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Abstract

As intracellular parasites, viruses hijack the cellular
machinery to facilitate their replication and spread.
This includes favouring the expression of their viral
genes over host genes, appropriation of cellular
molecules, and manipulation of signalling path-
ways, including the post-translational machinery.
HIV, the causative agent of AIDS, is notorious for
using post-translational modifications to generate
infectious particles. Here, we discuss the mecha-
nisms by which HIV usurps the ubiquitin and
SUMO pathways to modify both viral and host
factors to achieve a productive infection, and also
how the host innate sensing system uses these
post-translational modifications to hinder HIV
replication.

Introduction to HIV and AIDS

Brief history of HIV and AIDS

Acquired Immunodeficiency Syndrome (AIDS)
was first acknowledged as an infectious disease in
the early 1980s, when a large number of young,
previously healthy, homosexual men suffered
from lymphadenopathy, contracted unusual
opportunistic infections and/or experienced other
malignancies, causing their imminent death (CDC,

1981a,b). The fact that this disease was initially
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manifested among homosexual males led the press
and some authorities to mistakenly name it GRID
(gay-related immunodeficiency, often referred to
as gay cancer or gay plague), which further stig-
matized an already marginalized gay community.
Owing to collaborative efforts between American
and French scientists, the causative agent for this
disease was successfully identified in 1983 (Barré-
Sinoussi et al., 1983; Gallo et al., 1984). The agent,
a human retrovirus that substantially differed
from the Human T-lymphotropic virus (HTLV)
characterized by the Gallo lab, was initially named
lymphadenopathy-associated virus (LAV), later
known as Human Immunodeficiency Virus or HIV.
Remarkably, in 1986, another human retrovirus
was found to cause AIDS in West Africa, although
with less severity than the virus isolated in the US
and Europe. Phylogenetic and immunological
analyses revealed that this African virus was related
but distinct from the original LAV (Clavel et al.,
1986). In consequence, LAV was termed as HIV-1
and the African retrovirus as HIV-2. In this review,
we use the broad term HIV to cover general aspects
of the biology of both HIV-1 and HIV-2. However,
for some particular characteristics we will use their
specific denomination.

Once the causative agents of the syndrome were
identified, subsequent research was aimed at char-
acterizing the biological properties of these new
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human viruses. These studies demonstrated that
HIV could be transmitted: (a) sexually to both men
and women, (b) via direct contact with infected
bodily fluids (i.e. through blood transfusions, organ
transplantation, syringe sharing, etc.), and (c) ver-
tically from mother to child during birth and also
while breastfeeding (Hladik and McElrath, 2008;
Cohen et al., 2011b). Therefore, the population at
risk of this infection was not limited to the gay com-
munity. This finding created such an alarm that the
US Administration devoted ample resources for the
diagnosis, prevention and treatment of this disease,
although by then AIDS was already an epidemic in
the USA.

Pathogenesis

AIDS is characterized by a remarkable depletion of
circulating CD4* T cells (<200 cells/ul). CD4* T
cells, or T helper lymphocytes, are essential to elicit
an effective adaptive immune response. In par-
ticular, they assist in the production of antibodies
against specific pathogens and support the activity
of cytotoxic T lymphocytes (CTL or CD8* T cells)
as well as natural killer cells to eliminate infected
and transforming cells. Therefore, the loss of CD4*
T cells caused by HIV renders affected individuals
defenceless against the most trivial infections, and
unable to clear abnormal cells (Swanstrom and
Coffin, 2012; CDC, 2018). This is why, besides
opportunistic infections, malignancies commonly
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diagnosed in AIDS patients are cancers, such as
Kaposi’s sarcoma, cervical cancer and lymphomas
(Knipe and Howley, 2013). In addition, individu-
als with AIDS can often experience fevers, nightly
sweats, swollen lymph nodes, chills, weakness, and
significant weight loss.

HIV is basically an infection of the immune
system. This virus replicates in immune cells,
specifically CD4* T cells and to a lesser extent
macrophages and dendritic cells, which is the main
reason why the clinical manifestation of AIDS
is a severe defect in eliciting immune responses
(=immunodeficiency) (Knipe and Howley, 2013).
The progression to AIDS after the exposure to HIV
is characterized by three distinct phases (Fig. 24.1):

1 The acute HIV syndrome, in which infected
individuals present flu-like symptoms for =2

weeks. This phase appears around 4 weeks
post-infection and depicts a sharp increase in
viraemia that causes an important reduction
in circulating CD4* T cells (Fig. 24.1) (Swan-
strom and Coffin, 2012; Knipe and Howley,
2013; CDC, 2018).

2 The clinical latency. In this phase, the CD4
counts gradually decline and there is a con-
comitant progressive increase in viral loads
(Fig. 24.1, dark blue and black curves), with
no symptomatology associated. However, if
the infection remains unnoticed, not only will
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Figure 24.1 Progression of the HIV infection to AIDS in the presence and absence of cART. The graph displays
the HIV viral loads as RNA copies/ml of plasma, and CD4* T cell counts as number of cells/ul. The levels of
these variables in the absence of cART are represented in black and dark blue lines, while these elements are
depicted in grey and light blue lines under conditions of cCART adherence.
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infected individuals develop full-blown AIDS,
but also they can transmit the virus to others
- of note, the clinical latency can last from 2-8
years, and this largely depends on both host
and viral factors (Swanstrom and Coffin, 2012;
Knipe and Howley, 2013; CDC, 2018).

3 AIDS. This phase is characterized by viral loads
close to the peak viraemia observed in the
acute HIV syndrome and is accompanied by
undetectable CD4* T cells. This depletion in T
helper lymphocytes renders the HIV* patients
unable to fight infections and is inevitably
fatal (Swanstrom and Coffin, 2012; Knipe and
Howley, 2013; CDC, 2018) (Fig. 24.1, black
and dark blue curves).

However, if the infection is diagnosed early, and
the individuals adhere to combination antiretrovi-
ral therapy (cART), HIV plasma loads will remain
imperceptible and the CD4 counts will stay within
healthy levels (Fig. 24.1, grey and light blue curves),
precluding the progression to AIDS (Volberding
and Deeks, 2010; Arts and Hazuda, 2012; Benitez-
Gutiérrez et al, 2018; Cluck and Underwood,
2018). Importantly, the risk of HIV transmission
from HIV" individuals with viraemia suppression
on cART is exceedingly low (Cohen et al., 2011a;
Benitez-Gutiérrez et al., 2018).

Although HIV primarily infects T helper lym-
phocytes, the early loss of a large fraction of these
cells in the gut-associated lymphoid tissue (GALT)
does not lead to the immunodeficiency syndrome,
since AIDS is caused by a massive depletion of
these cells, mainly in blood, which is only observed
in the last stage of the disease. In fact, the ultimate
destruction of the host immune system seems to
be the result of various factors. On one hand, the
reduction in CD4* T cells in the GALT makes the
gastrointestinal mucosa more permeable, which,
over time, facilitates the translocation of microbial
products to the bloodstream, a fact that causes the
characteristic chronic immune activation observed
in untreated and AIDS-progressing HIV* individu-
als (Marchetti et al., 2013). This, in combination
with the extinguishing capacity of the host’simmune
system to replenish lost CD4" T cells, and aid in
the maturation and regulation of T lymphocytes,
sets the stage for the immunodeficiency disorder.
Nevertheless, in the early days of the infection, the
host immune system is still functional, yet unable
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to clear HIV from the system. In fact, antibodies
against HIV can be readily detected in HIV* indi-
viduals’ serum within weeks of the initial exposure
(Weber et al., 1987), accompanied by a potent CTL
response that somewhat controls viraemia (Lyles
et al,, 2000; Rosenberg et al., 2000). Notably, at
that time the number of CD4* T cells still exceeds
plasma viral loads (Fig. 24.1). The failure to elimi-
nate HIV and HIV-infected cells is due to several
reasons:

1 HIV-induced MHC-I down-regulation. HIV
has evolved to selectively down-regulate cer-

tain class I major histocompatibility molecules
(MHC-]), preventing the recognition of HIV-
infected cells by CTLs, which allows virus
propagation to proceed (Schwartz et al., 1996).

2 Immune functional defects. Most of the
HIV-specific CTL responses are functionally
compromised due to the inability to either
secrete multiple cytokines simultaneously, to
recognize HIV-infected cells (caused by the
HIV-mediated MHC-I down-regulation) or
due to exhaustion caused by a chronic antigen
stimulation that results in defects in generating
memory CTL subsets (Knipe and Howley,
2013).

3 Virus evolution. As it is explained later, the
HIV polymerase lacks proofreading activity,
making HIV a highly mutagenic virus (Coffin,
1995). Therefore, new antigenic variants are
rapidly produced, which may not be sus-
ceptible to neutralization by the circulating
antibodies and T cells.

4 Viral latency, an event that occurs when HIV-
infected and activated CD4* T cells transition
to a resting memory phenotype (Siliciano
and Greene, 2011). Because HIV gene
expression depends on the presence of host
transcription factors that become inactivated
during this differentiation process, the rate of
HIV transcription significantly declines in this
transition, causing HIV to become dormant.
These latently infected cells are not producing
virions, do not present any viral epitopes on
their MHC molecules, are not responsive
to the antiretroviral drugs, and are invisible
to the immune system (Castro-Gonzalez et
al., 2018). Whereas these latent cells appear
harmless, since HIV is dormant, they have
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the potential to reactivate in the presence
of activating stimuli (cytokines, the original
pathogen that led to their initial expansion,
etc.), and support a productive HIV infection,
reseeding in turn viraemia. Hence, these latent
reservoirs are nowadays considered the main
challenge to functionally cure HIV/AIDS.

HIV/AIDS by the numbers:
epidemiological data

Since the recognition of AIDS as a new disease in
1981, HIV has been estimated to infect over 77
million people around the globe, with HIV-1 being
the main cause for the pandemic (UNAIDS, 2018).
With the implementation of cART, the incidence
of new infections has significantly decreased in
developed countries, although with the current
opioid crisis in the USA, a peak of new infections
has been observed among injection drug users
(CDC, 2018). However, in countries with limited
resources, AIDS represents a major concern for
public health. Africa has been particularly hit by
the pandemic with =25 million infected people,
which represent around 68% of all HIV* individu-
als. Of note, Africa is inhabited by only 13% of the
world’s population, indicating that although the
mechanisms of HIV transmission are well known,
the number of new HIV infections has been rising
in this continent (UNAIDS, 2015, 2018). Further-
more, 3 million Africans are manifesting symptoms
of advanced AIDS and are in desperate need of
treatment. Besides Africa, the disease has consid-
erably expanded to regions of Central and South
America, Asia and Eastern Europe (UNAIDS,
2018). Remarkably, the most recurrent viruses in
these geographical areas belong to different clades,
which significantly challenge the success of vac-
cines and other preventative measures to efficiently
protect against all HIV-1 subtypes.

