sci. Transl. Med., 6(228), 228–238

[31] O’Connell, R.J., Kim, J.H., Excler, J.L. (2014). The HIV-1 gp120 V1V2 loop: structure,
function and importance for vaccine development. Expert Rev. Vaccines, 1–12

[32] Plotkin, S.A., Gilbert, P.B. (2012). Nomenclature for immune correlates of protection
after vaccination. Clin. Infect. Dis., 54, 1615–1617

[33] Karasavvas, N., Karnasuta, C., Ngauy, V., Vasan, S., Tricharavoj, R., de Souza, M.S.,
et al. (2013). Investigation of antibody responses induced in RV305 a late boost vacci‐
nation of HIV-1 uninfected volunteers that participated in RV144, a Thai trial. In:
P03.68LB, AIDS Vaccine

[34] Akapirat, S., Karnasuta, C., Madnote, S., Savadsuk, H., Puangkaew, J., Rittiroongrad,
S., et al. (2014). HIV-specific antibody in rectal secretions following late boosts in
RV144 participants (RV305). In: OA11.05, HIV R4P.

[35] Su, B., Moog, C. (2014). Which antibody functions are important for an HIV vaccine?
Frontiers in Immunology, HIV and AIDS, 5, 1–12

[36] Kohler, H. (2015). Novel vaccine concept based on back-boost effect in viral infection.
Vaccine, 33, 3274–3275

[37] O’Hagan, D.T., Ott, G.S., De Gregorio, E., Seubert, A. (2012). The mechanism of ac‐
tion of MF59-an innately attractive adjuvant formulation. Vaccine, 30, 4341–4348

[38] Leroux-Roels, I., Koutsoukos, M., Clement, F., Steyaert, S., Janssens, M., Bour‐
guignon, P., et al. (2010). Strong and persistent CD4+ T-cell response in healthy
adults immunized with a candidate HIV-1 vaccine containing gp120, Nef and Tat an‐
tigens formulated in three adjuvant systems. Vaccine, 28, 7016–7024

[39] Garcon, N., Van Mechelen, M. (2011). Recent clinical experience with vaccines using
MPL- and QS-21-containing adjuvant systems. Expert Rev. Vaccines, 10, 471–486

Advances in Molecular Retrovirology134

[40] Vaccari, M., Gordon, S.N., Fourati, S., Schifanella, L., Cameron, M., Keele, B.F., et al.
(2014). Adjuvant dependent mucosal V2 responses and RAS activation in vaccine in‐
duced protection from SIVmac251 acquisition. In: OA25.01. HIV R4P.

[41] McElrath, M.J. (1995). Selection of potent immunological adjuvants for vaccine con‐
struction. Semin Cancer Biol., 6, 375–385

[42] Rao, M., Onkar, S., Peachman, K., Padilla-Sanchez, V., Yamini, G., Jobe, O., et al.
(2014). Potent V2-specific antibodies induced in humans using liposome-encapsulat‐
ed HIV-1 gp120 recognize a well-exposed V2 epitope on envelope trimer. In: Ab‐
stract2049. Keystone, HIV Vaccines: Adaptive Immunity and Beyond.

[43] Bonsignori, M., Alam, S.M., Liao, H.X., Verkoczy, L., Tomaras, G.D., Haynes, B.F., et
al. (2012). HIV-1 antibodies from infection and vaccination: insights for guiding vac‐
cine design. Trends Microbiol., 20, 532–539

[44] McGuire, A.T., Dreyer, A.M., Carbonetti, S., Lippy, A., Glenn, J., Scheid, J.F., et al.
(2014). HIV antibodies, antigen modification regulates competition of broad and nar‐
row neutralizing HIV antibodies. Science, 346, 1380–1383

[45] Deal, C.E., Balazs, A.B. (2015). Vectored antibody gene delivery for the prevention or
treatment of HIV infection. Curr. Opin. HIV AIDS, 10(3), 190–197

[46] Ensoli, B., Cafaro, A., Monini, P., Marcotullio, S., Ensoli, F. (2014). Challenges in HIV
vaccine research for treatment and prevention. Frontiers in Immunology, HIV and
AIDS, 5, 1–11

[47] Sanders, R.W., van Gils, M.J., Derking, R., Sok, D., Ketas, T.J., Burger, J.A., et al.
(2015). HIV-1 neutralizing antibodies induced by native-like envelope trimers. Sci‐
ence, doi: 10.1126/science.aac4223

[48] Iyer, S.S., Gangadhara, S., Victor, B., Gomez, R., Basu, R., Hong, J.J., et al. (2015). Co-
delivery of envelope protein in alum with MVA vaccine induces CXCR3-Biased
CXCR5+ and CXCR5- CD4 T Cell responses in Rhesus Macaques. J. Immunol., doi:
10.4049/jimmunol.1500083

[49] Klasse, P.J. (2012). The molecular basis of HIV entry. Cell Microbiol., 14(8), 1183–1192

[50] Gupta, S., Clark, E.S., Termini, J.M., Boucher, J., Kanagavelu, S., LeBranche, C.C., et
al. (2015). DNA vaccine molecular adjuvants SP-D-BAFF and SP-D-APRIL enhance
anti-gp120 immune response and increase HIV-1 neutralizing antibody titers. J. Vi‐
rol., 89(8), 4158–4169

[51] Haynes, B.F. (2015). New approaches to HIV vaccine development. Current Opinion
in Immunology, 35, 39–47

[52] Fitzgerald, D.W., Janes, H., Robertson, M., Coombs, R., Frank, I., Gilbert, P., et al.
(2011). An Ad5-vectored HIV-1 vaccine elicits cell-mediated immunity but does not

Which Vaccination Strategies and Immune Responses are More Effective Against HIV Infections?
http://dx.doi.org/10.5772/61913

135



affect disease progression in HIV-1-infected male subjects: results from a randomized
placebo-controlled trial (the step study). J. Infect. Dis., 203,765–772

[53] Li, F., Finnefrock, A.C., Dubey, S.A., Korber, B.T., Szinger, J., Cole, S., et al. (2011).
Mapping HIV-1 vaccine induced T-cell responses: bias towards less-conserved re‐
gions and potential impact on vaccine efficacy in the step study. PLOS ONE, 6,
e20479

[54] Ratto-Kim, S., Currier, J.R., Cox, J.H., Excler, J.L., Valencia-Micolta, A., Thelian, D., et
al. (2012). Heterologous prime-boost regimens using rAd35 and rMVA vectors elicit
stronger cellular immune responses to HIV proteins than homologous regimens.
PLOS ONE, 7, e45840

[55] Santra, S., Liao, H.X., Zhang, R., Muldoon, M., Watson, S., Fischer, W., et al. (2010).
Mosaic vaccines elicit CD8+ T lymphocyte responses that confer enhanced immune
coverage of diverse HIV strains in monkeys. Nat. Med., 16, 324–328

[56] Barouch, D.H., O’Brien, K.L., Simmons, N.L., King, S.L., Abbink, P., Maxfield, L.F., et
al. (2010). Mosaic HIV-1 vaccines expand the breadth and depth of cellular immune
responses in rhesus monkeys. Nat. Med., 16, 319–323

[57] Kulkarni, V., Valentin, A., Rosati, M., Rolland, M., Mullins, J.I., Pavlakis, G.N., et al.
(2014). HIV-1 conserved elements p24CE DNA vaccine induces humoral immune re‐
sponses with broad epitope recognition in macaques. PLOS ONE, 9, e111085

[58] Stephenson, K.E., SanMiguel, A., Simmons, N.L., Smith, K., Lewis, M.G., Szinger, J.J.,
et al. (2012). Full-length HIV-1 immunogens induce greater magnitude and compara‐
ble breadth of T lymphocyte responses to conserved HIV-1 regions compared with
conserved-region-only HIV-1 immunogens in rhesus monkeys. J. Virol. 86, 11434–
11440

[59] Hansen, S.G., Ford, J.C., Lewis, M.S., Ventura, A.B., Hughes, C.M., Coyne-Johnson,
L., et al. (2011). Profound early control of highly pathogenic SIV by an effector mem‐
ory T-cell vaccine. Nature, 473, 523–527

[60] Hansen, S.G., Piatak, J. M., Ventura, A.B., Hughes, C.M., Gilbride, R.M., Ford, J.C., et
al. (2013). Immune clearance of highly pathogenic SIV infection. Nature, 50, 100–104

[61] Bolhassani, A., Yazdi, S.R. (2009). DNA immunization as an efficient strategy for vac‐
cination. J. Med. Biotechnol., 1, 71–88

[62] Habibzadeh, N., Bolhassani, A., Vahabpour, R., Sadat, S.M. (2015). How can Improve
DNA Vaccine Modalities as a Therapeutic Approach against HIV Infections? J. AIDS
Clin. Res., 6(4), 1–8

[63] Daemi, A., Bolhassani, A., Rafati, S., Zahedifard, F., Hosseinzadeh, S., et al. (2012).
Different domains of glycoprotein 96 influence HPV16 E7 DNA vaccine potency via
electroporation mediated delivery in tumor mice model. Immunol. Lett., 148, 117–125

Advances in Molecular Retrovirology136



affect disease progression in HIV-1-infected male subjects: results from a randomized
placebo-controlled trial (the step study). J. Infect. Dis., 203,765–772

[53] Li, F., Finnefrock, A.C., Dubey, S.A., Korber, B.T., Szinger, J., Cole, S., et al. (2011).
Mapping HIV-1 vaccine induced T-cell responses: bias towards less-conserved re‐
gions and potential impact on vaccine efficacy in the step study. PLOS ONE, 6,
e20479

[54] Ratto-Kim, S., Currier, J.R., Cox, J.H., Excler, J.L., Valencia-Micolta, A., Thelian, D., et
al. (2012). Heterologous prime-boost regimens using rAd35 and rMVA vectors elicit
stronger cellular immune responses to HIV proteins than homologous regimens.
PLOS ONE, 7, e45840

[55] Santra, S., Liao, H.X., Zhang, R., Muldoon, M., Watson, S., Fischer, W., et al. (2010).
Mosaic vaccines elicit CD8+ T lymphocyte responses that confer enhanced immune
coverage of diverse HIV strains in monkeys. Nat. Med., 16, 324–328

[56] Barouch, D.H., O’Brien, K.L., Simmons, N.L., King, S.L., Abbink, P., Maxfield, L.F., et
al. (2010). Mosaic HIV-1 vaccines expand the breadth and depth of cellular immune
responses in rhesus monkeys. Nat. Med., 16, 319–323

[57] Kulkarni, V., Valentin, A., Rosati, M., Rolland, M., Mullins, J.I., Pavlakis, G.N., et al.
(2014). HIV-1 conserved elements p24CE DNA vaccine induces humoral immune re‐
sponses with broad epitope recognition in macaques. PLOS ONE, 9, e111085

[58] Stephenson, K.E., SanMiguel, A., Simmons, N.L., Smith, K., Lewis, M.G., Szinger, J.J.,
et al. (2012). Full-length HIV-1 immunogens induce greater magnitude and compara‐
ble breadth of T lymphocyte responses to conserved HIV-1 regions compared with
conserved-region-only HIV-1 immunogens in rhesus monkeys. J. Virol. 86, 11434–
11440