According to the most recent epidemiologi-
cal data from UNAIDS, there are currently 36.9
million HIV* individuals in the world, of which
51% are women. Importantly, 15.2 million people
currently do not have access to antiretroviral
therapy. Most of these individuals live in low- and
middle-income countries, evidencing important
epidemiological inequalities for HIV/AIDS. The
insufficient control measures to prevent the dissem-
ination of the disease, together with cultural, social
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and economic factors have significantly limited the
access of the general population to antiretroviral
drugs. The combination of these factors has facili-
tated the spread of HIV, favouring high degree of
virus diversity, which complicates even further the
development of effective vaccines against all these
variants (Shao and Williamson, 2012). Owing to
these limitations, global efforts have been devoted
to early diagnosis programs and assistance with
adherence to the antiretroviral drugs in developing
countries. These comprehensive measures have
decreased by 53% the global death toll associated
with AIDS (from its peak in 2005 of =2 million
casualties/year to 0.94 million deaths in 2017). To
continue diminishing these numbers, additional
large-scale programs have been implemented to
improve HIV prevention and provide affordable
treatment, which are already reducing the transmis-
sion of HIV and in consequence the number of new
infections (decreasing by 16%, currently at a rate of
1.8 million new HIV infections per year). Still, addi-
tional cooperative efforts are needed to develop a
successful and inexpensive vaccine, particularly in
low- and middle-income countries, so the number
of new infections can be reduced to zero.

Origins of HIV

Since the discovery of HIV-1 and HIV-2 as new
human viruses, the causes leading to their sudden
emergence have been intensely investigated. HIV-1
and HIV-2 originated from Simian Immunode-
ficiency Viruses (SIVs), after their cross-species
transmission from their natural hosts to humans
- importantly, these SIVs are non-pathogenic, for
the most part, in their reservoirs. In particular,
HIV-1 is the result of four independent transmis-
sions of SIVs infecting chimpanzees and gorillas
(SIVCPZ and SIVgor), whereas HIV-2 was originated
after the transmission of SIVs infecting sooty man-
gabeys (SIV__ ). These events are estimated to have
occurred around the 1930s and were the result of
human-simian encounters, most likely in the con-
text of bushmeat hunting, in which humans were
exposed to the blood or other bodily fluids of these
naturally infected non-human primates (Sharp and
Hahn, 2011). Although for most viruses cross-
species transmissions result in dead ends, in certain
occasions the transmitted virus can adapt to repli-
cate in the new host, becoming more pathogenic
than in its natural reservoir. This first adaptation
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requires overcoming innate restriction factors that
safeguard the host against invading pathogens.
The restriction factors that HIV has adapted to
for its successful spread in humans are TRIMSa,
APOBEC3G, SAMHDI, and particularly BST2
(Sharp and Hahn, 2011), which are discussed
extensively later in this review.

HIV replication cycle

HIV-1 and HIV-2 belong to the Retroviridae family
and more specifically to the Lentivirus genus. As
other retroviruses, the HIV virions enclose their
genome of single-stranded RNA (ssRNA) with
positive polarity (meaning that the molecule could
serve as mRNA) inside of a conical capsid or core
made of multiple copies of the viral capsid (CA)
protein (Fig. 24.2A). In addition to this capsid,
the viral genome is wrapped by a predominantly
positively charged nucleocapsid protein (NC),
which plays a critical role in the incorporation
of viral genomes into the nascent virions during
the assembly process. Inside the capsid, the viral
enzymes integrase (IN) and reverse transcriptase
(RT) are found associated with the genome. Sur-
rounding the capsid, other viral proteins can be
found such as Nef, Vpr, Vpx (only in HIV-2) and
the viral protease (PR), essential for the maturation
of the newly formed virions. Enclosing these other
components is a matrix layer, made of the viral pro-
tein matrix (MA), which serves as a docking point
for the viral envelope. This lipid bilayer, obtained
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by budding from infected cells, is embedded not
only with cellular molecules but also with the viral
spikes, which serve as anti-receptors. The spikes
are made of two HIV protein species (gp120 and
gp41) that are non-covalently linked to each other
to form a trimeric spike (Freed and Martin, 2013;
Knipe and Howley, 2013) (Fig. 24.2A).

The HIV genomic RNA is 9.7Kb long and
encodes for nine genes: three essential/structural
genes (gag, pol and env), two regulatory genes (tat
and rev) and four accessory genes (vif, vpr, vpu/vpx,
and nef). The latter are dispensable for replication in
vitro, but important for infectivity and pathogenesis
in vivo. In addition to these coding sequences, the
HIV genome harbours cis-acting elements buried in
heavy secondary structures that facilitate genome
incorporation into virions (packaging signal:
Psi), enhance viral transcription (trans-activation
response element: TAR), and mRNA transport
(Rev-response element: RRE) (Freed and Martin,
2013) (Fig. 24.2B, the genome is represented as
proviral DNA).

Attachment and entry

As for other viruses, the HIV replication cycle
starts with attachment, a process by which the viral
anti-receptors bind to specific structures on the
surface of their target cells. However, unlike most
viruses, for attachment to be successful, HIV needs
the sequential interaction of its spike with two dif-
ferent membrane proteins: CD4 and a chemokine
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Figure 24.2 The HIV virion and its genome. (A) Schematic illustration of a HIV particle. (B) Representation of the
HIV-1 and HIV-2 genomes as dsDNA. CA: capsid. IN: integrase. MA, matrix; NC, nucleocapsid; PR, protease;

RT, reverse transcriptase.
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Figure 24.3 The HIV replication cycle. The diagram illustrates how HIV infects and produces progeny in CD4*
cells. The different steps in the life cycle of HIV are indicated in bold blue and the virus proteins are labelled in
grey. PIC, pre-integration complex; RT, reverse transcription; RTC, reverse transcribing complex.

receptor (either CXCR4 or CCRS, depending on
the tropism of the virion) (Fig. 24.3). After bind-
ing to the CD4 molecule on the surface of CD4*
T cells, macrophages and dendritic cells, gp120
suffers a conformational change that allows the
exposure of a peptide region that will recognize
the chemokine co-receptor. This second interac-
tion causes additional conformational changes
in the spike, particularly in gp41, that ultimately
enable the fusion between the plasma membrane
and the viral envelope (Bushman et al, 2012;
Wilen et al.,, 2012; Knipe and Howley, 2013). At
this point, the contents of the virion are delivered
to the cytoplasm. As soon as the capsid enters the
cell, uncoating (fragmentation of the capsid) starts
(Fig. 24.3). The uncoating process is extremely
controlled, since a rapid uncoating will impair the
subsequent steps in the HIV replication cycle. This
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is mainly due to the fact that uncoating is coupled
with reverse transcription, the process by which
the HIV RT converts the genomic RNA into a
molecule of double-stranded DNA (dsDNA also
referred to as proviral DNA, cDNA or provirus).
Although RT is found catalytically active inside
the capsid, reverse transcription can only proceed
in the presence of nucleotides, which become
available the moment that the capsid undergoes
partial uncoating in the cytoplasm. Similar to other
viruses that encode their own polymerases, RT
lacks proofreading activity, a fact that makes HIV
a highly mutagenic virus (1-3 mutations every
100,000 nucleotides) (Freed and Martin, 2013).
Although this high mutational rate has detrimental
consequences for the progeny, it is also a source for
genetic diversity, and the main reason why HIV
can escape the immune surveillance and develop

Curr. Issues Mol. Biol. Vol. 35



resistance to antiretroviral drugs (Arts and Hazuda,
2012; Freed and Martin, 2013).

Almost simultaneously with reverse transcrip-
tion, the reverse-transcribing complex (RTC,
which is formed by the remaining CA molecules,
portions of MA, RT, the viral genome, Vpr/Vpxand
IN) is transported on microtubules to the nucleus.
By the time the complex reaches the nuclear pores,
reverse transcription is finished and thus, the com-
plex is referred to as the pre-integration complex
(PIC) (Bushman et al, 2012; Hu and Hughes,
2012; Freed and Martin, 2013) (Fig. 24.3). The
reverse transcription product, dsDNA, is larger
than the original genomic RNA and is flanked by
two long-terminal repeats (LTRs) that serve as
promoter (the S'LTR) and termination signal of
transcription (the 3'LTR) (Fig. 24.2B). The PIC is
then translocated to the nucleus, where the dsDNA
is inserted into the human genome by the HIV IN,
creating a provirus (Freed and Martin, 2013; Knipe
and Howley, 2013) (Fig. 24.3).

Replication

For any given virus, the replication step comprises
gene expression and genome replication, and HIV
achieves both simply by transcribing the proviral
DNA. As soon as the provirus is integrated, the
upstream LTRis readily recognized by the transcrip-
tional machinery of the cell, allowing the synthesis
of genome-length transcripts. Therefore, the tran-
scription of the provirus allows the production of
new HIV genome copies that will be transported to
the cytoplasm, ready for assembly. However, some
of these transcripts are spliced, giving multiple
splicing variants that facilitate the translation of all
the HIV proteins. These proteins are synthesized
in free ribosomes in the cytoplasm or in ribosomes
associated with the endoplasmic reticulum (ER)
(Bushman et al., 2012; Karn and Stoltzfus, 2012;
Freed and Martin, 2013) (Fig. 24.3).

From HIV multiply-spliced transcripts, the
regulatory proteins Tat and Rev as well as the
accessory protein Nef are produced. Tat and Rev
migrate to the nucleus to enhance HIV RNA
synthesis through the hyper-phosphorylation of
the RNA pol II (Tat), and to allow the transport
of non-spliced and singly-spliced HIV transcripts
to the cytoplasm (Rev) (for details read (Karn
and Stoltzfus, 2012). Nef localizes in the plasma
membrane where it specifically promotes immune
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evasion by down-regulating MHC-I molecules (Le
Gall et al., 1998; Roeth et al., 2004), CD28 com-
plexes (Swigut et al., 2001) and by overcoming the
restriction factors SERINC3/5, which significantly
impair the infectivity of the nascent virions (Rosa
et al,, 201S; Usami et al., 2015). In addition, Nef
down-regulates the CD4 receptor to prevent re-
entry of newly formed virions and superinfection
(Benson et al., 1993; Chaudhuri et al., 2007; Foster
and Garcia, 2008).

The singly-spliced transcripts encoding vpu
and env are translated in the ER (Fig. 24.3). The
synthesis of either of these proteins is the result of
ribosomal frameshifting and the use of an alterna-
tive start codon that allows the production of Env
instead of Vpu (Karn and Stoltzfus, 2012). Vpu is
associated with membranes of the ER, the Golgi
apparatus and the plasma membrane, particularly
at sites of virion assembly — although it is not incor-
porated into viral particles. Vpu antagonizes the
antiviral effects of BST2, a membrane protein that
traps nascent HIV virions on the cell surface (Neil
et al., 2008; Van Damme et al., 2008). Additionally,
Vpu aids in the down-regulation of CD4 (Schubert
et al., 1996). Env is processed in the ER and Golgi
into gp120 and gp41, which localize as spikes at sites
for virion assembly in the plasma membrane. The
other HIV singly-spliced transcripts are translated
in the cytoplasm, producing the rest of the acces-
sory proteins: Vpr, which causes cell cycle arrest
and aids in the transport of the PIC to the nucleus
in the next infection ( Jowett et al., 1995; Malim and
Emerman, 2008), Vpx (only in HIV-2) also contrib-
utes to the nuclear transportation of the PIC and
overcomes the SAMHD1 restriction factor — which
depletes the pool of cytosolic nucleotides, impact-
ing in turn reverse transcription (Goldstone et al.,
2011; Laguette et al., 2011), and Vif, which antago-
nizes the APOBEC3 family of restriction factors by
promoting their ubiquitination and degradation
(Harris et al., 2002; Marin et al., 2003; Sheehy et
al., 2003; Bishop et al., 2004; Mehle et al., 2004b).
APOBECS3 are a group of cytidine deaminases that
can become incorporated into virions during the
assembly process and promote C-to-U mutations
during reverse transcription in the next round of
infection, causing viral hypermutation (Harris et
al., 2002). Hence, the HIV accessory proteins play
a crucial role in overcoming host restriction factors
and have enabled HIV to adapt for replication in
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humans. This is explained in more detail later in
this review.