[59] Hansen, S.G., Ford, J.C., Lewis, M.S., Ventura, A.B., Hughes, C.M., Coyne-Johnson,
L., et al. (2011). Profound early control of highly pathogenic SIV by an effector mem‐
ory T-cell vaccine. Nature, 473, 523–527

[60] Hansen, S.G., Piatak, J. M., Ventura, A.B., Hughes, C.M., Gilbride, R.M., Ford, J.C., et
al. (2013). Immune clearance of highly pathogenic SIV infection. Nature, 50, 100–104

[61] Bolhassani, A., Yazdi, S.R. (2009). DNA immunization as an efficient strategy for vac‐
cination. J. Med. Biotechnol., 1, 71–88

[62] Habibzadeh, N., Bolhassani, A., Vahabpour, R., Sadat, S.M. (2015). How can Improve
DNA Vaccine Modalities as a Therapeutic Approach against HIV Infections? J. AIDS
Clin. Res., 6(4), 1–8

[63] Daemi, A., Bolhassani, A., Rafati, S., Zahedifard, F., Hosseinzadeh, S., et al. (2012).
Different domains of glycoprotein 96 influence HPV16 E7 DNA vaccine potency via
electroporation mediated delivery in tumor mice model. Immunol. Lett., 148, 117–125

Advances in Molecular Retrovirology136

[64] Bolhassani, A., Rafati, S. (2013). Mini-chaperones: potential immuno-stimulators in
vaccine design. Hum. Vaccin. Immunother., 9, 153–161

[65] Vasan, S. (2014). Electroporation-mediated administration of candidate DNA vac‐
cines against HIV-1. Methods Mol. Biol., 1121, 291–307

[66] Nilsson, C., Hejdeman, B., Godoy-Ramirez, K., Tecleab, T., Scarlatti, G., Brave, A., et
al. (2015). HIV-DNA given with or without intradermal electroporation is safe and
highly immunogenic in healthy swedish HIV-1 DNA/MVA vaccines: A phase I
randomized trial. PLoS One,10(6), e0131748

[67] Xu, F., Hong, M., Ulmer, J.B. (2003). Immunogenicity of an HIV-1 gag DNA vaccine
carried by attenuated Shigella. Vaccine, 21, 644–648

[68] Wolchok, J.D., Houghton, A.N. (2002). DNA-based cancer vaccines. Encyclopedia of
Cancer, 2, 73–78

[69] Wen, J., Yang, Y., Zhao, G., Tong, S., Yu, H., et al. (2012). Salmonella typhi Ty21a bacte‐
rial ghost vector augments HIV-1 gp140 DNA vaccine-induced peripheral and mu‐
cosal antibody responses via TLR4 pathway. Vaccine, 30, 5733–5739

[70] Shinoda, K., Xin, K.Q., Kojima, Y., Saha, S., Okuda, K., et al. (2006). Robust HIV-spe‐
cific immune responses were induced by DNA vaccine prime followed by attenuated
recombinant vaccinia virus (LC16m8 strain) boost. Clin. Immunol., 119, 32–37

[71] Kramski, M., Stratov, I., Kent, S.J. (2015). The role of HIV-specific antibody-depend‐
ent cellular cytotoxicity in HIV prevention and the influence of the HIV-1 Vpu pro‐
tein. AIDS, 29(2), 137–144

[72] Cafaro, A., Tripiciano, A., Sgadari, C., Bellino, S., Picconi, O., Longo, O., et al. (2015).
Development of a novel AIDS vaccine: the HIV-1 transactivator of transcription pro‐
tein vaccine. Expert Opin. Biol. Ther., 1–17

[73] Sun, J., Hou, J., Li, D., Liu, Y., Hu, N., et al. (2013). Enhancement of HIV-1 DNA vac‐
cine immunogenicity by BCG-PSN, a novel adjuvant. Vaccine, 31, 472–479

[74] Xu, R., Megati, S., Roopchand, V., Luckay, A., Masood, A., et al. (2008). Comparative
ability of various plasmid-based cytokines and chemokines to adjuvant the activity
of HIV plasmid DNA vaccines. Vaccine, 26, 4819–4829.

[75] Liu, L.J., Watabe, S., Yang, J., Hamajima, K., Ishii, N., et al. (2001). Topical application
of HIV DNA vaccine with cytokine-expression plasmids induces strong antigen-spe‐
cific immune responses. Vaccine, 20, 42–48

[76] Qiu, J.T., Chang, T.C., Lin, C.T., Chen, Y.M., Li, F.Q., et al. (2007). Novel codon-opti‐
mized GM-CSF gene as an adjuvant to enhance the immunity of a DNA vaccine
against HIV-1 Gag. Vaccine, 25, 253–263

Which Vaccination Strategies and Immune Responses are More Effective Against HIV Infections?
http://dx.doi.org/10.5772/61913

137



[77] Xin, K.Q., Hamajima, K., Sasaki, S., Tsuji, T., Watabe, S., et al. (1999). IL-15 expression
plasmid enhances cell-mediated immunity induced by an HIV-1 DNA vaccine. Vac‐
cine, 17, 858–866

[78] Jiang, W., Jin, N., Cui, S., Li, Z., Zhang, L., et al. (2006). Enhancing immune responses
against HIV-1 DNA vaccine by coinoculating IL-6 expression vector. J. Virol. Meth‐
ods, 136, 1–7

[79] Nimal, S., Heath, A.W., Thomas, M.S. (2006). Enhancement of immune responses to
an HIV gp120 DNA vaccine by fusion to TNF alpha cDNA. Vaccine, 24, 3298–3308

[80] Huang, Y., Chen, A., Li, X., Chen, Z., Zhang, W., et al. (2008). Enhancement of HIV
DNA vaccine immunogenicity by the NKT cell ligand, alpha-galactosylceramide.
Vaccine, 26, 1807–1816

[81] Kanagavelu, S.K., Snarsky, V., Termini, J.M., Gupta, S., Barzee, S., et al. (2012). Solu‐
ble multi-trimeric TNF superfamily ligand adjuvants enhance immune responses to a
HIV-1 Gag DNA vaccine. Vaccine, 30, 691–702

[82] Scott, J.K., Gulzar, N., Klaric, K., Ross, T.M., Lu, S., et al. (2012). DNA vaccines that
express the MPER of HIV-1gp41 elicit different antibodies depending upon their
transmembrane and cytoplasmic domains. Retrovirology, 9, P348

[83] Shimada, M., Yoshizaki, S., Jounai, N., Kondo, A., Ichino, M., et al. (2010). DNA vac‐
cine expressing HIV-1 gp120/immunoglobulin fusion protein enhances cellular im‐
munity. Vaccine 28, 4920–4927

[84] Boyer, J.D., Kim, J., Ugen, K., Cohen, A.D., Ahn, L., et al. (1999). HIV-1 DNA vaccines
and chemokines. Vaccine, 17, S53–S64

[85] Liu, Z., Singh, D.K., Sheffer, D., Smith, M.S., Dhillon, S., et al. (2006). Immunopro‐
phylaxis against AIDS in macaques with a lentiviral DNA vaccine. Virology, 351,
444–454

[86] Ivanoff, L.A., Dubay, J.W., Morris, J.F., Roberts, S.J., Gutshall, L., et al. (1992). V3 loop
region of the HIV-1 gp120 envelope protein is essential for virus infectivity. Virology,
187, 423–432

[87] Li, L., Saade, F., Petrovsky, N. (2012). The future of human DNA vaccines. J. Biotech‐
nol., 162, 171–182

[88] Shinoda, K., Xin, K.Q., Kojima, Y., Saha, S., Okuda, K., et al. (2006). Robust HIV-spe‐
cific immune responses were induced by DNA vaccine prime followed by attenuated
recombinant vaccinia virus (LC16m8 strain) boost. Clin. Immunol., 119, 32–37

[89] Pissani, F., Malherbe, D.C., Schuman, J.T., Robins, H., Park, B.S., et al. (2014). Im‐
provement of antibody responses by HIV envelope DNA and protein co-immuniza‐
tion. Vaccine, 32, 507–513

[90] Mahdavi, M., Ebtekar, M., Khorram Khorshid, H.R., Azadmanesh, K., Hartoonian,
C., Hassan, Z.M., (2011). ELISPOT analysis of a new CTL based DNA vaccine for

Advances in Molecular Retrovirology138



[77] Xin, K.Q., Hamajima, K., Sasaki, S., Tsuji, T., Watabe, S., et al. (1999). IL-15 expression
plasmid enhances cell-mediated immunity induced by an HIV-1 DNA vaccine. Vac‐
cine, 17, 858–866

[78] Jiang, W., Jin, N., Cui, S., Li, Z., Zhang, L., et al. (2006). Enhancing immune responses
against HIV-1 DNA vaccine by coinoculating IL-6 expression vector. J. Virol. Meth‐
ods, 136, 1–7

[79] Nimal, S., Heath, A.W., Thomas, M.S. (2006). Enhancement of immune responses to
an HIV gp120 DNA vaccine by fusion to TNF alpha cDNA. Vaccine, 24, 3298–3308

[80] Huang, Y., Chen, A., Li, X., Chen, Z., Zhang, W., et al. (2008). Enhancement of HIV
DNA vaccine immunogenicity by the NKT cell ligand, alpha-galactosylceramide.
Vaccine, 26, 1807–1816

[81] Kanagavelu, S.K., Snarsky, V., Termini, J.M., Gupta, S., Barzee, S., et al. (2012). Solu‐
ble multi-trimeric TNF superfamily ligand adjuvants enhance immune responses to a
HIV-1 Gag DNA vaccine. Vaccine, 30, 691–702

[82] Scott, J.K., Gulzar, N., Klaric, K., Ross, T.M., Lu, S., et al. (2012). DNA vaccines that
express the MPER of HIV-1gp41 elicit different antibodies depending upon their
transmembrane and cytoplasmic domains. Retrovirology, 9, P348

[83] Shimada, M., Yoshizaki, S., Jounai, N., Kondo, A., Ichino, M., et al. (2010). DNA vac‐
cine expressing HIV-1 gp120/immunoglobulin fusion protein enhances cellular im‐
munity. Vaccine 28, 4920–4927

[84] Boyer, J.D., Kim, J., Ugen, K., Cohen, A.D., Ahn, L., et al. (1999). HIV-1 DNA vaccines
and chemokines. Vaccine, 17, S53–S64

[85] Liu, Z., Singh, D.K., Sheffer, D., Smith, M.S., Dhillon, S., et al. (2006). Immunopro‐
phylaxis against AIDS in macaques with a lentiviral DNA vaccine. Virology, 351,
444–454

[86] Ivanoff, L.A., Dubay, J.W., Morris, J.F., Roberts, S.J., Gutshall, L., et al. (1992). V3 loop
region of the HIV-1 gp120 envelope protein is essential for virus infectivity. Virology,
187, 423–432

[87] Li, L., Saade, F., Petrovsky, N. (2012). The future of human DNA vaccines. J. Biotech‐
nol., 162, 171–182

[88] Shinoda, K., Xin, K.Q., Kojima, Y., Saha, S., Okuda, K., et al. (2006). Robust HIV-spe‐
cific immune responses were induced by DNA vaccine prime followed by attenuated
recombinant vaccinia virus (LC16m8 strain) boost. Clin. Immunol., 119, 32–37

[89] Pissani, F., Malherbe, D.C., Schuman, J.T., Robins, H., Park, B.S., et al. (2014). Im‐
provement of antibody responses by HIV envelope DNA and protein co-immuniza‐
tion. Vaccine, 32, 507–513

[90] Mahdavi, M., Ebtekar, M., Khorram Khorshid, H.R., Azadmanesh, K., Hartoonian,
C., Hassan, Z.M., (2011). ELISPOT analysis of a new CTL based DNA vaccine for

Advances in Molecular Retrovirology138

HIV-1 using GM-CSF in DNA prime/peptide boost strategy: GM-CSF induced long-
lived memory responses. Immunol. Lett., 140, 14–20

[91] Shete, A., Thakar, M., Mehendale, S., Paranjape, R. (2014). Is prime boost strategy a
promising approach in HIV vaccine development? J. AIDS Clin. Res., 5, 293

[92] Moody, M.A. (2014). Modulation of HIV-1 immunity by adjuvants. Curr. Opin. HIV
AIDS, 9, 242–249

[93] Chen, Y.L., Chen, Y.S., Hung, Y.C., Liu, P.J., Tasi, H.Y., Ni, W.F., et al. (2015). Im‐
provement of the Th1-related immune response in BALB/c mice immunized with an
HIV-1 gag plasmid combined with a chimeric plasmid encoding IL-18 and flagellin.
Microbiol. Immunol., doi: 10.1111/1348-0421.12274

[94] Carlson, J.M., Le, A.Q., Shahid, A., Brumme, Z.L. (2015). HIV-1 adaptation to HLA: a
window into virus–host immune interactions. Trends in Microbiology, 23 (4), 212–
224

[95] Crispin, M., Doores, K.J. (2015). Targeting host-derived glycans on enveloped viruses
for antibody-based vaccine design. Curr. Opin. Virol., 2015, 11, 63–69

[96] Henning, T.R., McNicholl, J.M., Vishwanathan, S.A., Kersh, E.N. (2015). Macaque
models of enhanced susceptibility to HIV. Virol. J., 12 (90), 1–9

[97] Hessell, A.J., Haigwood, N.L. (2015). Animal models in HIV-1 protection and thera‐
py. Curr. Opin. HIV AIDS, 10(3), 170–176

[98] Ahlers, J.D. (2014). All eyes on the next generation of HIV vaccines: strategies for in‐
ducing a broadly neutralizing antibody response. Discov. Med., 17(94), 187–199

[99] Kagina, B.M., Wiysonge, C.S., Lesosky, M., Madhi, S.A., Hussey, G.D. (2014). Safety
of licensed vaccines in HIV-infected persons: a systematic review protocol. Syst. Rev.,
11(3), 101

[100] Vella, M., Pace, D. (2015). Glycoconjugate vaccines: an update. Expert Opin. Biol.
Ther., 15(4), 529–546

[101] Liu, H., Bi, W., Wang, Q., Lu, L., Jiang, S. (2015). Receptor binding domain based HIV
vaccines. Hindawi Publishing Corporation, BioMed Research International, 1–9

Which Vaccination Strategies and Immune Responses are More Effective Against HIV Infections?
http://dx.doi.org/10.5772/61913

139





Section 4

Retroviruses as Vectors in Gene Therapy





Chapter 5

Retroviral Vectors in Gene Therapy

Miroslava Matuskova and Erika Durinikova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61844

Abstract

Several decades ago, the first retroviral vectors were constructed. They have been proved
as delivery vehicles in basic and translational research; many of them were used in clini‐
cal trials in the treatment of genetic and immunologic disorders or malignancies to deliv‐
er therapeutic genes into target tissue. Gammaretroviral and lentiviral vectors are
popular viral delivery vehicles; their ability to integrate into genome of the host cell ena‐
bles permanent genetic modification of the target cell and long-term expression of the
transgene. Besides classical cancer gene therapy, they are used in cell-mediated cancer
gene therapy in combination with mesenchymal stromal cells (MSC) or neural progeni‐
tors. Based on the promising preclinical studies, clinical trials with genetically engineered
cell vehicles were initiated.

Keywords: Retroviral vector, lentiviral vector, gene therapy

1. Introduction

Besides negative and pathogenic attributes, viruses can also be beneficial when used as
delivery vehicles in gene therapy. The advocates of viral vectors even claim that just viruses
are the right tools for delivery of foreign genetic information into the cell because they have
been evolving for this purpose for millions of years. Gene therapy can be defined as the delivery
of nucleic acid into the cell for the purpose of acquiring new features or restoration of phys‐
iologic status. The idea that disorders can be treated by genes arose in the 1960s, when the
mechanism of cell transformation by SV40 virus and papovaviruses was described [1]. Gene
therapy enables modification of cell by the replacement of non-functional or missing gene,
suppression of another gene, or induction of cell death as in the case of oncologic diseases.
Monogenic diseases and age-related disorders can be treated by retrovirus-mediated gene
therapy, but (retro)viral vectors are most frequently used in cancer gene therapy.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1.1. Basic terminology

• Viral vector – a synthetic construct containing given viral sequences determined to transfer
genetic information into the target cell.

• Transfection – transfer of genetic information by a non-viral system.

• Transduction – transfer of genetic information by a viral vector (genetic information is
packaged in the viral particle).

◦ Transient – DNA is not integrated into the genome of host cell, genetic modification is
temporary.

◦ Stable – transgene is an integral part of the genome of the host cell, and it is transferred
into daughter cells by cell division.

• Provirus – viral genome integrated into chromosome of the host cell.

• Episome – foreign genetic information in the cytoplasm or nucleus, which replicates
independently from the genome of the host cell.

• Replication-competent vector – the genetic information of the virus is complete, and the
realisation of the whole life cycle of the virus is facilitated in the target cells. Viral progeny
infects surrounding cells.

• Replication-defective vector – some viral sequences are removed from the genome; helper
cell lines are necessary for the production of virion. Replication-defective vectors are not
able to replicate in target transduced cells.

2. History of gene therapy and retroviral vectors

The transfer of genetic information among bacteria by a bacteriophage was first described by
Joshua Lederberg and Norton Zinder. They named this phenomenon as ‘transduction’ [2].

The work of Howard M. Temin performed on Rous sarcoma virus (RSV) is the fundamental
part in the research of retroviruses and retroviral vectors. He discovered that specific genetic
mutations could be inherited as a result of viral infection. Moreover, his study showed that
RSV infection required cellular DNA for replication, and genetic information can also flow in
the direction RNA →  DNA, and he postulated the provirus hypothesis [3-6].

In the 1970s, specific viral genes involved in the transformation were discovered. The SRC and
other (proto-)oncogenes with cellular origin were described. The insertional mutagenesis was
revealed as another mechanism of transformation [7].

While pioneer work was performed on avian-infectious alpharetroviral Rous sarcoma virus,
Moloney murine leukaemia virus (MoMLV) belonging to gammaretroviruses was initially
used  for  the  preparation  of  therapeutic  vector  [8,  9],  and  until  now,  MoMLV-derived
constructs  along  with  human  immunodeficiency  virus  (HIV)-derived  vectors  are  most
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frequently used. The construction of mutant Moloney murine leukaemia virus defective in
the  packaging  of  genomic  RNA  into  virions  represents  an  important  step  towards  the
development of retroviral vectors [7]. The first gene delivery systems based on HIV-1 were
prepared in the early 1990s [10].

The first officially approved clinical study was conducted by Rosenberg. In this initial study,
the gene for neomycin phosphotransferase was introduced into the tumour-infiltrating
lymphocytes (TIL) of patients with advanced cancer. Subsequently, he performed clinical trials
in which the gene for tumour necrosis factor (TNF) was inserted by retroviral vector into TIL
in an effort to increase their therapeutic effectiveness [11]. During the following years, the gene
therapy became a very promising approach for the treatment of genetic and oncologic diseases.
But serious complication halted the progress of this therapeutic approach. In 1999, Jesse
Gelsinger, suffering from a partial deficiency of ornithine transcarbamylase, took part in a gene
therapy clinical trial at the University of Pennsylvania. He died due to excessive immune
response to a high dose of adenoviral vector [12]. There was a study conducted in Paris, in
which 20 children suffering from severe combined immunodeficiency (SCID) took part. They
were treated by ex vivo–transduced autologous CD34+ haematopoietic progenitor cells. Five of
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well as non-dividing cells. In general, adenoviral vectors are considered safe. Since they do
not integrate into host DNA, the transduction is transient. The drawback is their immunoge‐
nicity [15-17].

Adeno-associated vectors share with retroviral vectors the ability to integrate into host DNA.
Wild type adeno-associated virus integrates into specific site of the chromosome 19 (19q13.3-
qter). Recombinant vectors lack this characteristic and the risk of insertional mutagenesis
exists. These vectors transduce dividing and non-dividing cells, and the transgene expression
is long term. Transduced cells are minimally immunogenic [18].

Herpetic viruses are relatively complex enveloped dsDNA viruses. The vectors have been
prepared from Herpes simplex type 1 virus, Epstein–Barr virus or cytomegalovirus. They are
less immunogenic in comparison to adenoviruses. The transduction is transient; the drawback
of HSV 1-derived vector is the short-term expression of the transgene. Herpes virus-derived
vectors are preferentially used in vaccination [19, 20].

Poxviruses are the most complex viruses. Their major advantage lies in the huge cloning
capacity. Up to 25 kbp of foreign DNA can be cloned into vaccinia-derived vectors. Similarly
to herpes virus-derived vectors, they are popular in the preparation of vaccines including
cancer immunotherapy [21, 22].

Baculoviruses, the viruses specific for invertebrates, are not competitors of retroviruses in gene
therapy. They have been used for more than 30 years for transduction of insect cells for
expression of recombinant proteins. Pseudotyping enables the transduction of mammalian
cells [23].

Vectors derived from alfaviruses (ssRNA viruses) are also used in cancer gene therapy and
immunotherapy [24, 25].

Figure 1. Overview of viral vectors
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4. Retroviral vectors

Retroviruses are relatively complex enveloped RNA viruses with diploid ssRNA genome.
Typical feature of retroviruses and retroviral vectors is their ability to integrate into host DNA.
Viral RNA is reversibly transcribed and integrated in the form of provirus. They very effec‐
tively cooperate with enzymes of the host cell, and they use it for their own replication and
long-term expression of viral proteins. The entry of virus into the host cell is receptor-
dependent [26].

Many types of retroviruses (bovine leukaemia virus, Rous sarcoma virus, lentiviruses and
spumaviruses) were used for preparation of vectors. The most popular vectors are constructs
based on MoMLV and HIV.

4.1. Gammaretroviral vectors

The first MoMLV-based vectors were prepared more than 30 years ago [8, 9], and they are
still very popular. The construct is relatively small, and it is possible to achieve high titres
in inoculum. The diagram of MoMLV provirus and MoMLV-derived vector is depicted in
Figure 2.

Figure 2. Genome structure of integrated MoMLV and MoMLV-derived vector. (a) Diagram of MoMLV provirus; (b)
Diagram of integrated MoMLV-derived retroviral vector; LTR = long terminal repeats; U3 = unique sequence derived
from 3ʹ end of the viral RNA; R = repeated sequence; U5 = unique sequence derived from 5ʹ end of the viral RNA; PBS
= primer binding site; SD = splice donor; Ψ = packaging signal; gag = genes for structural proteins; pol = region coding
for genes needed for replication of retrovirus; env = genes for envelope proteins; PPT = polypurine tract (according to
[27, 28], adjusted).