From non-spliced transcripts, the HIV struc-
tural proteins Gag (precursor of MA, CA, NC and
p6) and Pol (precursor of the HIV enzymes RT, IN
and PR) are produced. Of note, Pol is synthesized
as a fusion protein with Gag (Gag-Pol), as a result
of ribosomal frameshifting (Karn and Stoltzfus,
2012). Both, Gagand Gag-Pollocalize in the plasma
membrane in regions where the HIV spikes insert.
Importantly, the NC region within Gag has high
affinity for the genome-length transcripts, which
correspond to the new genome copies of HIV,
ensuring their encapsidation into the viral progeny
(Sundquist and Krausslich, 2012) (Fig. 24.3).

Assembly and release

The process of assembling new virions is driven
by Gag and Gag-Pol polyproteins. After their syn-
thesis, Gag and Gag-Pol become myristoylated, a
modification that renders their N-terminus highly
hydrophobic and targets them to the inner leaflet
of the plasma membrane. In their ‘trip’ to the cell
surface, the NC portion within Gag and Gag-Pol
recognizes the packaging signal (Psi) only present
in genome-length non-spliced HIV RNAs, which
allows the incorporation of only the genomic RNA
(and not the smaller HIV transcripts) into the
progeny (Fig. 24.3). At the plasma membrane, the
MA portion within Gag and Gag-Pol interacts with
gp41, which ensures that the spikes are success-
fully packaged into virions. As mentioned earlier,
Nef is also associated to the plasma membrane at
Gag-enriched locations, ensuring its incorporation
into viral particles. Besides Nef, Vpr and Vpx are
also recruited to these sites by the p6 region within
Gag (Fig. 24.3). An essential feature for assembly
to be fruitful involves the radial arrangement of the
Gag and Gag-Pol polyproteins, exposing the late
domains in p6 and thereby facilitating the recruit-
ment of the cellular ESCRT (endosomal sorting
complex required for transport) machinery to drive
virion budding. As soon as the new particles exit the
cell, the PR within Pol becomes catalytically active
and proceeds to the cleavage of Gag and Gag-Pol to
create the mature structures of the HIV virion: MA,
CA,NC, RT, IN and PR (Sundquist and Krausslich,
2012; Freed and Martin, 2013). This maturation
process driven by PR is essential for the infectivity
of these new HIV particles.
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Current treatments and challenges

After its discovery 36 years ago, the extensive stud-
ies on HIV have allowed us to gain insights into the
biology of this virus: from its complete replication
cycle to the pathophysiology associated with this
disease. These advances in our fundamental under-
standing of this retrovirus have opened avenues for
therapeutic intervention and vaccine development.
For instance, the identification of crucial steps in
the HIV’s life cycle has significantly contributed
to the rational design of drugs to specifically block
them. Currently, there are more than 20 FDA-
approved compounds for the treatment of the HIV
infection (Arts and Hazuda, 2012). These drugs are
categorized in five groups according to their targets
of action:

1 Entry inhibitors. These molecules target either
the viral spike to prevent the fusion mediated
by gp41, or the CCRS chemokine receptor to
thwart the association of the viral spike with
this secondary receptor, which, as we men-
tioned above, is a crucial step to allow fusion
between the viral envelope and the plasma
membrane (Arts and Hazuda, 2012). In the
case of CXCR4-tropic viruses, inhibition of
this co-receptor also represents a promising
tactic to prevent virus entry. However, unlike
CCRS, CXCR4 is distributed in other tissues
such as epithelium, nervous system, and the
vascular system. Therefore, while preventing
the entry of CXCR4-tropic HIV, blocking
this chemokine receptor may have additional
undesired effects on individuals (Choi et al.,
2014).

2 Nucleoside/nucleotide reverse transcriptase
inhibitors (NRTTs). These nucleoside/nucleo-
tide analogues can be mistakenly incorporated
by the HIV RT during reverse transcription

into the proviral DNA. However, owing to the
absence of a 3-OH sugar, these analogues are
unable to form 3'-5" phosphodiester bonds
with the incoming nucleotides, leading to the
premature termination of reverse transcription
(Arts and Hazuda, 2012).

3 Non-nucleoside reverse transcriptase inhibi-
tors (NNRTTIs) on the other hand, attack a
pocket close to the catalytic site of the HIV RT,
causing conformational changes that reduce its
polymerase activity. Although very effective,
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resistant HIV variants arise rapidly in response
to these compounds. Therefore, NNRTIs are
commonly administered in conjunction with
other antiretrovirals (Arts and Hazuda, 2012).

4 Integrase inhibitors. IN is the most recent
HIV enzyme that has been characterized and
thus targeted with drugs. These drugs prevent
the integration of the proviral dsDNA into
the cellular genome, so HIV transcription,
genome replication and virus protein pro-
duction cannot proceed. In particular, these
compounds target the strand transfer reaction
during ligation (Arts and Hazuda, 2012).

S DProtease These
specifically impede the proper maturation

inhibitors. molecules

of newly produced virions by targeting the
catalytic site of HIV PR (Arts and Hazuda,
2012). Protease is in charge of processing
Gag and Gag-Pol complexes into the final
mature proteins, a process that is vital for the
infectivity of HIV.

As noted above, the rational design of HIV ART
drugs has revolutionized the treatment of this infec-
tion. Although ART is very effective, HIV variants
resistant to these drugs emerge over time, since ART
represents a selective pressure. These variant forms
are the result of the lack of proofreading activity by
the viral RT, generating mutants that, under normal
conditions, would be less fit than the wild type
virus, but in the presence of compounds that target
these critical steps, can replicate well enough to
produce offspring (Coffin, 1995). To minimize the
upsurge of resistant viruses, HIV* individuals take
a combination of drugs that target different events
in the HIV life cycle. This is commonly referred to
as combination antiretroviral therapy (cART) or
highly active antiretroviral therapy (HAART). The
combination of these drugs significantly diminishes
the occurrence of resistant forms of HIV and, if
patients adhere to their treatment regimens, main-
tains viral loads to undetectable levels (Fig. 24.1,
black curve). However, cART withdrawal can result
in viral rebound. As explained earlier, this is due
to the existence of latent HIV reservoirs that have
the potential to reactivate and support a productive
infection. Therefore, the advances in HIV treatment
have successfully prevented patients from progress-
ing to AIDS but cannot fully eliminate the virus
from their system (Castro-Gonzalez et al., 2018).
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Further research is urgently needed to design strat-
egies to specifically neutralize the latent reservoirs,
so the eradication of HIV can become a reality. At
the end of this article, we discuss approaches to
manipulate the cellular ubiquitin and SUMO sys-
tems with the ultimate goal of reinforcing current
cART as well as to effectively address the challenges
posed by the latent reservoirs.

Importance of post-translational
modifications for a productive

HIV infection

As intracellular parasites, viruses usurp the cel-
lular machinery to ensure their propagation. This
includes favouring the expression of their viral
genes, appropriation of cellular molecules, and
manipulation of signalling pathways and the post-
translational machinery. HIV is well known for
using post-translational modifications (PTMs) to
generate infectious particles. These include:

1  Glycosylation and processing of the HIV
spikes. The spikes (gp120/gp41) need to
be post-translationally modified in order to
mature, and this maturation is a pre-requisite

for infectivity. The precursor form of the
spikes, Env (or gp160), is co-translationally
glycosylated in the ER, with the main com-
ponent of its glycan shield being N-linked
glycosylation (Reitter et al., 1998; Wei et al,,
2003). Env oligomerizes in the ER as a trimeric
pre-spike that will be subsequently processed
by cellular furin or furin-like proteases in
Golgi to generate the mature gp120 and gp41
subunits. Gp120 and gp41 stay non-covalently
associated, forming mature spikes that are
transported to the plasma membrane follow-
ing the secretory pathway, where they remain
as integral membrane proteins, ready for their
incorporation into new virions (Freed and
Martin, 2013) (Fig. 24.3).

1 Myristoylation of Gag, Gag-Pol and Nef. Gag
and Gag-Pol play key roles in the assembly
of new viral particles. Almost immediately
after their synthesis, they are targeted to the
plasma membrane, particularly to cholesterol-
enriched locations where virion assembly
takes place. The selective transport of Gag
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and Gag-Pol to these sites is due the presence
of a multipartite membrane-binding signal
within the MA region in Gag and Gag-Pol
polyproteins, which becomes accessible after
they undergo myristoylation in their Gly,.
This PTM is mediated by cellular N-myristyl
transferases. Mutation of Gly, or the inability
to mediate this PTM renders HIV incapable
of producing progeny, highlighting the signifi-
cance of Gag and Gag-Pol myristoylation for
virus infectivity (Freed and Martin, 2013).
In addition to Gag and Gag-Pol, Nef is also
susceptible to myristoylation in its Gly, by cel-
lular N-myristyl transferases, which, together
with the high degree of hydrophobic residues
in its N-terminal domain, makes Nef highly
lipophilic and is immediately targeted to the
inner leaflet of the plasma membrane. Once
there, Nef remains associated with the CA
region within Gag to ensure virion incorpora-
tion. Several studies have demonstrated that
the mutation of Gly, in Nef abolishes all of its
functions, including the down-regulation of
MHC-I, CD4 and CD28 molecules; cell acti-
vation; and infectivity enhancement through
the antagonism of the restriction factors
SERINC3/5 (Freed and Martin, 2013), evi-
dencing the importance of this PTM for Nef’s
functionality.

2 Phosphorylation of Nef. After myristoyla-
tion, Nef proteins become phosphorylated
predominantly at Ser and, to a lesser extent,
Thr residues by the cellular protein kinase C
(PKC) (Peter, 1998). Although the relevance
of this PTM in the vast roles of Nef is poorly
understood, at least one study has shown that
mutation of these phospho-sites abrogates
Nef’s ability to enhance HIV replication (Li et
al., 2005), suggesting that this PTM is neces-
sary for HIV infectivity.

Relevance of ubiquitination and
SUMOylation for a successful

infection. Part I: HIV proteins

Ubiquitin is a small protein present in most cell
types of all eukaryotic organisms (Goldstein et al.,
1975). This molecule is attached to other proteins
through a process called ubiquitination (or ubiqui-
tination), which consists of a three-step enzymatic
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reaction performed by three distinct enzymes: an
El-activating enzyme, an E2-conjugating enzyme
and an E3-ligating enzyme (for details on this
refer to https://doi.org/10.21775/9781912530120).
The attachment of ubiquitin to proteins serves as
a regulatory signal that cells interpret differently
depending on the type of linkage of the ubiquitin
chains. The most common types of ubiquitination
are mono-ubiquitination, in which only one ubiqui-
tin molecule is ligated to one target protein residue,
or poly-ubiquitination, in which several ubiquitin
proteins are added to an amino acid of the pro-
tein substrate. Poly-ubiquitination takes place by
connecting new ubiquitin proteins to either a Lys
(K) or Met (M) residue of the previous ubiquitin
molecule, creating a chain. To indicate the moiety
of this reaction, the linking of new ubiquitins is
designated by the amino acid and position where
they are incorporated. The most common types of
poly-ubiquitination reactions are K48, K29 (which
normally tag proteins for proteasomal degrada-
tion), K63, K11, K6 and M1 which, together with
mono-ubiquitination, are involved in trafficking,
lysosomal degradation, activation/inactivation of
enzymatic activities, translation, and DNA repair
(Miranda and Sorkin, 2007).