Contrary to lentiviruses, the packaging system of gammaretroviruses does not require
incorporation of sequences overlapping coding region gag, pol or additional genes.

Since MoMLV lacks elements necessary for active transport of genetic information through
nuclear membrane, integration of viral DNA is possible only during the mitosis. MoMLV-
derived vectors transduce only dividing cells. Integration of viral genome is mediated by the
pre-integration complex (PIC) consisting of integrase, capsid, p12, proviral DNA and host cell
proteins. Proviral DNA is surrounded by two long terminal repeats (LTR), which are com‐
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posed of U3, R and U5 regions. Transcription of proviral DNA starts from enhancer/promotor
in 5’ U3 region [27].

MoMLV constructs can be prepared as replication-competent or replication-deficient.

Gag and env genes are removed in replication-deficient vectors. Gene of interest is cloned in
the free space. A typical replication-deficient vector contains packaging signal (ψ), primer
binding site (PBS) and LTRs. Viral genes gag, pol and env are cloned on separate expression
helper plasmids, and helper cell lines are co-transfected with more plasmids. Stably transfected
helper cell lines expressing gag pol (GP) and env were prepared.

Packaging cell lines GP+E-86 and GP-envAM-12 were derived from NIH-3T3 cell line by
electroporation of two plasmids. One plasmid contained the gag and pol regions of MoMLV,
and the other contained the env region. GP+E-86 cells are used for the production of ecotropic
viral particles, and line GP+envAM-12 is used for amphotropic viral particles (explained later)
[29]. Expression cassette with gene of interest should not contain introns, internal polyadeny‐
lation signals and large secondary structures, which could interfere with reverse transcriptase.
The cloning capacity of retroviral vectors is up to 10 kbps, but the size of transgene significantly
influences its expression and viral titre [27].

Envelope protein coded by gene env is responsible for the tropism of MoMLV. Three natural
variants of MoMLV were described. They differ in their envelope proteins. Ecotropic MoMLV
infects only mouse and rats cells; amphotropic is also able to infect the cells derived from other
mammals including human cells. Xenotropic MoMLV was supposed to infect many types of
cells excluding murine, but recent studies indicate that it also infects mice and it has the widest
tropism among MoMLV [27, 30].

Tropism of the viral vector can be modulated by pseudotyping using a particular envelope
protein. The glycoprotein of vesicular stomatitis virus (VSVg) is very popular. It enables broad
host range (mammalian and non-mammalian cells). It also has stabilisation properties, and
viral particles can be purified by ultracentrifugation. On the other hand, VSVg is recognised
by complement, and this fact can decrease the transduction efficacy in vivo [31].

4.2. Lentiviral vectors

In  comparison  to  MoMLV-derived  vectors,  lentiviral  vectors  are  more  complex.  Three
generations of lentiviral vectors were prepared in order to increase the safety and effica‐
cy of the gene transfer.  The viral genome was split  into packaging and transfer vectors.
The  first  and  second  generation  are  composed  of  three  plasmids;  the  third  generation
consists of four plasmids [31]. The main difference between lentiviral vectors and vectors
derived from other retroviruses is their ability to infect/transduce quiescent non-dividing
cells [32]. They are able to pass through nucleopores into the intact nucleus. The mecha‐
nism of this phenomenon has not been completely clarified; yet, it is known that both viral
and cellular proteins participate in this process. In addition to HIV vectors, vectors based
on feline immunodeficiency virus (FIV),  simian immunodeficiency virus (SIV) or  equine
infectious anaemia virus (EIAV) have also been prepared. Pseudotyping (VSVg is the most
common) is typical for lentiviral vectors [31].
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4.3. Self-inactivating vectors

The risk of insertional mutagenesis is a drawback of retroviral vectors. With the purpose of
increasing the safety of gene therapy, self-inactivating (SIN) vectors were prepared in the
1980s. SIN vectors have a deletion in the 3’ U3 region, where promotor and enhancer sequences
occur. This deletion is copied into 5’ LTR during the reverse transcription, and virus becomes
free of LTR-bound promotor activity. Transcription control is under the chosen cloned
promotor [33].

SIN vectors are characterised by decreased risk of insertional mutagenesis; the vector is not
activated via infection by another retrovirus, and the internal promotor is autonomous.
Controlled/inducible or cell-specific expression of transgene can be achieved based on the
chosen promotor [33]. The use of tetracycline (Tet)-inducible system was published in the 1990s
[34], and until now it is being used for enhanced expression of an exogenous gene in a cell-
type-specific manner.

4.4. Replication-competent retroviral vectors

Retroviral vectors can be constructed as replication-defective to transduce target cells and
enable long-term expression of transgene (immunology disorders, genetic diseases), or they
carry transgenes inducing cell death (cancer gene therapy). On the other hand, the replication-
competent vectors (RCV) are prepared in order to replicate in the target (tumour) cells. Their
progeny infects surrounding malignant cells. Since the targeting is an inevitable characteristic
of RCV, they can be engineered to express ligands to tumour cell-specific markers. The
advantage of MoMLV-derived vectors is their natural preference to tumour cells [35]. MoMLV
is unable to infect quiescent cells, making them suitable vehicles for the treatment of brain
tumours. RCV with suicide gene mediate synchronised cell killing after prodrug administra‐
tion, and due to their stable integration into DNA of infected cells, residual cancer cells serve
as a reservoir for long-term viral persistence even when they migrate to new sites. Multiple
cycles of prodrug administration to achieve improved treatment efficacy are possible [36].

Although gammaretroviral and lentiviral vectors are derived from the same viral family, they
differ in some characteristics. Advantages of gammaretroviral vectors reside in the complete
absence of viral gene remnants in the transfer vector, efficient pseudotyping and the lack of
mobilisation by human-infectious viruses. In comparison to HIV-derived vectors, there are
also minor concerns related to potential seroconversion in vivo. Lentiviral vectors are clearly
superior for the ability to transduce non-dividing cells. Both types of vectors are equally potent
in terms of expression properties when containing similar internal expression cassettes [37].
Compared to vectors derived from non-integrating viruses, retroviral vectors possess the risk
of insertional mutagenesis. Gammaretroviral vectors preferentially integrate close to tran‐
scription start sites and CpG islands, which are enriched in gene-regulatory elements.
Lentiviral vectors prefer integration inside of the transcription units of actively transcribed
genes [38].

Despite the promise for success in the clinic, one major drawback of the retrovirus-based vector
is that any unintended insertion events from the therapy can potentially lead to deleterious
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effects or it can cause an abnormal expression of nearby host genes driven by the enhancer of
the inserted viral DNA in patients, as demonstrated by the development of malignancies in
both animal and human studies. The better prediction of the integration sites by elucidation
of this mechanism might lead to the development of retroviral vectors capable of selective
integration. This understanding could provide the ultimate solution to the problems of
insertional mutagenesis [39]. The definition of the precise mechanism of the retroviral pre-
integration complex is required. Many efforts have been made in designing modified integra‐
ses with sequence-specific integration capability, which can be accomplished by rational
modification of the protein or by using the directed evolution approach [40]. One approach to
directing integration into predetermined DNA sites is fusing integrase to a sequence-specific
DNA-binding protein, which results in a bias of integration near the recognition site of the
fusion partner [41]. Efforts to engineer integrase to recognise specific target DNA sequences
within the host genome may lead to development of effective retroviral vectors that can safely
deliver gene-based therapeutics in a clinical setting. Insertion of a lentiviral vector via virion-
associated Cre protein, capable of directing site-specific insertion of a gene in the vector, into
a defined loxP site in the host genome was described [42].

A detailed study of the vector integration sites performed on haematopoietic stem cells by
Aiuti et al. [43] concluded that lentiviral gene therapy was safer than retroviral gene therapy,
and lentiviral gene therapy did not induce selection of integrations near oncogenes, and no
aberrant clonal expansion was observed after 20 to 32 months follow-up. Also, the so-called
integration-deficient lentiviral vectors (IDLVs) can be produced through the use of integrase
mutations that specifically prevent proviral integration. These lentiviral episomes lack
replication signals and are gradually lost by dilution in dividing cells, but are stable in
quiescent cells. Compared to integrating lentivectors, IDLVs have a greatly reduced risk of
causing insertional mutagenesis [44].

4.5. Overview of preparation of the gammaretroviral vector

Recently, many viral cloning systems are available. Transgene is cloned either directly or via
a bacterial intermediate. Circular dsDNA is found at the beginning of the process. It contains
viral sequences including LTR necessary for the integration, genes coding for antibiotic
resistance and target sequences for different restriction endonucleases (multicloning sites). The
first part of vector construction takes place in bacteria; therefore, the bacterial origin of
replication (ORI) is a necessary component. The gene of interest is cloned into the vector, then
propagated in bacteria and verified by sequencing. Subsequently, the packaging cell line is
transfected, and the sequences between LTRs are integrated into host-cell DNA. Vector-
containing cells are selected via antibiotic resistance. In order to increase the titre of the viral
vector, ecotropic and amphotropic packaging cell lines can be used. First, the ecotropic cell
line is transfected, and then the amphotropic packaging cells are transduced by virus-
containing cultivation supernatant from ecotropic cells. The ‘ping-pong’ method – mutual
exchange of virus-containing medium between ecotropic and amphotropic cells – is performed
to further increase the viral titre. The viral titre is determined and cultivation supernatant from
transduced cells is collected for transduction of target cells. Transgene-containing cells are
selected via antibiotic resistance (Figure 3).
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Figure 3. The preparation of replication-defective retrovirus vector. (a) Circular dsDNA construct, which is transfect‐
ed to bacteria; (b) particular steps of vector preparation: 1. cloning of desired gene into the vector; 2. transformation of
bacteria; 3. selection of bacterial clones with desired transgene (NeoR); 4. verification of cloned gene by sequencing; 5.
multiplication of desirable clone; 6. purification of plasmid DNA; 7. transfection via packaging cell line; 8. selection of
transfected cells (NeoR); 9. virus titration; 10. ping-pong; 11. virus titration after ping-pong; 12. transduction of target
cells; 13. selection of transduced target cells [NeoR/G418R – resistance of bacteria to neomycin and mammalian cells’
resistance to geneticin (G418) coding by NeoR gene].

5. Gene therapy

Treatment of genetic diseases and cancer gene therapy are the main targets of recent gene
therapy. They belong to serious diseases, which are difficult to treat or are incurable using
conventional treatment, or the treatment is accompanied by severe adverse effects.

Over 60% of ongoing gene therapy clinical trials represent cancer treatment followed by
monogenetic and cardiovascular diseases [11]. Two approaches of gene therapy are defined:
(i) The ex vivo method is characterised by the collection of target cells from the organism, genetic
modification and subsequent administration to the patient. (ii) The in vivo method is charac‐
terised by the direct administration of therapeutic gene to the patient.

5.1. Treatment of genetic, immunologic and other non-oncologic diseases

Genetic as well as age-related diseases can be treated by gene therapy. They are caused by
deficiency or aberrant expression of one or more gene(s). Patients suffering from severe
combined immunodeficiency (SCID) – devastating disorder of adapted immunity – are not
able to defend against infections. The term SCID covers several genetic defects. Adenosine
deaminase (ADA) deficiency was the first SCID condition for which a genetic and molecular
cause was identified [45]. The patients suffering from ADA-SCID are ideal candidates for gene
therapy, when haematopoietic cells are transduced by a gene encoding adenosine deaminase.
A retroviral vector carrying ADA was the first construct to contain a therapeutic gene (Rosen‐
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berg transduced cells with neomycin resistance gene to track them in vivo) used in an FDA-
approved clinical trial. Two children were treated [46]. SCID-X1 is characterised by various
mutations in the gene encoding interleukin 2 receptor-γ (IL2RG) [47, 48]. Transduction of
functional IL2RG restores expression of functional interleukin 2 receptor-γ. It was demon‐
strated that gene therapy for primary immunodeficiencies is an effective treatment modality
providing long-term clinical benefit for patients. Lentiviral vectors contributed significantly
to this achievement [49]. Haematopoietic stem cells were engineered ex vivo and administered
to the patient. Long-term T-cell reconstitution was achieved in patients suffering from ADA-
SCID and SCID-X [50].

Age-related macular degeneration is accompanied with excessive vascularisation in which
vascular endothelial growth factor (VEGF) takes place. Its function can be inhibited by
retrovirally delivered antiangiogenic factors such as angiostatin, endostatin or extracellular
domain of VEGF receptor. Vectors are administered into vitreous body or under retina.
Antiangiogenic genes are also used in cancer gene therapy [51-53].

Epidermolysis bullosa is a group of devastating skin disorders. Mutations in the COL7A1 gene
result in the absence or dysfunction of type VII collagen protein and cause recessive dystrophic
epidermolysis bullosa (RDEB). Collagen VII expression has been restored by retroviral and
lentiviral vectors carrying COL7A1 gene. Long-term expression of transgene in keratinocytes,
fibroblasts or epidermal stem cells was achieved [54]. Mutations in genes encoding the
basement membrane component laminin 5 (LAM5) are the cause of junctional epidermolysis
bullosa. Retrovirally transduced epidermal stem cells have been used for preparation of
epidermal grafts. Analysis revealed that synthesis and proper assembly of normal levels of
functional LAM5 were observed, together with the development of a firmly adherent epider‐
mis that remained stable at least for 1 year [55].

The treatment of congenital disorders of liver metabolism is currently limited, and prognosis
of patients suffering from Crigler–Najjar syndrome, urea cycle disorders, familial hypercho‐
lesterolemia and primary hyperoxaluria type 1 is unfavourable. In comparison to the liver
transplantation, ex vivo gene therapy offers a less invasive method without the need for lifelong
immunosuppression [56].

Homozygous mutation in LDL receptor causes familial hypercholesterolemia. The gene
therapy approach for treatment of this lethal disease was developed. Grossman et al. [57]
described the treatment of a 29-year-old woman by ex vivo gene therapy. Autologous hepato‐
cytes isolated from the patient were genetically corrected with recombinant retroviruses
carrying the LDL receptor and subsequently reimplanted. The patient's LDL/HDL ratio
improvements have remained stable for the duration of the treatment (18 months). Ex vivo
gene therapy using modified haematopoietic stem cells has generated encouraging results for
treatment of multisystemic lysosomal storage disorders [58]. Retroviral and lentiviral vector-
transduced bone marrow-derived cells overexpressing lysosomal enzymes can migrate into
the central nervous system (CNS) and mediate cross-correction of the neighbouring brain cells.
This approach has resulted in excellent outcomes, preventing the development of clinical
manifestations in metachromatic leukodystrophy. According to a study by Cartier et al. [59],
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patients with peroxisomal disorder X-linked adrenoleukodystrophy treated with ex vivo
lentiviral vector-mediated gene therapy have also exhibited clinical benefits.

Based on the significant progress made to date, in spite of the expected setbacks of all drug
development efforts, gene therapy for liver metabolic disorders is becoming a viable option
for treatment in future clinical trials.

5.2. Cancer gene therapy

Cancer is a complex disease accompanied by progressive accumulation of genetic and
epigenetic alterations, which enables the cell to escape from cell and environmental control.
Conventional treatment consists of surgery, chemotherapy and radiotherapy. Despite progress
in the treatment, it is ineffective or accompanied by severe adverse effects in many cases;
therefore, novel approaches are needed. Recently, research has been focusing on targeted
therapy. Gene therapy – classical or mediated by cellular vehicles – is the promising approach,
primarily for patients suffering from glioblastoma multiforme (GBM), neuroblastoma,
metastatic melanoma and other metastatic cancers. As stated above, cancer treatment is
recently the most elaborated area of gene therapy.

The treatment is focused on suppression of activated oncogenes, restoration of expression of
tumour-suppressor genes, activation of anti-tumour immunity and inhibition of angiogenesis-
or metastatic potential-suppressing genes. The separate group is represented by genes
inducing autodestruction of tumour – ‘toxic’ genes or genes coding for enzymes converting
non-toxic prodrug to toxic product [60].

Prodrug-converting genes are also known as ‘suicide genes’. They are of viral, bacterial or
yeast origin, and they do not have the equivalent in mammalian cells. Mammalian cells obtain
the ability to utilise a new substrate after transduction – an inactive compound is converted to
chemotherapeutics. The apoptosis is induced in transduced cells; therefore, this approach is
called suicide gene therapy. Bystander effect is the phenomenon of suicide gene therapy. Toxic
metabolites released from transduced cells are received by the surrounding bystander cells
and mediate toxic effect in them [61]. This targeted chemotherapy is considerate to the
organism because chemotherapeutic agent is present only in the tumour vicinity – the site
where (systemically administered) prodrug and therapeutic enzyme meet together.

Herpes simplex virus thymidine kinase (HSVtk) is one of the most frequently used therapeutic
genes. Its affinity to nucleotide analogue ganciclovir (GCV) is approximately 1000 times higher
than mammalian thymidine kinase. HSVtk phosphorylates GCV to GCV-monophosphate
(GCV-P), which is subsequently phosphorylated by cellular kinases and incorporated into
replicating DNA instead of guanosine triphosphate. GCV lacks deoxyribose at 3'OH and
bound between carbons 2' and 3', which are necessary for the elongation of DNA chain.
Incorporation of GCV-3P yields into termination of DNA synthesis and subsequent cell death
– preferentially apoptosis, advisable cell death in cancer treatment. GCV becomes a charged
molecule after phosphorylation, and it is not able to diffuse across the membrane. As stated
above, the bystander effect is an important phenomenon in contributing to the efficacy of gene
therapy. Gap junctional intercellular communication (GJIC) is necessary for transport of
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phosphorylated GCV. GJIC is often a limiting factor of HSVtk/GCV system because many cells
are defective in expression of the connexins, which are the major components of gap junctions.
Transduction of connexin gene can improve the efficacy of the treatment [62].

The second most frequently used system in suicide gene therapy is cytosine deaminase (CD)
derived from bacteria (bCD) or yeasts (yCD) combined with prodrug 5-fluorycytosine (5-FC),
which is used in conventional antimycotic therapy. Yeast CD is 15 times more efficient in
comparison to its bacterial counterpart [63].

Transduced cell is able to convert non-toxic 5-FC to conventionally used chemotherapeutic 5-
fluorouracil (5-FU). More active molecules arise by the metabolism of 5-FU, and the synthesis
of both DNA and RNA is impaired. Thymidylate synthase (TS) is the key target enzyme in 5-
FC/5-FU treatment. 5-fluorouridine monophosphate, one of the active metabolites of 5-FU,
binds irreversibly to TS, and starvation for thymine leads to inhibition of DNA synthesis. 5-
fluorothymidine triphosphate, another metabolite, impairs RNA by incorporation instead of
UTP [64].

The efficacy of the CD/5-FC approach can be increased by the addition of another enzyme,
bacterial or yeast-derived uracil phosphoribosyl transferase (UPRT), which supplements low
expression of mammalian orotate phosphoribosyl transferase important for the activation of
5-FU. It also continuously utilises 5-FU supporting its synthesis [65]. CD and UPRT can be
cloned separately or as a synthetic fusion gene CD::UPRT.

Purine nucleoside phosphatase (PNP) is an E. coli-derived enzyme, which activates fludara‐
bine. PNP-transduced cells convert fludarabine into metabolites, which are highly toxic for
proliferating as well as for quiescent cells, because they inhibit ATP-dependent reactions. The
metabolism of nucleic acid and proteins is impaired.

When the therapeutic gene is inserted into a replication-defective vector, it is expressed only
in the transduced cell, and surrounding cells are affected only via the bystander effect. On the
other hand, the replication-competent vectors replicate in target cells, and despite the by‐
stander killing, they are able to infect their neighbours and spread the transgene. RCV have
been constructed for treatment of aggressive tumours.

Promising results by MoMLV-derived replication-competent vector carrying cytosine deam‐
inase were achieved on orthotopic glioblastoma model. Considerable infection of target cells,
virus spread and significant bystander effect were demonstrated [66]. Based on promising
preclinical results, a phase I/II clinical study is ongoing using the replication-competent
cytosine deaminase-expressing retroviral vector to patients with recurrent or progressive
grade III or grade IV gliomas (NCT01985256) [67].

It is important to note that despite of very promising preclinical data, many clinical studies
failed because of low efficiency of the transfer of genetic information into target cells, insuffi‐
cient infiltration of target tissue by the vector or low expression of transgene in tumour. The
identification of mesenchymal stromal cells (MSC) and the discovery of their high affinity to
tumour tissue facilitate important improvement in the cancer gene therapy.
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MSC were originally isolated from bone marrow and characterised as rare non-haematopoietic
population with clonogenic capacity and plastic adherence [68]. They have the self-renewal
potential and are able to differentiate into specialised progeny [69-72]. Bone marrow is the
most popular source of MSC, but adipose tissue is also very suitable because of its accessibility.
Moreover, the frequency of MSC in the adipose tissue is 500 times higher in comparison to
bone marrow. MSC can also be isolated from umbilical cord, dental pulp and different
connective tissues. They serve as a source of regenerative cells in fractures, inflammation and
necrosis. The injured tissue produces chemotactic signals which attract MSC [73]. Tumour can
be compared to a wound that never heals [74]. Many tumours produce chemotactic signals
which attract MSC [75-77]. It was demonstrated that MSC-derived cells are a component of
tumour stroma, and they can support proliferation and vascularisation of malignant tissue
[78]. The natural affinity of MSC to malignant tissue can be used for targeted therapy. They
can be used as delivery vehicles in cancer gene therapy [28, 79]. The approach can be compared
to the Trojan horse. MSC are able to pass across the endothelium, enter the blood stream and
engraft in the tumour. Therefore, genetically engineered MSC can be administered intrave‐
nously, and they reach the target site. This enables to treat the disseminated tumours and
metastases. MSC even cross the blood-brain barrier [80, 81]. In this regard, the MSC-mediated
cancer gene therapy is superior to the ‘classic’ cancer gene therapy. On the other hand, it is
also necessary to note that the therapy by genetically engineered MSC is limited by the fact
that tumours differ in the attractiveness for MSC. Many paracrine factors are involved in MSC
– tumour cell signalling. The SDF-1α and CXCR4 (CXCL12) signalling seem to play an
important role in homing of stromal cells [76, 77].

Besides MSC, other cellular vehicles can be transduced and used in cancer gene therapy.
Neural progenitors or neural stem cells isolated from brain tissue are used as delivery vehicles
in targeted therapy of aggressive tumours of central nervous system [82].