SUMO (Small Ubiquitin-like MOdifier) are a
small family of proteins involved in SUMOylation,
a PTM that closely resembles ubiquitination, since
it also requires a concerted three-step enzymatic
cascade. Humans encode for four different SUMO
isoforms (SUMO-1 to SUMO-4), all with similar
functional properties. Unlike ubiquitination, the
addition of SUMO to proteins does not tag them
for degradation. Instead, SUMOylation alters the
pattern of protein-protein associations, protein—
DNA interactions, the subcellular localization of
the SUMOylated targets as well as the activation
status of their enzymatic activities. For instance,
SUMOylation is a common mechanism for the
inactivation of transcription factors (Hay, 2005).

HIV takes advantage of ubiquitination and
SUMOylation to modify its viral proteins and
achieve a productive infection through different
mechanisms. The best-characterized HIV proteins
that require these PTMs for their functionality are:

1 p6. p6 is synthesized as part of the Gag poly-

protein and comprises a 52 amino acid region
at the C-terminus of Gag. This domain plays
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a critical role in the incorporation of Vpr and
Vpx into particles, and in the budding and
release events of progeny HIV virions (Freed
and Martin, 2013). This is achieved through
extensive PTMs in p6, including phospho-
rylation at Ser,, (important for its association
with phospholipids at the plasma membrane)
(Solbak et al., 2013), SUMOylation at Lys,_
and mono-ubiquitination at Lys,, and Lys,,
(Ott et al, 1998; Gottwein and Kriusslich,
2005; Gurer et al., 2005; Friedrich et al., 2016).
Although p6 is highly polymorphic within
HIV-1, it contains several conserved regions,
the so-called late domains, which allow p6
interaction with cellular molecules to facilitate
virion release. The first p6 late domain, the
PTAP tetrapeptide motif (Pro-Pro-Pro-Tyr),
interacts with Tsgl01 (tumour susceptibility
gene 101) while the second late domain, the
YPX,L motif, associates with ALIX (ALG-2
interacting protein X). Both Tsgl0l and
ALIX belong to the ESCRT machinery, whose
primary role is to aid in the budding and scis-
sion of multiple vesicular bodies (MVBs) and
facilitate membrane fission during cytokinesis
(Carlton and Martin-Serrano, 2007). Hence,
HIV has evolved to hijack the cellular ESCRT
machinery to promote the release of its prog-
eny from the plasma membrane and acquire its
envelope. The association of p6 with Tsg101,
ALIX and other ESCRT components is
greatly enhanced if p6 is mono-ubiquitinated
(Patnaik et al., 2000). However, SUMOylated
p6 is significantly impaired in its budding
activity (Gurer et al., 2005). As noted above,
SUMOylation and mono-ubiquitination of
p6 take place at the same residue (Lys,.),
rendering these two PTMs mutually exclusive.
Hence, the SUMOylation of p6 prevents its
ubiquitination, which is critical for the recruit-
ment of TsglOl, causing severe defects in
virion release (Gurer et al., 2005).

IN. The HIV IN inserts the proviral dsSDNA
into the host genome and also aids in the
nuclear transport of the PIC, since it har-
bours nuclear localization signals. Besides IN,
additional cellular molecules are recruited to
assist in the integration process of the provi-
rus, and their successful incorporation into
this multimeric molecular complex largely
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depends on the presence of PTMs within IN.
For instance, IN is acetylated by p300 and
GCNS, which increases IN binding affinity
for the proviral DNA, enhances strand transfer
activity and likely regulates IN’s association
with cellular dependency factors (Cereseto
et al., 200S; Topper et al, 2007; Terreni et
al, 2010). Additionally, IN is susceptible to
become SUMOylated at three different Lys
residues (Lys,, Lys ., Lys,,,) that are present
in functionally conserved motifs within the
protein. The SUMOylated status of IN does
not seem to affect HIV’s ability to infect or
perform reverse transcription, but SUMO-
deficient IN viruses show a significant decrease
in integration events compared to wild type
HIV (Zamborlini et al., 2011). Remarkably, IN
suffers this PTM in a step between reverse tran-
scription and the translocation of the PIC to
the nucleus, so, unlike most proteins that suffer
PTMs, the SUMOylation of HIV IN does not
take place on synthesis, but in the next infec-
tion (Zhengand Yao, 2013). Besides becoming
SUMOylated, IN bears SUMO-interacting
motifs (SIMs), which facilitate the recruit-
ment of its SUMOylated cellular co-factors,
such as lens epithelium-derived growth factor
(LEDGF/p75) and p300. Similar to p6, IN
is also susceptible to ubiquitination, and this
PTM targets IN for proteasomal degradation.
IN likely becomes poly-ubiquitinated at Lys,  ,
Lys, s Lys, o and Lys,_., although the nature
of the ubiquitin linkage is currently unknown.
Several E3 ligases have been proposed to medi-
ate its ubiquitination, like the RING-finger E3
ligases UBR1, UBR2, UBR4, VBP1, VHL, and
the HECT-E3 ligase Huwel (Zheng and Yao,
2013). Despite its rapid turnover in vitro, in the
context of HIV-infected cells IN is quite stable,
indicating that IN somehow evades its protea-
somal degradation. This is achieved through
direct association with its cellular co-factors,
which mask IN ubiquitin target residues and/
or the E3-binding sites. LEDGF/p75 was the
first protein reported to play a protective role
in IN’s stability, most likely by hiding the
E3-ligase association motif (Llano et al., 2004;
Zheng and Yao, 2013). Subsequent studies
found that the DNA repair proteins hRad18
and Ku70 also increase IN’s half-life. Although
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the mechanism by which hRad18 achieves this
is still unknown, Ku70 prevents IN from being
directed for proteasomal degradation through
its de-ubiquitinase activity: by removing ubiq-
uitin molecules attached to IN (Zheng et al.,
2011; Zheng and Yao, 2013).

3 Tat. The HIV transactivation of transcription
protein (Tat) improves the efficiency of HIV
RNA synthesis by recruiting the P-TEFb cel-
lular factor to the virus promoter to facilitate
the hyper-phosphorylation of RNA pol II,
which in turn enhances its polymerase activity.
The association of this molecular complex with
Tat is achieved through multiple PTMs in Tat,
among them K63 poly-ubiquitination at Lys. ,
which is mediated by the E3 ligase Mdm?2. In
fact, Mdm?2 and Tat create a positive feedback
loop in which Tat increases the stability of
Mdm?2 by favouring its phosphorylation, and
in turn Mdm?2 promotes Tat poly-ubiquitina-
tion (Raja et al.,, 2017). By contrast, the cellular
protein ABIN1 inhibits Tat’s functionality by
(1) interacting with poly-ubiquitinated Tat,
preventing its association with P-TEFb, and
(2) changing the subcellular distribution
of Mdm?2, so Tat ubiquitination is impaired
(Chen et al., 2017).

4 Nef. Nef suffers numerous PTMs such as
myristoylation and phosphorylation, essential
for its functionality. In addition, Nef is
susceptible to become di-ubiquitinated at
Lys,,, which is critical for its CD4 down-
regulation activity, since Nef mutants missing
this ubiquitin target site are unable to reduce
the surface levels of CD4, and thus, cannot
prevent virus superinfection (Jin et al., 2008).

Besides taking advantage of the cellular ubiquit-
ination and SUMOylation machinery to modify its
proteins, HIV redirects the host ubiquitin pathway
to accomplish HIV-specific outcomes. Specifically,
the HIV accessory protein Vpr seems to decrease
the overall cellular ubiquitination to favour HIV-
mediated ubiquitination of host anti-HIV factors,
and target them for degradation (Arora et al,
2014). Although the underlying mechanism by
which Vpr achieves this is largely unknown, these
observations further highlight how viruses, and in
particular HIV, appropriate the cellular machinery
to secure a productive infection.
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Relevance of ubiquitination

and SUMOylation for a

successful infection. Part II: HIV
dependency factors

In addition to the PTMs of the viral proteins pre-
sented above, the replication and infectivity of HIV
also relies on the ubiquitinated and SUMOylated
state of several host dependency factors that are
necessary for the completion of the different steps
of the virus life cycle. This includes modifications
to the cellular receptor, co-receptor, and the cellular
transcriptional machinery.

1 CD4 and CXCR4. The surface levels of the
CD4 receptor as well as the CXCR4 co-recep-
tor, both required for virion attachment, can
be regulated by different ubiquitin-conjugating
systems. The ubiquitination of the cytoplasmic
domain of the CD4 glycoprotein leads to its
proteasomal degradation in a beta transducing-
repeat containing protein (f-TrCP) dependent
manner (Fujita et al., 1997; Margottin et al.,
1998). Interestingly, this ubiquitin-mediated
down-regulation of CD4 is promoted by the
viral protein Vpu, which in turn increases HIV
replication efficiency by reducing the re-entry
ofnewlyreleased virionsfrominfected cells,and
superinfection (Fujita et al., 1997; Margottin et
al.,, 1998; Schubert et al., 1998). Specifically,
Vpu and CD4 interact in the ER through their
cytoplasmic domains. This association causes
a conformational change in Vpu that facilitates
its phosphorylation in a conserved di-serine
motif (Sery,-Ser,), allowing in turn the
recruitment of B-TrCP. Next, the SCFFTF E3
ligase complex initiates the K48-linked poly-
ubiquitination at Lys and Ser/Thr residues in
the cytoplasmic domain of CD4, tagging it for
proteasomal degradation (Binette et al., 2007;
Fujita et al., 1997; Magadan et al., 2010; Schu-
bert et al, 1998) (Fig. 24.4). Ubiquitination
is also directly related to the down-regulation
of the CXCR4 HIV co-receptor (Busillo et al.,
2010; Lear et al., 2017). After the interaction
with its ligand, (the stromal-derived-factor-1,
SDF-1, also known as CXCL12), CXCR4
undergoes phosphorylation and, to a
lesser extent, ubiquitination. CXCL12 is a
cytokine involved in chemotactic processes
during inflammation. The CXCLI2-induced
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phosphorylation of CXCR4 triggers responses
to support migration, proliferation and
homing of other immune cells (Busillo and
Benovic, 2007; Doring et al., 2014). However,
ligand binding-induced ubiquitination leads to
the internalization and lysosomal degradation
of CXCR4 through the activity of different
ubiquitin-conjugating systems (Marchese and
Benovic, 2001; Busillo et al., 2010) (Fig. 24.4).
Among the different enzymatic complexes that
play a direct role in the ubiquitination of this
co-receptor, AIP4 and RNF113A are the E3
ligases predominantly used (Marchese et al.,
2003 ) and all of them attach ubiquitin at Lys.
in CXCR4, although the moiety of the ubig-
uitin chains remains to be elucidated (Lear et
al, 2017). Remarkably, the gp120-CXCR4
interaction, as well as CXCR4 association

CD4 CXCL12

v § CXCR4
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with agonists, also leads to the degradation of
this HIV co-receptor (Marchese and Benovic,
2001; Fernandis et al., 2002). Therefore, the
ubiquitin-mediated removal of CXCR4 not
only precludes superinfection by other HIV
virions, but also provides a mechanism of
immune evasion when associated to gp120: by
impeding CXCL12 from binding and signal-
ling through CXCR4 (Tran et al., 2005).

LEDGF/p75. At a different level of the replica-
tion cycle, the SUMOylation state of the cell
protein LEDGF/p75 plays a crucial role in the
integration process of the proviral DNA into
the host genome (Shun et al.,, 2007; Engelman
and Cherepanov, 2008). LEDGF/p75 is a
transcription co-activator that regulates gene
expression in response to stress (Shinohara
et al., 2002). In the context of HIV infection,

(&
L Lys331
o ()
r' Vpu

Proteasomal Lysosomal
degradation degradation

Y@

@ ®
X

o

Ub-CD4/Ub-CXCR4
Decreases HIV
superinfection and re-entry

SUMO-STATS &
Decreases viral m
transcription
L\v ®
®
STATS5

RT

SUMO-IkBa
Decreases viral
transcription

Ub-IkBa
Increases viral
transcription

SUMO-NFAT
Increases viral
transcription

Lys21 Lys38?

NF-xB

o® x
z
.

& Nef

‘rgp41\'~*

y521
NFB@O .9 o
—

000000000
B Wsin
PIC /\

EDGF/p75

Lys684
Lys897

SUMO-NFAT
Decreases viral
transcription

Lys702
Lys914

Proteasomal
degradation

@o

provirus

Lys364

SUMO-LEDGF/p75
Increases proviral
integration

\—/

Figure 24.4 Ubiquitination and SUMOylation of HIV dependency factors. The figure illustrates the impact of
ubiquitination and SUMOylation of cellular proteins on the replication of HIV. Negative effects are indicated in
red boxes. Positive effects are shown in green boxes. The characteristics of these PTMs are also illustrated:
moiety (if known) is indicated in red, and the amino acid position where these chains are attached in black and
italics. Virus proteins are labelled in grey. PIC: pre-integration complex.

caister.com/cimb

171

Curr. Issues Mol. Biol. Vol. 35



Colomer-Lluch et al.

LEDGEF/p75 is also able to directly interact
with the viral protein IN through an IN-bind-
ing domain (IBD) located in its C-terminus.
This interaction allows the chromosomal asso-
ciation of the PIC, which ultimately promotes
the integration of the HIV provirus into the
host genome (Llano et al., 2006; Shun et al.,
2007; Engelman and Cherepanov, 2008).
Besides this primary role, the association of
LEDGF/p75 with IN specifically targets the
PIC to areas of the cellular genome where
genes are being actively transcribed, a fact
that facilitates the expression of the HIV pro-
virus (Shun et al., 2007; Singh et al,, 2015).
Although the SUMOylation of LEDGF/p75
decreases its stability, it significantly increases
the integration efficiency of the HIV proviral
DNA (Bueno et al., 2010). This PTM is medi-
ated by UBC9, the only known E2-conjugating
SUMO enzyme - which can also function as a
ligase — and occurs at Lys, ., in the C-terminus
of LEDGF/p75. Whereas the SUMOylation
status of LEDGF/p7S has no effect on its
capacity to interact with IN, the deSUMOyla-
tion of this residue reduces LEDGF’s ability
to act as a co-factor in the proviral integration
process, impairing the replication efficiency of
HIV (Bueno et al., 2010) (Fig. 24.4).

NF-xB, NFAT and STATS. The levels of HIV
RNA synthesis, and thus, virion production,
strongly regulated by the
availability of different host transcription

are nuclear
factors. These transcription factors can bind
to their responsive regulatory elements found
at the 5" LTR of the integrated provirus and
drive the expression of the viral DNA (Nabel
and Baltimore, 1987; DeLuca et al, 1999;
Romanchikova et al, 2003; Selliah et al,
2006). In this regard, the transcription factor
NF-kB plays a major role in the regulation
of HIV expression (Nabel and Baltimore,
1987; DeLuca et al, 1999). Under normal
conditions, NF-kB is found sequestered in the
cytoplasm by the inhibitory protein IxBa. In
response to the action of different stimuli, IxBa
becomes phosphorylated by IKK at Ser,, and
Ser,, and these PTMs make IxBa susceptible
for K48-linked poly-ubiquitination (Desterro
et al, 1998; Hay et al., 1999; Ferreiro and
Komives, 2010). Similar to the process that
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causes the degradation of the CD4 receptor,
the ubiquitination of IxBa is mediated by
the B-TrCP E3 ligase complex, which directs
this protein for proteasomal degradation,
allowing in turn the nuclear translocation of
NF-«kB (Rothwarf and Karin, 1999; Winston
et al,, 1999; Hayden and Ghosh, 2012) (Fig.
24.4). However, IxBa can also be modified
by SUMOylation (Desterro et al, 1998).
Remarkably, both the poly-ubiquitination
and SUMOylation of IkBa take place at
the same site (Lysll), making these two
PTMs mutually incompatible. In fact, IxBa
SUMOylation renders this protein resistant
to degradation and a stronger inhibitor of
NF-«B (Colomer-Lluch and Serra-Moreno,
2017). Remarkably, HIV tightly controls the
activation of NF-kB to ensure its propagation
(Sauter et al., 2015). The HIV proteins Nef
and gp4l trigger this cascade to facilitate
IxkBa ubiquitination and the nuclear release
of NF«xB to favour HIV RNA synthesis
(Postler and Desrosiers, 2012; Sauter et al.,
2015) (Fig. 24.4). In addition to NF-«B, the
nuclear factor of activated T cells (NFAT) is
another transcription factor relevant for HIV
transcription, which is also modulated by
SUMOylation (Romanchikova et al., 2003).
In this case, the SUMOylation of different
residues within NFAT can substantially
change the subcellular distribution as well as
the transactivation activity of this protein. For
instance, SUMOylation of Lys ., and Lys,, in
NFAT causes its nuclear localization (Terui et
al., 2004), while SUMOylation of Lys, , and
Lys,,, favours an interaction between NFAT
and histone deacetylase enzymes (HDACs),
which in turn leads to gene silencing through
the formation of heterochromatin in NFAT-
targeted areas (Nayak et al., 2009) (Fig. 24.4).
Finally, STATS, another host transcription
factor that modulates the expression of HIV,
is tightly regulated by phosphorylation,
acetylation and SUMOylation (Van Nguyen
et al, 2012; Bosque et al, 2017). On
activation, STATS becomes phosphorylated,
which drives its nuclear localization,
allowing its association with the HIV §
LTR to drive viral transcription. However,
the SUMOylation of STATS re-directs this
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protein back to the cytoplasm, where it
becomes dephosphorylated and inactivated
(Van Nguyen et al, 2012; Bosque et al,
2017). 'Therefore, STATS SUMOylation
correlates with reduced HIV transcription
and latency establishment (Bosque et al,
2017) (Fig. 24.4).

From the examples described in these two
sections (part I and part II) is evident that HIV
appropriates the ubiquitin and SUMO systems to
modify its proteins and ensure their functional-
ity. However, as noted here, these PTMs can also
impact the success of the replication of HIV when
they are attached to its host dependency factors,
having both positive as well as detrimental effects
for the virus. Therefore, the knowledge gained on
the roles of ubiquitination and SUMOylation in
the context of HIV infection, could strategically
be applied to find new targets for antiretroviral
drugs, as we will discuss later.

Ubiquitination and SUMOylation

as a mechanism of innate

defence against HIV

Restriction factors are host cellular proteins,
generally induced by interferon stimulation, that
block specific steps of the replication cycle of virus
pathogens, acting as potent innate barriers against
their infection. In the case of HIV, the follow-
ing restriction factors have been identified so far:
TRIMSa (Stremlau et al., 2004; Pertel et al., 2011),
APOBEC3G (Sheehy et al., 2002; Mangeat et al.,
2003; Zhang et al, 2003), SAMHD1 (Laguette
et al., 2011; Lahouassa et al., 2012), Mx2/MxB
(Goujon et al, 2013; Kane et al., 2013; Liu et
al., 2013), Tetherin/BST2 (Neil et al., 2008; Van
Damme et al., 2008), SERINC3/S, IFITMs, and
MARCH?2/8 (Rosa et al., 2015; Tada et al., 2015;
Usami et al., 2015), although new proteins may
be added to this list, since this is still an emerg-
ing field. Some of these molecules attack HIV by
promoting the ubiquitination or SUMOylation
of viral proteins and/or HIV dependency factors,
changing their functionality, and precluding HIV
from completing its replication cycle. However, in
other instances, the ubiquitination or SUMOyla-
tion of host restriction factors renders HIV highly
vulnerable to these innate effectors.
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TRIM5a and the role of ubiquitination

in the premature uncoating of

retroviral capsids

Tripartite motif S-alpha (TRIMSa) nicelyillustrates
how the host cell employs the ubiquitin system as
an innate mechanism of defence to restrict HIV.
TRIMSa recognizes and binds to the incoming
retroviral capsid, promoting its premature degra-
dation by recruiting the proteasomal machinery
(Anderson et al., 2006; Wu et al., 2006; Campbell
et al., 2008; Rold and Aiken, 2008), a fact that will
negatively impact reverse transcription, and in
consequence, the subsequent steps in the HIV life
cycle (Stremlau ef al., 2004, 2006; Javanbakht et al.,
200S; Diaz-Griffero et al., 2007; Perron et al., 2007;
Li and Sodroski, 2008; Black and Aiken, 2010;
Kutluay et al., 2013). Despite the potent antiret-
roviral function of TRIMSa, its antiviral activity
is only effective in a species-specific manner. For
instance, rhesus macaque TRIMSa (thTRIMSa)
potently restricts HIV-1, HIV-2, murine leukaemia
virus (MLV), and equine infectious anaemia virus
(EIAV), whereas it is poorly active against SIV__.
Similarly, human TRIMSa (huTRIMSa) is unable
to efficiently restrict HIV, while it strongly limits
the replication of MLV, SIV___and EIAV (Hatziio-
annou et al., 2004; Keckesova et al., 2004; Yap et al.,
2004; Stremlau et al., 2004, 2006).

TRIMSa was one of the first HIV restriction
factors to be characterized. This protein contains:
(a) an N-terminal RING zinc-binding domain with
E3 ligase activity, (b) one or two B-Box domains,
important for the oligomerization of TRIMSa - a
factor that significantly enhances its restrictive
activity (Javanbakht et al, 2006; Diaz-Griffero
et al., 2009; Ganser-Pornillos et al.,, 2011), (c) a
coiled-coil (RBCC) domain, which also facilitates
TRIMSa dimerization (Langelier et al., 2008), and
(d) a C-terminal SPRY domain (B30.2 or PRYSPRY
domain), responsible for the species—specific
interaction with retroviral capsids (Nisole et al.,
200S; Sawyer et al., 200S; Sebastian and Luban,
2005; Stremlau et al,, 2005, 2006). Importantly,
the E3 ubiquitin ligase activity can drive TRIMSa
auto-ubiquitination, which increases its antiviral
efficiency. Although the underlying mechanism is
not fully understood, it seems that TRIMSa pro-
motes the premature uncoating of the retroviral
cores in a proteasome-dependent manner without
facilitating their ubiquitination. The most accepted
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model is that ubiquitinated TRIMSa bound to
retroviral capsids makes this molecular complex
highly susceptible to the proteasomal machinery
(Diaz-Griffero et al., 2006; Towers, 2007; Lienlaf
et al., 2011). Therefore, the auto-ubiquitination of
TRIMSa represents an indirect mechanism of HIV
restriction (Fig. 24.5).