The ideal candidates of cellular therapy for clinical use are the cells harvested without
difficulty, which can be processed ex vivo very efficiently and afterwards transplanted. The
unique biological features of MSC predetermine them as valuable gene carriers for therapeutic
approaches. MSC can be easily transduced with retroviral and lentiviral vectors, which is a
key prerequisite for the introduction and durable expression of marker and/or therapeutic
genes within the tumour environment after homing to target tissues [83, 84].

The immunophenotype and the ability to differentiate are not affected by transduction. In order
to address the safety of retrovirally transduced MSC, many studies have been performed.
Particular transgene can give a proliferative advantage, but it does not preclude the entering of
cells to senescence and has no impact on the safety of cancer gene therapy mediated by MSC [85].

The combination of cellular and gene therapy provides a unique opportunity to bypass the
obstacles connected with direct viral delivery of the transgene. Cell vehicle protects the vector
from the immune surveillance and supports targeting of a therapeutic molecule to the tu‐
mour [86].

Cell-mediated gene therapy is based on the bystander effect. The suicide effect is not the main
goal; neighbouring bystander cells should be impaired at first. Therefore, it is more appropriate
to use the term ‘prodrug-converting gene’ instead of ‘the suicide gene’.
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The simple retroviral plasmid pJZ308 derived from Moloney murine leukaemia virus [87] was
used for delivery of yeast cytosine deaminase::uracil phosphoribosyltransferase (CD::UPRT) and
Herpes simplex virus-thymidine kinase (HSVtk) prodrug-converting genes into adipose tissue-
derived MSC. The retroviral transduction of AT-MSC by CD gene was published for the first
time in 2007. In this pilot study, the capability of AT-MSC expressing fusion yeast CD::UPRT
gene in combination with prodrug 5-fluorocytosine (5-FC) to eradicate human colon carcinoma
cells HT-29 in vitro, and their significant role in inhibition of tumour growth in a therapeutic
paradigm in vivo were demonstrated [88]. A number of published papers reported the cytotoxic
efficiency of CD::UPRT-MSC/5-FC enzyme/prodrug therapeutic system, both in vitro and in
vivo, in the treatment of experimental prostate tumour [89, 90], melanoma [91, 92] and
medullary thyroid carcinoma [93, 94]. The 3D multicellular culture conditions for better
prediction of the therapeutic outcome in mouse xenograft models are suggested to be used
according to the study performed on melanoma model [95]. Contrary to 5-FU, 5-FC is able to
cross the blood-brain barrier, thus making this enzyme/prodrug approach suitable for the
treatment of CNS tumours [96], which was proved on malignant glioma model [97]. The
complete regression of glioblastoma simulating clinical therapeutic scenario was demonstrat‐
ed by Altaner et al. [98].

AT-MSC were shown to form gap junctional intercellular communication with glioblastoma
cell lines, thus rendering them suitable vehicles for the enzyme/prodrug therapy system
HSVtk/GCV relying on transport of polar metabolites [99]. AT-MSC transduced by this suicide
gene HSVtk also via lentiviral vector proved strong candidates of gene therapy for U-87-
derived model of glioblastoma multiforme [100].

Efficacy of gene-directed enzyme/prodrug therapy can be improved by the combination of
individual systems. Matuskova et al. [101] demonstrated various levels of synergy depending
on tested cell line and experimental set-up. Systemic administration of CD::UPRT-MSC and
HSVtk-MSC in combination with both prodrugs, 5-FC and GCV, inhibited growth of experi‐
mental lung metastases derived from human breast adenocarcinoma cells.

MSC were also retrovirally transduced to stably express an exogenous gene encoding the
therapeutic agent hTNFα whose effect was tested on tumour cell lines of different origins. Co-
injection of such therapeutic cells with melanoma cells inhibited the tumour mass growth up
to 97.5% in vivo [102].

MSC isolated from the Wharton's jelly of the human umbilical cord were lentivirally trans‐
duced by gene carrying the soluble human tumour necrosis factor-related apoptosis-inducing
ligand (sTRAIL). The specific expression of the transgene in the tumour was ensured by alpha-
fetoprotein promoter. Significant therapeutic effect was observed on orthotopic hepatocarci‐
noma model established on athymic mice, and the treatment was even more efficient in
combination with 5-fluorouracil [103].

The effectiveness of therapeutic system using TRAIL expression from bone marrow-derived
MSC with significantly increased survival of nude mice was noted as suitable for use in the
prevention of the recurrence of hepatocellular carcinoma after radiofrequency ablation [104].
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A different therapeutic strategy comprises carboxyl esterase (CE), an enzyme hydrolysing
prodrug Irinotecan. Hong et al. [105] transduced neural stem cells by this gene, which led to
the development of a novel strategy for delivering therapeutic genes to brain tumours. The
significant inhibition of the growth of human non-small-cell lung adenocarcinoma cells was
achieved for these lung cancer brain metastases also in vivo.

PNP-transduced AT-MSC were tested for treatment of ovarian cancer in immunodeficient
mice model (unpublished data). Cell vehicles were also retrovirally transduced by interleukin-
coding genes (IL-2, IL-4, IL-12, IL-23) and interferon-β in order to treat primary or metastatic
brain tumours [96].

As stated above, MSC are the long-term reservoir for tissue regeneration. They are naturally
radio- and chemo-resistant [73, 106, 107]. Despite being equipped by enzymes and efflux
mechanisms enabling resistance to chemotherapeutics, their resistance is not absolute. The
transgene or metabolite activated by prodrug-converting gene also affects MSC, which after a
certain time undergo cell death [108]. In the context of tumour-promoting potential of MSC
[76], this fact should be considered as the advantage improving the safety of MSC-mediated
gene therapy. It was shown that expression of yCD::UPRT transgene sensitises MSC to 5-FC,
and its expression as well as the expression of HSVtk lead to suicide effect of therapeutic cells
in the presence of GCV [108]. As shown on neural stem cells, if they are co-expressed together,
the effect is even stronger [109].

Promising preclinical data enabled the approval of clinical trials mediated by engineered
cellular vehicles. Patients suffering from aggressive, by conventional approaches incurable
tumours can be included. The protocol for the first clinical study utilising genetically engi‐
neered MSC was published in 2015. Patients suffering from advanced, recurrent or metastatic
gastrointestinal or hepatopancreatobiliary adenocarcinoma will be treated by autologous
retrovirally transduced bone marrow-derived MSC. The gammaretroviral self-inactivating
vector carrying HSVtk will be used [110].

To conclude, it is important to note that despite many clinical studies, the gene therapy is in
the early stage of clinical use. For now, it presents an experimental approach. Besides clinical
efficacy, safety is the crucial criterion of gene therapy. It is undisputed that retroviral vectors
are indispensable tools for genetic modification, and they have the potential to significantly
contribute to the improvement in targeted treatment of immunologic, oncologic and genetic
disorders.
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Abstract

Genome-wide association studies (GWAS) have not been able to completely elucidate
the genetic background of complex diseases. Part of it could lie in repetitive sequences
not studied in the GWAS, as those corresponding to Human Endogenous Retroviruses
(HERVs). In the present work, we aim to review the potential role of HERVs in the
etiology of autoimmune diseases, especially in multiple sclerosis (MS); their potential
pathogenic role and their putative consideration as a good target for new treatments.
For this purpose, we carried out an in-depth literature review on HERVs, and we
integrated our previous findings about HERV-W, HERV-K18, and HERV-Fc1 and MS
susceptibility. The study was carried out by a systematic search from electronic
databases using the keywords “HERV,” “Multiple sclerosis,” “HERV-W,” “MSRV,”
“HERV-K,” “HERV-Fc1,” and “GNbAC1.”

Keywords: Multiple sclerosis, HERV, MSRV, GNbAC1

1. Introduction

1.1. HERVs

The endogenous retroviruses (ERVs) could be defined as “genetic parasites” of vertebrates [1],
given that their origin is very different from the one displayed by the rest of the genome. Their
existence in the genome of mammals is only known since 1970 [2], although, they resulted
from ancestral infections by exogenous retroviruses millions of years ago. During an infection,
the exogenous retroviruses are able to integrate one copy of their genome (provirus) into the
genome of the host. Thus, they can stay permanently associated with the host and be trans‐
mitted horizontally by the creation of new virions (the typical spread of an infectious virus).
Only when they infect a germ line cell, the integrated DNA can become part of the gene pool
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and be transmitted in a Mendelian fashion like ERVs [1, 3-5], as shown in Figure 1. Those who
are present in the human genome are named human endogenous retroviruses (HERVs).

The endogenization process profoundly impacts on the survival and evolution of the virus
and the host. It results from the balance achieved between the immune surveillance and the
virus virulence [6]. In this way, the HERVs must surpass the host’s antiviral defense mecha‐
nisms and infect the germ cells without causing a cytotoxicity that would prevent persistence
in the progeny of the host [6]. Furthermore, from this moment on, all host cells are carriers of
an integrated provirus [6].

Figure 1. The endogenization process: once the retrovirus infects a germ line cell, vertical transmission in a Mendelian
fashion occurs.

The retroviral insertion is aleatory, in the sense that no specific sites for retroviral integration
exist in the host genome. Nonetheless, due to the epigenetic chromatin packaging, integrated
HERVs elements are more commonly found within the transcriptionally active genome [6].
Currently, HERVs comprise nearly 8% of the human genome [7], distributed in approximately
31 independently acquired multigene families [8]. Even though no standard nomenclature has
been defined for HERVs, they have been classified based on their homology with different
groups of exogenous retroviruses. They are grouped as class I, class II, or class III retroviruses
considering their homology with Gamma and Epsilon retroviruses, Betaretrovirus or Spuma‐
virus, respectively [9, 10]. The family name is usually given by “HERV” followed by a one-
letter amino acid code that corresponds to the tRNA specific of the site used to initiate reverse
transcription [10]; consequently, the HERV-W family would use a tryptophan.

As mentioned, HERVs have a similar structure to proviruses of infectious retroviruses, with
three principal genes, gag, pol, and env, flanked by two long terminal repeats (LTRs) [6]. The
gag gene codes for the viral assembly proteins, including the nucleocapsid, matrix, and capsid
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proteins. The pol gene codes for the viral replication proteins, yielding the reverse transcriptase,
protease, ribonuclease, and integrase proteins. Finally, the env gene codes for a viral glyco‐
protein, with both a surface and a transmembrane subunit. However, important changes are
observed in the HERVs expression compared to that of exogenous retroviruses. Most HERVs
encode incomplete proteins and accumulate mutations and recombinations. Furthermore,
most HERVs with functional LTRs remain in a latent state under homeostatic conditions,
owing to the epigenetic silencing of the provirus in heterochromatin [11]. Exceptionally,
specific HERVs have been selected during evolution, provided that their biological functions
could be beneficial for the host. In these cases, HERVs suffer a “domestication,” meaning that
a foreign gene can be used for cellular functions of the host [12]. In this group, we find proteins
like Syncytin-1 from the HERV-W family, and Syncytin-2 from the HERV-FRD family [13].
These highly fusogenic envelope proteins are necessary to allow the formation of the placental
syncytiotrophoblast layer; furthermore, they could be involved in the immune tolerance to the
fetus [13].

In addition to these “domestic HERVs,” several studies show reactivation of HERVs under
pathologic conditions, such as different types of cancer [14-20]; autoimmune diseases includ‐
ing multiple sclerosis (MS) [21-37], rheumatoid arthritis (RA) [38], psoriasis [39], or systemic
lupus erythematosus (SLE) [40]; and other diseases like schizophrenia [41, 42]. Nonetheless,
we do not know whether their reactivation or increased expression is a causal effect, or
conversely, is an underlying consequence of the disease.

1.2. Potential expression mechanisms of HERVs

Many factors can interfere or modulate the expression of HERVs, such as recombination events
between two or more replication-defective HERVs [43, 44], infectious agents like Human
herpesvirus 6 (HHV6) [34, 45] and Epstein–Barr virus (EBV) [46, 47], several transcription
factors [31, 48], and the epigenomic context of the HERVs [6, 49, 50].

• Recombination events

Two or more replication-defective HERVs can restore their own defects through recombination
events, resulting in a replication-competent retrovirus [5]. Even though this is an infrequent
event, a study in mice points to a significantly increased frequency in specific immune
deficiencies [44]. Furthermore, it has been demonstrated that recombination between three
HERV-K defective proviruses is possible, leading to an infectious retrovirus [5, 43].

• Infectious agents

A putative explanation about the preferential expression of HERVs found in human brain
samples could be the tropism of specific viruses and bacteria to the central nervous system
(CNS). Neurotropic agents like herpesvirus [29, 51], Toxoplasma gondii [52], or certain strands
of influenza virus [53] are able to cross the hematoencephalic barrier into the CNS. Usually,
they are intercepted by cerebral macrophages leading to an abortive infection, but their
transient presence in the CNS could activate the HERVs expression as a consequence of their
immediate-early (IE) genes expression [4]. The expression of the IE genes of herpes simplex
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virus type 1 (HSV-1) and its interaction with the transcription factor binding sites situated in
the U3 region of the LTR, such as AP-1 [54] and Oct-1 [55], lead to an activation of transcription
in HERV-K and HERV-W families.

The herpesviruses are one of the best candidates: they may be neurotropic, remain latent, and
can be reactivated. Furthermore, the expression of the Env epitopes in the surface of B cells
and monocytes could be a consequence of the interaction between HERVs and herpesviruses
[25]. Thus, the herpesviruses could play a dual role in neurodegenerative diseases, acting as
pathological entities per se and as inducers of HERVs [6].

• Transcription factors

An important component of the antiviral innate immunity is the regulation of the expression
and replication of HERVs by different transcription factors [48]. In HERV-W and HERV-K
elements, both families previously related to multiple sclerosis (MS), different binding sites
for transcription factors such as NF-Kβ [31, 48] are located in their promoter regions and could
drive an increased expression of HERVs during inflammation.

• Epigenomic context

The chromatin state as well as the methylation state of GpC islands within the HERV promoter
and regulatory regions seem to be crucial factors in the control of HERVs expression [49, 50].
Both play an important role as a part of the defense system against the potential effects of
inserted sequences. Previously published studies describe how proviruses and solitary LTRs
are densely methylated under physiological conditions, but hypomethylated in placenta [49,
50]. Thus, DNA hypomethylation, as observed in certain types of cancer, could allow reacti‐
vation of retroelements. In MS, HERVs have been described as susceptible elements to undergo
epigenetic modifications, mainly due to modifications in the methylation state, resulting in
activation of their expression and, consequently, inappropriate activation of the immune
system.

1.3. Pathogenic mechanisms of HERVs

Even though most inserted copies in the human genome are defective copies, some HERVs
could maintain the potential to cause or contribute to disease by different mechanisms [5]. As
mentioned, HERVs may alter cellular functions by two ways, either acting as a genetic element
or as a viral pathogen [6].

• Gene disruption

HERVs, like transposons, are able to experience transposition, recombination, and integration
cycles. Some HERVs families include a high number of copies in the genome. It is believed that
these families have been spread around the genome through the reintegration of a provirus.
However, each new integration process increases the risk of a harmful insertion. They can
disrupt genes present in their integration sites, for example, HERV-K integrations have been
identified into tumor suppressor genes like BRCA2 and into the repair XRCC1 gene [6, 56].

• Modulation of gene expression
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Some HERVs conserve regulatory sequences that can operate as functional promoters,
enhancers, or polyadenylation signals, so they could change the expression of adjacent or distal
genes [4]. They can also form part of regulatory RNAs: microRNAs (miRNA), small interfering
RNAs (siRNA), and long intergenic noncoding RNAs (lincRNAs), contributing to the complex
regulatory network of gene expression [5]. Furthermore, HERVs integrated into introns can
provide alternative transcription start and termination sites [5].

• Pattern recognition receptors (PRRs)

The HERVs expression products, both nucleic acids and proteins, can modulate immune
responses. They have the potential to interact with components involved in the immune innate
response and to activate proinflammatory signaling pathways [57, 58]. Therefore, certain
HERVs proteins could directly interact with specific toll-like receptors (TLRs), for example
with TLR4, resulting in the production of TNFα and proinflammatory cytokines [58-60]. The
nucleic acids derived from HERVs may also activate cytosolic PRRs; in this way, both an
increased expression of RNA and the presence of cDNA in a nonfamilial compartment like the
cytosol could activate PRRs [60]. Nonetheless, the human being has coevolved with endoge‐
nous retroelements and this could have shaped the sensibility of DNA sensors of the innate
immune system, leading to an increased cDNA detection threshold to avoid an immune
response against them. The cDNA levels are restrained by the action of gene products like
Trex1 or SAMHD1 [60] and a loss-of-function mutation in these enzymes could result in the
cDNA accumulation and the consequent sensors activation. This process would lead to a
chronic immune response with release of pathogenic type I IFN and inflammatory mediators,
similar to those observed in autoimmune diseases [60].

• Viral proteins: molecular mimicry, superantigen activity, or immunosuppressive proteins

HERVs proteins hold epitopes to B and T cells and molecular mimicry between viral proteins
and certain autoantigens may exist, resulting in an autoimmune response. Moreover, some
HERVs sequences are able to encode for superantigens. Superantigens combine with MHC
class-II molecules to form ligands that stimulate T cells [61], and this may end in an abnormal
activation of autoreactive T lymphocytes [62].

Alternatively, evidences exist of the immunosuppressive activity of certain HERVs Env
proteins [63, 64]. This activity is reminiscent of their exogenous antecessors, which in this way
increased the viability of the virions in the host. This capacity has suffered an adaptation
process, and nowadays it might be implicated in the materno-fetal tolerance and could also
prevent the immune response to exogen pathogens and tumors [60].

• Retroviral help for B cells

HERVs can also help B cells to quickly produce antibodies directed against pathogenic antigens
[65]. The bacterial polysaccharide antigens and the carbohydrates linked to viral glycoproteins
have the ability to stimulate B cells in the absence of T-cell help. These antigens are called
thymus-independent antigens (TI), and they can be classified into two types: TI-1 or TI-2
antigens. TI-2 antigens cause extensive cross-linking of the BCR, leading to a quick differen‐
tiation of B cells into plasma cells. Finally, these plasma cells secrete protective antibodies, IgM
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and IgG [66]. However, the mechanism by which the TI-2 antigens activate B cells in the
marginal zone without the help of T cells still remains poorly understood. It has been recently
described that the cross-linking of B cells activates a signaling cascade, including the Bruton
Tyrosine Kinase and the nuclear transcription factor NF-Kβ, allowing transcription of endog‐
enous retroviral DNA [66]. The retroviral RNA may activate B cells by two complementary
but different pathways: first, it could activate the retinoic-acid-inducible gene 1 receptor
(RIG-1), resulting in a mitochondrial antiviral-signaling (MAVS); second, the RNA can be
converted into DNA and can activate the cyclic GMP-AMP synthase (cGAS, cGAMP synthase).
Finally, both signaling pathways would finish in the antigen-specific B-cell activation [65, 66].

2. HERVs and autoimmune diseases

HERVs represent the immunological limit between the self and the foreign. Their peculiar
origin is very different from that of other genome elements, as they can share properties with
infectious agents. Indeed, in case they would produce particles, these would not be so different
from those originated from exogenous retroviruses. Therefore, they could activate the immune
system and would induce autoimmunity [67]. As it has been previously discussed, HERVs
have been associated, among other infectious or neurologic diseases, with different autoim‐
mune diseases like MS [21-37], RA [38], psoriasis [39], T1D [68], or SLE [40], as shown in Table
1. Genome-wide association studies (GWAS) showed the existence of a genetic basis shared
between different autoimmune diseases, discovering new immunogenic mechanisms impli‐
cated, and HERVs could be part of these shared genetic elements.

Class Family PBS Related diseases Expression mechanisms Pathogenic mechanisms

I HERV-W Trp

MS
Schizophrenia

HIV
Osteoarthitis

Herpesviruses
Transcription factors
Toxoplasma gondii
Influenza A virus

Pro-inflammatory Env protein
Superantigen activity
OPCs differentiation

interference
Altered glial function

I HERV-F Phe MS Demethylating agents Superantigen activity

I HERV-H His
3q13.31

microdeletion
syndrome

N/A
Genetic deletion by

recombination

I HERV-E Glu SLE Hypomethylation
Immunosupressor potential of

Env

I HERV-P Pro Cancer Unkown Unknown

II HERV-K Lys
MS
ALS
HIV

Herpersviruses
HTLV-1

Type 1 IFN

Superantigen activity
Neoepitopes

Genes disruption
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Class Family PBS Related diseases Expression mechanisms Pathogenic mechanisms

Schizophrenia
T1D
RA

Juvenil arthitis
Cancer

Transcription factors
Hypomethylation

MS, multiple sclerosis; HIV, human immunodeficiency virus; SLE, Systemic lupus erythematosus; ALS, amyotrophic
lateral sclerosis; T1D, type 1 diabetes; RA, rheumatoid arthritis, HTLV-1, human T-lymphotropic virus-1; IFN, interferon;
Env, envelope; OPCs, olygodendrocyte precursor cells; N/A, not applicable. Based on Douville and Nath, 2014 [6].

Table 1. HERVs families associated with different diseases

3. HERVs and MS

MS is one of the conditions more frequently related with HERVs. It is a chronic progressive
disease characterized by neuroinflammation in the CNS accompanied by demyelination,
axonal damage, and progressive neurologic dysfunction [69]. It is a complex disease, origi‐
nated from the interaction of genetic, environmental, and epigenetic factors [70]. Recently, its
incidence seems to be increased; at present MS affects 2.3 million people in the world [71].
However, many aspects of its pathogenesis are still poorly understood. GWAS have not
completely explained the MS genetic background [72-74], albeit including the ImmunoChip
Project [75] a total of 110 single nucleotide polymorphisms (SNPs) have been associated with
MS susceptibility. Even considering the strongest risk factor, the HLA-DRB1*15:01 allele, each
SNP has a modest effect and all together are able to explain only 20–28% of MS heritability [75].
Part of the missing heritability could reside on HERVs, as repetitive regions were not analyzed
in the GWAS. Those repetitive regions were previously considered as “junk DNA” because it
was thought that they had little or no physiological role. However, nowadays we know that
these sequences could play an important role in the development of autoimmune diseases,
including MS.