In addition to its role in accelerating capsid frag-
mentation, TRIMSa functions as a retroviral sensor
by activating innate immune signalling pathways
(Pertel et al., 2011; Tareen and Emerman, 2011;
Uchil et al., 2013). Particularly, after its association
with susceptible retroviral capsids, the TRIMSa
RING domain the UBCI13-UEVIA
E2-conjugating enzyme to catalyse the formation

recruits

of unanchored Ké3-linked poly-ubiquitin chains.
These free poly-ubiquitin chains activate the cel-
lular TAK1 kinase for the downstream activation of
the transcription factors AP-1 and NF-xB (Pertel et
al., 2011; Tareen and Emerman, 2011; Uchil et al.,
2013), which are intimately connected to the innate
sensing system. The activation of AP-1 and NF-xB
induces the expression of additional restriction
factors and the secretion of interferon and other
pro-inflammatory cytokines, which help shape
the immune response (Fig. 24.5). In an analogous
manner, TRIMSa uses the E2-conjugating enzyme
UbeW2 for its K63-linked auto-ubiquitination at

ys,s and Lys ., (Fletcher et al,, 2015), which, as
mentioned above, enhances TRIMSa restrictive
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phenotype. In fact, the presence of Ube2W as well
as TRIMSa ubiquitination are essential to block
reverse transcription in a proteasome-dependent
manner, although as stated above, the exact under-
lying mechanism remains to be confirmed (Fletcher
et al,, 2015; Campbell et al., 2016).

Regulation of TRIM5a activity by
SUMOylation and SIMs

Accumulating evidence suggest that TRIMSa can
be regulated by the SUMO machinery (Arriagada
et al.,2011; Lukic et al., 2013; Nepveu-Traversy and
Berthoux, 2014; Dutrieux et al., 2015). TRIMSa
is susceptible to canonical mono- and poly-
SUMOylation at Lys, , although its SUMOylation
status does not affect its antiviral activity (Dutrieux
et al., 2015). However, the fact that this SUMOyla-
tion motif (V-K-X-D/E) is highly conserved in
all TRIMSa orthologues, and that it is in close
proximity to the RING domain involved in the
control of ubiquitination for the regulation of
innate immune responses, suggests that it may play
a role in TRIMSa-mediated activation of innate
signalling pathways (Pertel et al., 2011; Tareen and
Emerman, 2011; Uchil et al, 2013). Indeed, the
SUMOylation of TRIMSa regulates its E3 ligase
activity by enhancing the generation of free K63-
linked poly-ubiquitin chains while decreasing its
auto-ubiquitination activity, which in turn facili-
tates the TRIMSa-induced activation of NF-xB
and AP-1, consequently triggering innate immune
responses (Nepveu-Traversy and Berthoux, 2014;
Dutrieux ef al., 2015) (Fig. 24.5). In addition to
this PTM, TRIMSa also harbours two to four
SUMO-interacting motifs (SIMs) in its PRYSPRY
domain, which, as mentioned above, is important
for the species-specific recognition of the retroviral
capsids. SIMs play an important role in the non-
covalent interaction of proteins with free SUMO
or with SUMO-conjugated proteins. Despite the
fact that one report found that the presence of these
SIMs has no eftect on capsid recognition —although
they increase the stability, and in consequence, the
restrictive capacity of TRIMSa (Lukic ef al.,, 2013),
a more recent study found that they are essential
for capsid binding, viral restriction, and innate
signalling (Nepveu-Traversy et al., 2016). In par-
ticular, SIM4 is highly exposed at the surface of the
PRYSPRY domain, suggesting that it is more acces-
sible for interaction with SUMO or SUMOylated
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proteins for the activation of NF-kB and AP-1
cascades (Nepveu-Traversy and Berthoux, 2014;
Nepveu-Traversy etal., 2016). Nevertheless, the role
of SUMO and SIMs in TRIMSa restriction is still
debatable, since at least one publication reported
no correlation between TRIMSa SUMOylation or
the presence of SIMs in the PRYSPRY domain with
viral restriction (Brandariz-Nunez et al., 2013).
Besides its role in the regulation of its E3 ligase
activity, the SUMOylation status of TRIMSa
changes its subcellular distribution. For instance,
SUMOylated TRIMSa is sequestered in the
nucleus in dendritic cells, unable to interact and
restrict incoming retroviruses, which may in part
explain why huTRIMSa poorly restricts HIV in
these cells. However, in the context of HIV infec-
tion, the nuclear accumulation of TRIMSa potently
induces interferon production. This is due to the
detection of reverse transcribed proviral DNA by
cGAS, a molecule of the innate sensing system that
recognizes cytoplasmic DNA, and signals through
nuclear TRIMSa (Portilho et al.,, 2016) (Fig. 24.5).
Therefore, although cytoplasmic TRIMSa can only
partially restrict incoming HIV, its nuclear localiza-
tion might benefit the host, since it aids in eliciting
a strong innate response, and may represent an evo-
lutionary adaptation of huTRIMSa to HIV.

MARCH2, MARCHS8 and Env
ubiquitination

MARCH2 and MARCHS (Membrane-Associated
RING-CH 2 or 8 proteins) were recently identified
as anti-HIV factors. MARCHS is a transmembrane
E3-ubiquitin ligase and, similar to TRIMSa, uses
the ubiquitin system to exert its restrictive function.
MARCHS interacts with HIV Env and down-mod-
ulates its expression from the plasma membrane,
most likely through ubiquitination, since deletion
of MARCHS8 RING domain abrogates its antiviral
activity. Therefore, the MARCHS8-mediated down-
regulation of Env reduces its incorporation into
nascent virions, which significantly decreases HIV
infectivity (Tada et al, 2015). Mechanistically,
MARCHS promotes the intracellular sequestration
of Env rather than its proteasomal degradation (Fig.
24.5). By contrast, MARCH2, another member
of the MARCH E3 ligase family, suppresses HIV
infectivity by promoting Env ubiquitination and
its subsequent lysosomal degradation (Zhang
et al,, 2018) (Fig. 24.5). Although there are still
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many unanswered questions on how MARCH2
and MARCHS achieve such obstructive activities,
they, together with TRIMSa, perfectly exemplify
how the cellular ubiquitin system can be exploited
to block viral infection. This includes: (a) direct-
ing viral components for proteasomal, lysosomal
degradation or intracellular sequestration, (b)
enhancing the ubiquitination of cellular factors that
specifically recognize viral structures to generate
high molecular complexes that will be directed for
degradation, and/or (c) generating free ubiquitin
chains to potentiate the innate response.

Vif ubiquitination and degradation as

a mechanism to enhance APOBEC3
restriction

Vif (virion infectivity factor) is one of the HIV
accessory proteins and it is essential for infectivity,
since it prevents the incorporation of APOBEC3
cytidine deaminases into virions. APOBEC3s drive
hypermutation during reverse transcription, caus-
ing loss of the genetic integrity of the virus (Freed
and Martin, 2013), thereby the importance of
precluding their incorporation into HIV particles.
Vif achieves this by promoting APOBEC3 ubiqui-
tination and proteasomal degradation (explained
in detail in the next section). Paradoxically, Vif is
also a target for mono- and poly-ubiquitination,
although the residues where these ubiquitin chains
are attached remain to be elucidated. The mono-
ubiquitination of Vif is driven by the HECT-E3
ligases Nedd4 and AIP4, and this PTM helps in
the recruitment of Gag to sites of virion assembly
and release (Dussart et al., 2004). However, the
poly-ubiquitination of Vif tags the protein for pro-
teasomal degradation (Mehle et al., 2004b; Izumi et
al., 2009; Augustine et al., 2017). In this case, the
cellular Cyclin F (FBXO1) protein specifically rec-
ognizes Vif’s CY motifin its C-terminus, facilitating
the formation of a multimeric complex in which the
SCFcyclin F E3 ligase drives Vif K48-linked poly-
ubiquitination and its subsequent proteasomal
degradation (Augustine et al., 2017) (Fig. 24.5). In
addition to SCFcyclin F, the E3 ligase Mdm?2 also
causes Vif poly-ubiquitination and proteasomal
degradation (Izumi et al, 2009) (Fig. 24.5). As
expected, the ubiquitin-dependent removal of Vif
(either through SCFcyclin F or Mdm2) correlates
with more stable levels of APOBEC3s, which in
turn help restore their antiviral activity. Therefore,
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the consequences of this innate response against
Vif are two-fold: (1) to prevent the Vif-mediated
degradation of APOBEC3s, and (2) to increase
antigen presentation by loading Vif peptides
derived from its proteasomal degradation onto
MHC-I molecules. Since viruses are in a con-
stant arms race with their hosts, it is tempting to
speculate that Vif variants with substitutions in
the residues susceptible to ubiquitination may
arise over time. However, it is very likely that
these ubiquitin target sites are also required for Vif
mono-ubiquitination, and thus, the occurrence
of these Vif mutants may cause infectivity defects.
Studies to identify the amino acids susceptible to
these PTMs will help us predict how HIV might
fight back this innate response.

BCA2-mediated ubiquitination and
SUMOylation: a two-hit strategy to

block HIV transcription and assembly
BCA2 (Breast Cancer-Associated gene 2, Rabring?7,
RNF11S, or ZNF364) is a RING-finger E3 ubig-
uitin ligase initially described as a co-factor in the
restriction mediated by BST2 on HIV, although
this role is independent on BCA2’s enzymatic
activity (Miyakawa et al., 2009). As mentioned in
the introduction section, BST2 prevents the release
of nascent HIV virions by tethering them to the cell
surface (Neil et al., 2008; Van Damme et al., 2008).
BCA2, through its direct association with the cyto-
plasmic domain of BST2, targets BST2-trapped
virions for lysosomal degradation (Miyakawa et
al., 2009). In addition to this role, BCA2 exhibits
BST2-independent anti-HIV activities in which
its E3 ligase activity is critical to restrict HIV. On
one hand, BCA2 promotes the lysosomal degra-
dation of HIV Gag, essential for virion assembly,
and on the other hand, BCA2 blocks HIV tran-
scription and genome replication through the
inactivation of NF-xB, a vital transcription factor
for HIV (Colomer-Lluch and Serra-Moreno, 2017;
Nityanandam and Serra-Moreno, 2014).

1 BCA2-mediated Gag ubiquitination. Studies

in our lab demonstrated that the N-terminus
of BCA2 interacts with the MA region in HIV
Gag. This association facilitates the BCA2-
mediated poly-ubiquitination of Gag at Lys, .,
Lys,,, and Lys, ., which consequently direct
this protein for lysosomal degradation in a
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Rab7-dependent manner (Nityanandam
and Serra-Moreno, 2014). Importantly, the
interaction between BCA2 and Gag, and
consequently, Gag ubiquitination, can only
proceed if Gag is associated with cellular
membranes, indicating that BCA2 specifically
targets Gag proteins involved in the assembly
of HIV virions (Fig. 24.5). In fact, the ubiquit-
ination of Gag mediated by BCA2 significantly
reduces the progeny size of HIV (Nityanan-
dam and Serra-Moreno, 2014).

2 BCA2-dependent SUMOylation of IkBa. In
a more recent study, we demonstrated that
BCA2 mediates the SUMOylation of IxkBa to
block NF-kB, an essential cellular transcription

factor to support a productive HIV infection
(Colomer-Lluch and Serra-Moreno, 2017).
As described above, NF-xB is a key immune
modulator and enhances the expression of host
restriction factors. Under normal conditions,
NF-xB is sequestered in the cytoplasm by IxBa.
However, in the presence of immune stimuli,
IxBa is phosphorylated, which facilitates its
ubiquitination and degradation, allowing the
nuclear transport of NF-xB (Hay et al., 1999)
(Figs. 24.4 and 24.5). Remarkably, HIV takes
advantage of this innate immune pathway and
uses NF-xB to aid in HIV RNA synthesis.
Our studies demonstrated that BCA2 is
induced by NF-xB as part of this innate
response, and that in turn, BCA2 self-limits
this pro-inflammatory cascade through the
SUMOylation of IxBa (Fig. 24.4). As stated
earlier, IkBa SUMOylation and ubiquitination
occur at the same residue (Lys, , ), making these
two PTMs mutually exclusive. Therefore, the
SUMOylation of IxBa renders this molecule
resistant to degradation, strongly repressing the
activation of NF-kB. Remarkably, the BCA2-
mediated SUMOylation of IxBa also causes
a significant decrease in its phosphorylation
levels, suggesting that, besides preventing its
ubiquitination, SUMOylation at this position
has additional consequences in other PTMs
that make IxBa a stronger NF-kB inhibitor
(Colomer-Lluch and Serra-Moreno, 2017).
As a consequence of this, HIV transcription
is significantly hindered, enforcing HIV
latency (Fig. 24.5). In fact, our research shows
that BCA2 is a critical host factor for the
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establishment and maintenance of latency in
CD4" T cells, which are considered the major
reservoir for latent HIV on transitioning to a
central memory phenotype.

BCA2 is an intriguing anti-HIV factor that exhib-
its several levels of restriction by affecting multiple
steps of the virus replication cycle. Future investi-
gations need to address whether HIV circumvents
this block to establish a productive infection, and
how.

Rev ubiquitination hinders its ability

to transport HIV mRNAs

The HIV Rev protein is fundamental for virus
replication, since it exports non-spliced and
singly-spliced HIV mRNAs from the nucleus to
the cytoplasm (Karn and Stoltzfus, 2012). Similar
to other HIV proteins, Rev also undergoes PTMs.
Whereas no signature sequences for SUMOylation
have been found in Rey, this protein is susceptible
to K33-poly-ubiquitination at Lys . (Vitte et al,
2006). Although the addition of these ubiquitin
chains results in a more stable form of Rev, this PTM
is accompanied by a reduction in protein activity
(Vitte et al., 2006), probably caused by conforma-
tional changes in Rev that affect its functionality.
Therefore, in this case the host uses the ubiquitin
pathway to diminish HIV gene expression by limit-
ing the cytoplasmic transport of HIV RNAs rather
than directing viral proteins for degradation (Fig.
24.5). However, additional studies are needed to
provide details on the cellular molecules involved
in Rev ubiquitination and how HIV circumvents
this block in vivo.

Ubiquitination as a viral
countermeasure to restriction

factors

As part of the antiviral host defence, the cellular
ubiquitin system participates in multiple processes
including the proteasome-mediated degradation of
virus proteins as well as the activation of the AP-1,
JAK/STAT and NF-kB signalling pathways, thereby
restricting viral replication and shaping the innate
immune response to combat the infection (Bour et
al., 2001). However, HIV, as well as other viruses,
has evolved to exploit the ubiquitin machinery to
induce the degradation of host antiviral factors
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favouring its replication, infectivity, pathogenesis,
and escape from the host immune surveillance (Yu
et al., 2003; Alroy et al., 2005; Luo, 2016; Seissler et
al., 2017). Thus, by manipulating the ubiquitin cas-
cade HIV either avoids ubiquitination or enhances
this PTM for the inactivation of its restriction
factors. HIV achieves this goal via its accessory
proteins Vif, Vpr, Vpu, Vpx and Nef, which recruit
cellular E3 ubiquitin ligases to target specific
antiviral elements for proteasomal/lysosomal
degradation, and/or sequestration into subcellular
compartments, removing them from their sites of
action. Besides this primary role, some of the HIV
accessory proteins use ubiquitination to suppress
the expression of host antiviral genes by controlling
the activity of cellular transcription factors such as
AP-1, STATs and NF-kB. Whereas HIV extensively
appropriates the ubiquitin system, SUMOylation
has not been reported as a mechanism of immune
evasion for HIV, suggesting that either HIV does
not exploit this machinery to block host restriction
factors or that it remains to be discovered.

Vif-induced ubiquitination and
degradation of APOBEC3G

HIV  Vif  counteracts APOBEC3
cytidine deaminases by inducing their degrada-
tion. As explained above, these proteins are

several

incorporated into HIV particles to promote viral
hypermutation, significantly restricting HIV
infectivity. APOBEC3G is the best-characterized
member of this family that is antagonized by Vif. In
this case, the Vif-induced ubiquitination and deg-
radation of APOBEC3G impedes its incorporation
into nascent virions, preserving in turn the virus
genetic integrity (Sheehy et al., 2002; Harris et al.,
2003; Marin et al., 2003; Sheehy et al., 2003). By
directly associating with APOBEC3G, hijacking
the ubiquitin proteasome system and serving as a
molecular adaptor to recruit on one hand the host
transcription co-factor CBF-B, and on the other
one the ElonginB-ElonginC-Cullin$ E3 ubiquitin
ligase complex, Vif enhances the K48-linked poly-
ubiquitination of APOBEC3G, which directs this
protein for proteasomal degradation (Yu et al,
2003; Mehle et al., 2004b; Kobayashi et al., 2005;
Luo et al, 2005; Shirakawa et al., 2006; Iwatani
et al., 2009; Jager et al., 2011; Zhang et al., 2011)
(Table 24.1). In an analogous manner, Vif also tar-
gets APOBEC3F for degradation, suggesting that
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the CullinS E3 ubiquitin ligase complex is a shared
component for Vif counteraction of APOBEC3
family members (Liu ef al., 2005). Although the
exactresiduesin APOBEC3G thatare susceptible
to Vif-induced poly-ubiquitination are currently
unknown, mutagenesis analyses have narrowed
down the potential target sites to twenty lysines
(He et al., 2008; Iwatani et al., 2009; Turner et
al., 2016), but additional studies are needed to
reveal the relevance of each lysine residue for
APOBEC3G ubiquitination and degradation.

In addition to its well established role in
promoting APOBEC3G ubiquitination for the
counteraction of this restriction factor, Vif might
also drive the degradation of APOBEC3G in a
ubiquitin-independent manner (Dang et al., 2008).
Similar to TRIMSa, Vif poly-ubiquitination, rather
than APOBEC3G poly-ubiquitination, would
direct APOBEC3G for proteasomal degradation
due to the high affinity association between these
two proteins. In fact, ubiquitinated Vif has been
found within the assembled Vif-CulS E3 ligase
complex (Mehle et al., 2004a), although whether
this PTM recruits the proteasome system or if it is
necessary for Vif’s functionality is still unknown.

In an analogous manner to TRIMSa, the rec-
ognition of APOBEC3G by Vif is species-specific
(Mariani et al., 2003). Particularly, Vif interacts
with APOBEC3G through different motifs in the
APOBEC3G N-terminal and C-terminal regions,
which differ across species. Following this prin-
ciple, HIV Vif potently overcomes the human
APOBEC3G protein, but not APOBEC3G from
African green monkeys. Likewise, SIV Vif efficiently
counteracts APOBEC3G from African green mon-
keys whereas it is unable to antagonize human
APOBEC3G. Therefore, the Vif-APOBEC3G
couple, together with the TRIMSa-CA pair,
establishes an important biological barrier to
cross-species transmission. Remarkably, no Vif
defective HIV or SIV primary isolates have been
identified (Sheehy et al., 2003), which underpins
the critical function of this accessory protein for
viral infectivity.

Besides antagonizing APOBEC3s, Vif also
promotes the poly-ubiquitination and proteasomal
degradation of the transcription factors STAT1
and STAT3, which belong to the JAK/STAT
signalling pathway. Thus, through this activity Vif
inhibits the production of type I interferons and
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the expression of many antiviral effectors besides
APOBEC3G (Gargan et al., 2018). Similar to its
anti-APOBEC3G activity, Vif interacts with STAT1
and STAT3 and recruits the CullinS E3 ligase
complex to facilitate their poly-ubiquitination and
degradation, supporting the notion that the Cullin$
E3 ubiquitin ligase complex is a conserved com-
ponent for Vif suppression of the host innate
defence (Table 24.1). However, further research
is needed to elucidate which residues in STAT'1
and STAT3 become ubiquitinated.

Vpr and UNG ubiquitination: a

backup mechanism to prevent
APOBEC3G-induced restriction

Although HIV Vif efficiently relieves the block
imposed by APOBEC3G, in some cases it is
unable to completely prevent APOBEC3G
incorporation into virions. In this scenario, the
HIV Vpr accessory protein reduces the nega-
tive effects of these few APOBEC3G molecules
during reverse transcription: by promoting the
poly-ubiquitination and proteasomal degrada-
tion of cellular UNGs (uracil DNA glycosylases).
UNGs belong to the cellular DNA repair machinery.
They act by recognizing uracil nucleotides found in
DNA and, if the error is not repaired, they promote
the degradation of these DNA molecules. Similar
to APOBEC3G, UNGs can be found encapsidated
in HIV particles. In the context of APOBEC3G
restriction, the occurrence of uridylated DNA
during reverse transcription is remarkably high.
These uridylated molecules are recognized by the
encapsidated UNGs and ultimately directed for
degradation, a fact that significantly reduces the
success of proviral DNA integration (Schrofel-
bauer et al., 2005). Vpr prevents the degradation
of these HIV DNA molecules by enhancing the
poly-ubiquitination and proteasomal degrada-
tion of UNGs through its association with the
CRL4A-DCAF1 E3 ubiquitin ligase complex,
hampering in turn their incorporation into HIV viri-
ons (Schrofelbauer et al., 2005; Wu et al., 2016)
(Table 24.1). In addition to this rather indirect
mechanism of evading one of the negative effects
of the deaminase activity of APOBEC3G, recent
bioinformatics screenings revealed that Vpr might
physically interact with APOBEC3G (Zhou et al.,
2015), and facilitate its poly-ubiquitination and
proteasomal degradation through Vpr’s association
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with DDB1-Cul4A associated factor 1 (DCAF1),
but this needs further investigation.

The fact that two different HIV accessory
proteins target the same host restriction factor,
although through different mechanisms, evidences
the importance of bypassing the host first line of
defence to establish a productive infection. Intrigu-
ingly, both Vif and Vpr have converged to hijack
the ubiquitin-proteasomal machinery to reach this
goal, which reflects the extraordinary adaptation of
HIV to its host through the manipulation of the cel-
lular post-translational machinery.