In 1989, Perron et al. [76] described the presence of extracellular virions associated with reverse
transcriptase activity in a culture of leptomeningeal cells (LM7) obtained from the cerebrospi‐
nal fluid (CSF) of an MS patient. In the beginning, it was thought that those virions could
correspond to the human T-lymphotropic virus (HTLV-1) due to the similarities between the
tropical spastic paraparesis (a demyelinating progressive disease) caused by HTLV-1, and MS.
However, a new retroviral element called MSRV (Multiple-sclerosis-associated retrovirus) was
identified, the founder of the HERV-W family [77]. This multicopy family, consisting of
approximately 650 loci around the human genome [35], comprises a total of 311 inserts (more
or less complete proviruses or pseudogenes) and 343 additional HERV-W LTRs [78].

Only the env gene mapping on chromosome 7, encoding Syncytin, presents a complete open
reading frame (ORF) and has been selectively conserved [35]. The MSRV env sequence can be
differentiated from the one corresponding to Syncytin-1 by a 12-nucleotide insertion in the
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transmembrane moiety. Both genes are expressed in the brain of MS patients, but the MSRV-
type env DNA copies were found sixfold more frequently in MS patients than in healthy
controls, while comparable copy numbers of Syncytin-1 were observed [79]. Furthermore,
Syncytin-1 is originated from the retroviral copy inserted in chromosome 7, and the pathogenic
protein MSRV-type Env could be originated from several integrations in the human genome,
or it could result from recombination events between insertions in different chromosomes [80,
81]. The genomic origin of HERV-W Env remains unknown although recent works consider
the copy mapping to chromosome X one plausible candidate [4, 80, 81]. This copy, located on
Xq22.3, would encode for an almost complete MSRV-type protein, truncated on its N-terminal
end due to the presence of a stop codon mutation at position 39 [81]. Ex vivo, this copy still
conserves coding capacity, as it is able to produce a truncated N-terminally Env protein [80].
Furthermore, the reversion of this stop codon would lead to a complete protein with signal
peptide, expressed in the cellular surface in the same way that Syncytin [80].

Recently, a genetic screening was performed by specific PCR amplification followed by High
Resolution Melting (HRM) analyses of the two MSRV-like env copies which show the ORF
with the highest length similarity and homology to Syncytin (1614 bp), inserted in chromosome
X (1428 bp) and in chromosome 20 (1419 bp). Both chromosomal origins show similar lengths
of their respective ORFs, 10% shorter than the one measured for Syncytin, and could putatively
originate functional proteins. The results pointed to the insertion in chromosome X, and not
the one in chromosome 20, as an origin of MSRV. One polymorphism identified in chromosome
X, rs6622139*T, was associated in women with MS susceptibility and severity [82], and it was
also associated with higher MSRV-like env levels of expression (Mann–Whitney U test:
p=0.003), while the two polymorphisms found in chromosome 20 did not show evidence of
association [83].

Since it was described, several studies have associated the HERV-W family with MS: the
presence of MSRV-type Env protein has been found in demyelinated acute lesions in MS
patients [31], as well as an increased number of DNA copies [84] or a higher prevalence of
MSRV-type RNA in serum and CSF of MS patients compared with patients suffering from
other neurological diseases or healthy controls from all ethnic groups [24, 27, 28, 31, 84-86].
The MSRV presence in serum and CSF is correlated with the clinical progression, severity, and
prognosis of MS [28, 46], while the absence of MSRV relates with a more stable course of the
disease [28, 36]. The MSRV production is stimulated by cytokines like TNFα, IL6, and
IFNγ[87], and current MS therapies like IFN-β and Natalizumab, which are able to reduce MS
symptomatology, promote a diminution of MSRV virus load levels in blood [87-89].

HERV-W Env proteins, MSRV-type Env, and Syncytin have proinflammatory and superanti‐
genic properties. They can cause neuroinflammation, neurodegeneration, immune system
dysregulation, and endoplasmic reticulum stress [4, 21, 22, 58, 90, 91]. Their pathogenicity has
been studied in vitro using different types of cell cultures and in vivo using a humanized Severe
Combined Immunodeficiency Disease (SCID) animal model, showing neurotoxic effects in
both settings [22, 92] and a reduced capacity of olygodendrocyte progenitor cells (OPC)
differentiation, interfering in the remyelination process [57]. A recent study clarifies the
possible pathogenic mechanisms of MSRV. In a human model of BBB, the endothelial cell line
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HCMEC/D3, they show that MRSV-type Env interacts with TLR4 and induces a dose-
dependent overexpression of ICAM1, as well as an induced IL6 and IL8 production; while the
Env protein derived from Syncytin-1 did not show these effects [59]. Furthermore, they also
described that the MSRV-type Env presence significantly stimulates the adhesion and
migration of activated immune cells through the layer of endothelial cells. These results
support the hypothesis that MSRV can be involved in MS pathogenesis, as well as in other
chronic inflammatory diseases, at least in the maintenance of the underlying inflammatory
condition [59]. Table 2 reflects the possible pathogenic mechanisms described for MSRV.

Cell type Receptor Pathogenic mechanisms

T lymphocytes TCR
Superantigen activity, T lymphocytes proliferation

and CK liberation

APC TLR4
↑  pro-inflammatory CK

↑  costimulatory molecules

HCMEC/D3 endothelial cell line TLR4
↑  ICAM1 expression
IL6, IL8 expression

OPC TLR4
OPCs differentiation interference ( ↑  iNOS, oxidative

stress)

APC, antigen presenting cell; OPC, olygodendrocyte precursor cell; TCR, T-cell receptor; TLR4, toll-like receptor 4

Table 2. Known pathogenic mechanisms of MSRV

Even though the HERV-W family is one of the HERV families more related to MS, other
families like HERV-K18 [37, 93] or HERV-Fc1 [29, 94, 95] have also been associated with MS
susceptibility.

HERV-K is a multicopy family including approximately 332 copies dispersed through the
human genome. It is the only known retroviral element that codes for all the structural and
enzymatic proteins (Gag, Prt, Pol), as well as for the Env protein and for the accessory Rec
protein [96]. This family has been related with different autoimmune diseases as MS [37],
type-1diabetes (T1D) [68], or juvenile rheumatoid arthritis [38]; and different cancer types
[14-17]. One specific member of this family, HERV-K18, has been associated with MS suscept‐
ibility and its expression is induced by herpesvirus [97, 98] and by EBV [99-102], both viruses
previously proposed as potential environmental factors involved in MS development [45, 51,
97, 103-108]. Three different variants of the HERV-K18 copy mapping to chromosome 1 [37]
have been described. They conform haplotypes within the first intron of CD48 that can be
defined by two SNPs (18.1 SNP1*A/SNP2*A, 18.2 SNP1*G/SNP2*G, 18.3 SNP1*A/SNP2*G), all
of them coding for an Env protein with superantigenic properties. However, only one of these
variants (18.3) has been associated with a higher risk to MS [37] and with an overall higher
susceptibility to autoimmune diseases, as described by a meta-analysis including a total of
2656 patients and 2016 controls [93].
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Considering the HERV-Fc family, a total of 6 HERV-Fc elements and 11 LTRs have been
identified across the human genome. Among them, only two elements correspond to a
complete HERV-Fc provirus (Fc1env and Fc2master) [109]. Related to MS, it has been observed
that the HERV-Fc1 RNA levels were significantly increased in the plasma of patients suffering
from active MS, compared to nonactive MS or controls [30]. The HERV-Fc1 is an unusual
provirus, because it includes a single copy in the genome, located on Xq21.33. Furthermore, it
is a recent acquisition for the genome, only present in humans, chimpanzees, and gorillas [109].
Nexo et al. [94] were the first to describe that rs391745, located in the promoter region of HERV-
Fc1, was associated with MS susceptibility in Danish cohorts and, then, a replication study was
performed with a Norwegian cohort. The latter study also detailed that the association was
only observed in the nonprimary-progressive MS forms [29], results validated in further
studies [95]. Regarding the HERV-Fc1 expression mechanisms, it has been observed that the
transcriptional expression levels of HERV-Fc1 RNA sequences are negatively correlated with
the methylation levels of CpG islands on the 5’ LTR region and, therefore, a higher HERV-Fc1
expression involves DNA demethylation [11, 110].

4. HERVs as future treatment options

An increased expression of HERVs in several autoimmune diseases [21-40, 68] and different
types of cancer [14-20], along with the decreased expression levels observed in successfully
treated patients with immunomodulatory therapies [88, 89] or chemotherapy [111] point to
the potential pathogenic role of HERVs and their putative consideration as a good target for
new treatments.

A humanized monoclonal antibody anti-Env-SU MSRV/HERV-W, GNbAC1, has been studied
as a putative MS treatment due to its potential neuroprotector effects [112-115]. The results of
a phase IIa clinical trial [114] show that the GNbAC1 treatment blocks the transcription of
proinflammatory genes mediated by Env, prevents the formation of nitrosantine, and restores
OPC differentiation. Furthermore, GNbAC1 has advantages compared to other MS treatments,
because the patients retain all their immune capacity. This treatment has also been studied in
other diseases like diabetes and schizophrenia.

The proteins encoded by HERV-K env have been proposed as therapeutic targets for different
types of cancer, due to the fact that a general hypomethylation of HERVs sequences has been
observed, as well as an increased expression of Np9 and Rec proteins originating from HERV-
K in different cancer cells [116]. Both proteins bind to the PLZF protein, a transcriptional
repressor of the C-MYC proto-oncogen. The inflammation and the deregulation of proto-
oncogen signaling caused by the HERV-K protein results in a protumorogenic microenviron‐
ment, which favors cell proliferation and metastasis [116]. The use of monoclonal antibodies
against HERV-K Env protein inhibits tumoral growth and induces apoptosis in breast cancer
cells in vitro [116]; therefore, it could be considered a good candidate as a therapy used together
with other cancer treatments.
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In addition to autoimmune diseases and cancer, the human immunodeficiency virus (HIV)
has been also related to HERVs, particularly with the HERV-K family, raising the issue of
potential beneficial effects of a therapy directed against HERVs in AIDS. Some studies report
an increased expression of HERV-K provirus in HIV patients compared to controls [117, 118]
and show that the immune responses against HERV-K decrease the HIV-1 viral load. In vitro,
the use of an antibody directed against the HERV-K transmembrane protein (HML-2), HA-137,
was able to eliminate the cells that displayed the antigen in their surface. This was carried out
by an antibody-dependent cell-mediated cytotoxicity (ADCC) mechanism by natural killer
(NK) cells. It has been described that the HIV-infected cells display this membrane antigen in
their surface [119]; therefore, they would be potential targets of the antibody. The possibility
of finding a target epitope different from those of the HIV virus could open up opportunities
to the development of vaccines against this disease; a field that has been very limited due to
the high rate of mutation of the HIV [119].

5. Conclusion

This work aimed to provide a systematic revision of HERVs, with particular emphasis on their
potential pathogenic role in MS. Although many aspects of the etiology of this disease remain
to be solved, different works support the relevance that HERVs may have in the etiopatho‐
genesis of autoimmune diseases, and specifically in MS. HERVs may contribute to both,
disease onset and maintenance, through an exacerbated activation of the immune system.
Recently, the results of a phase IIa clinical trial that studies the effectiveness of a human
monoclonal antibody (GNbAC1) as a therapeutic target in MS have been published with
promising outcome. Thus, evidences support the role of HERVs as potential therapeutic
armory in different autoimmune diseases, cancer, and HIV.
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