Vpx/Vpr-mediated ubiquitination and
degradation of SAMHD1

Vpx, an accessory protein uniquely expressed in
the HIV-2/SIV__ lineage, is packaged into HIV
virions via its interaction with the p6 domain of
the Gag polyprotein. Together with Vpr, Vpx con-
tributes to the nuclear import of the PIC, especially
in non-dividing cells (Cheng et al. 2008). Vpx
was initially known to physically interact with the
Cullin4 E3 ubiquitin ligase complex via association
with DCAF1 and DDBI1 (damage-specific DNA
binding proteinl) (Sharova et al., 2008; Srivastava
et al., 2008), suggesting that, similar to Vif and Vpu,
Vpx targets a restriction factor for degradation.
However, it was not until 2011 that this enigma was
resolved: Vpx counteracts the INTP triphosphohy-
drolase SAM domain and HD domain-containing
protein 1 (SAMHD1), an endonuclease that spe-
cifically depletes the pool of cytosolic nucleotides,
a fact that inevitably affects HIV reverse transcrip-
tion (Laguette et al., 2011; Lahouassa et al., 2012).
SAMHDI1 expression is predominantly higher in
myeloid and resting CD4" T cells than in activated
CD4* T cells, indicating that this restriction is more
relevant to macrophage and dendritic-tropic HIV
isolates, and that SAMHD 1 may be one of the com-
ponents influencing the establishment of latency in
resting CD4* T cells (Baldauf et al., 2012; Descours
etal,2012).

Vpx opposes the antiviral effects of SAMHD1
by recruiting the CUL4A-DDB1-DCAF1 E3
ubiquitin ligase complex, inducing SAMHDI1
poly-ubiquitination and proteasomal degradation,
thereby favouring HIV reverse transcription in
both resting CD4* T cells and myeloid cells (Ber-
gamaschi et al., 2009; Hrecka et al., 2011; Laguette
et al., 2011; Ahn et al., 2012) (Table 24.1). Even
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though the specific determinants in SAMHDI1
necessary for Vpx-mediated degradation are largely
unknown, some studies reported that C-terminal
sequences on SAMHDI are recognized by Vpx to
load the restriction factor onto the CUL4A-DDB1-
DCAF1 E3 ubiquitin ligase complex (Hofmann et
al., 2012; Wei et al., 2012). However, others found
that the linker region and HD domain are necessary
for proper folding and ubiquitination (Guo et al.,
2013).

Similar to Vpx, the Vpr proteins of certain pri-
mate lentiviruses can also antagonize SAMHDI,
reinforcing the notion that Vpx is the result of a
genetic duplication of Vpr in the HIV-2/SIV__lin-
eage (Tristem et al., 1992; Lim et al., 2012; Fregoso
et al., 2013; Spragg and Emerman, 2013). In these
cases, Vpr also usurps the CUL4A-DDB1-DCAF1
E3 ubiquitin ligase complex to target SAMHD1
for proteasome-mediated degradation (Table
24.1). However, Vpx and Vpr recognize distinct
regions of SAMHD1, implying that these acces-
sory proteins evolved divergent mechanisms to
overcome this restriction factor in different hosts
(Romani and Cohen, 2012; Fregoso et al., 2013;
Cassiday et al., 2015; DePaula-Silva ef al.,, 2015).
Despite the fact that Vpr can compensate for the
absence of Vpx in HIV, HIV Vpr is poorly active
against SAMHDI. Still, HIV efficiently replicates in
humans. Therefore, either HIV uses a different, yet
undiscovered, mechanism to subvert SAMHD1, or
the low expression levels of SAMHDI in activated
CD4" T have minimal effects on HIV propagation.
By contrast, in the rhesus macaque/SIV___model,
Vpx-mediated antagonism of SAMHDI1 is crucial
in the context of CD4"* T cells replication (Shin-
gai et al,, 2015), indicating that HIV-1 and SIV,___
exhibit contrasting susceptibilities to the restric-
tion imposed by SAMHDI. Similar to the Vif-Vpr
case introduced above, this Vpx-Vpr duplicated
capacity to antagonize SAMHD1 underscores the
importance of subverting this restriction factor for a
productive infection, at least for the majority of the
primate lentiviruses.

Vpu-mediated ubiquitination as a
mechanism to circumvent BST2 and
other immune factors

Vpuis a type Iintegral membrane protein that local-
izes primarily at the plasma membrane, the ER,
the trans-Golgi network (TGN) and endosomal
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compartments. HIV-1 Vpu achieved notoriety
for its role antagonizing BST2 to enhance virion
release and pathogenesis. BST2 is a type II inte-
gral membrane protein with an unusual topology.
It has a short cytoplasmic domain, followed by a
transmembrane domain, a coiled-coil extracellular
domain, and a glycosylphosphatidylinositol anchor
(GPI), which forces its C-terminus to interact with
the outer leaflet of the plasma membrane (Kupzig
et al, 2003). The presence of the GPI anchor
makes BST2 accumulate at cholesterol-enriched
microdomains in the trans-Golgi network, but
specially in the plasma membrane, which are the
main sites for HIV assembly (Kupzig et al., 2003;
Rollason et al., 2007). It is due to its peculiar topol-
ogy that BST2 acts as a potent restriction factor
against a myriad of enveloped viruses (Evans et al.,
2010). In particular, BST2 becomes incorporated
into nascent virions that obtain their envelope
membrane by budding off from cholesterol rafts.
By virtue of keeping each of its ends associated to
the lipid bilayer, BST2 anchors one terminus to the
plasma membrane and the other one to the virus
envelope, thereby tethering nascent virions to the
cell surface (Neil et al., 2008; Van Damme et al.,
2008; Perez-Caballero et al., 2009). Vpu in HIV-1
opposes the antiviral effects of BST2 by different
cooperative mechanisms: (1) by down-regulating
BST2 from sites of virion budding and sequester-
ing this protein in intracellular compartments. This
is achieved by interfering with the trafficking and
recycling pathways and requires the conserved di-
serine phospho-motif in the cytoplasmic tail of Vpu
(Dubé et al., 2009; Hauser et al., 2011; Schmidt et
al.,, 2011; Tokarev and Guatelli, 2011; Tokarev et
al., 2011; McNatt et al,, 2013). (2) By promoting
the degradation of BST2. For this, Vpu directly
interacts through its transmembrane domain with
the transmembrane domain of BST2. This asso-
ciation causes conformational changes in Vpu that
allow the recruitment of the p-TrCP E3 ubiquitin
ligase complex, which facilitates the ubiquitination
of the cytoplasmic region of BST2, targeting it in
turn for proteasomal and/or lysosomal degradation
(Douglas et al., 2009; Iwabu et al., 2009; Mangeat
et al., 2009; Mitchell et al., 2009). Although the
underlying mechanism by which Vpu achieves this
is still controversial, the proposed models include:
(a) Vpu-mediated poly-ubiquitination of BST2 in
an unconventional Ser-Thr motif in its N-terminus
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(Tokarev et al., 2011), for its subsequent protea-
somal degradation, (b) Vpu-mediated K48-linked
poly-ubiquitination of BST2 at Lys,, and Lys,, and
proteasomal degradation, (c) Vpu-mediated K63-
linked poly-ubiquitination, which would tag BST2
for lysosomal degradation, (Mangeat et al., 2009),
and (d) Vpu-mediated mono-ubiquitination of
BST?2 at Lys,, and Lys,, to mediate its lysosomal
degradation (Table 24.1). Among all the proposed
models, the latter is the only scenario in which
Vpu would directly interact with BST2 molecules
found in the trans-Golgi network and recycling
endosomes to prevent their accumulation at sites
of virion assembly in the plasma membrane. Nev-
ertheless, either by down-regulating BST2 from the
plasma membrane or by affecting its intracellular
trafficking, Vpu efficiently removes BST2 from HIV
assembling locations, enhancing the release of HIV
particles from infected cells.

The fact that BST2 potently restricts a broad
range of enveloped viruses highlights the impor-
tance for virus pathogens to antagonize BST2 to
ensure their propagation. In the case of the AIDS
viruses, only HIV-1 and few SIVs encode vpu in
their genome, indicating that for their successful
spread in their hosts, the other AIDS viruses must
have evolved other countermeasures against BST2.
In fact, HIV-2 and some SIVs use Env to facilitate
the sequestration of BST2 in the trans-Golgi net-
work (Gupta et al.,, 2009; Le Tortorec and Neil,
2009; Serra-Moreno et al., 2011). However, the
majority of SIVs use Nef to counteract BST2. Spe-
cifically, Nef directly interacts with the cytoplasmic
tail of BST2 and this association facilitates BST2
internalization and lysosomal degradation (Jia et
al., 2009; Sauter et al., 2009; Zhang et al., 2009;
Serra-Moreno et al., 2013). Remarkably, only Vpu,
and not Env and Nef, seems to use the ubiquitin
system to neutralize BST2.

Besides this primordial role in enhancing virion
production, Vpu plays additional roles to increase
viral infectivity, such as the down-regulation of the
CD4 receptor (to impede superinfection) or the
inhibition of NF-kB and AP-1 innate signalling
pathways (Table 24.1). Although HIV uses NF-xB
to increase its transcriptional capacity, the chronic
activation of this cascade can also have deleterious
effects on infectivity, which is the reason why HIV
finely tunes the activation of this transcription factor
(Sauter et al, 201S). Remarkably, Vpu achieves
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such multifaceted activities through its association
with the p-TrCP E3 ubiquitin ligase complex, which
directs all these Vpu targets for ubiquitination and
proteasomal degradation (Margottin et al., 1998;
Bour et al., 2001). Although Vpu is not a structural
protein and is not necessary for HIV infection, it is
considered an important virulence factor. In fact,
HIV variants with mutations in Vpu that abolish
its functions exhibit a milder phenotype in terms
of infectivity and delayed progression to AIDS. The
versatility of this protein to evade the BST2 block,
virus superinfection and immune activation is in
contrast to the fact that in order to achieve this,
Vpu has converged to use the same host ubiquitin
molecular complex. It is tempting to envisage that
the next evolutionary adaptation in humans would
involve thwarting the recruitment of the p-TrCP E3
ubiquitin ligase complex by Vpu.

Manipulation of SUMO and

ubiquitin cascades as therapeutic
strategies against HIV

As explained earlier, the simultaneous use of vari-
ous compounds that specifically impair different
steps of the HIV replication cycle is referred to as
combination antiretroviral therapy or cART. These
treatment regimens effectively keep the plasma
viral loads below detectable levels in HIV-infected
individuals, preclude the progression to AIDS, and
significantly reduce the risk of transmission. Among
the wide range of characterized antiretroviral agents,
some are designed to target host-dependency
factors, while others block HIV proteins with the
common goal of preventing the replication of the
virus. In line with this, our increasing understand-
ing of the roles of ubiquitination and SUMOylation
in the context of HIV infection has opened new
avenues for therapeutic intervention. Below we
provide examples of targets that are currently under
investigation, where ubiquitin and SUMO systems
are being modulated to prevent a productive HIV
infection.

Blocking HIV through the modulation

of the ubiquitination profile of host
restriction factors and HIV proteins

The prevention of different ubiquitin-associated
events related to the progression of HIV replica-
tion has been extensively explored in the design
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of new anti-HIV treatments. The main focus of
these approaches is to enhance the action of innate
immune effectors (such as TRIMSa, APOBEC3G
and BST2) by reducing their ubiquitin-mediated
degradation. In addition, strategies to specifically
modify the ubiquitination pattern of HIV proteins,
aimed at rendering HIV non-infectious, are also
being investigated. Although some studies are at
their earlier stages, others have already identified
and characterized the mechanism of action of
compounds that selectively modulate the ubiquit-
ination profiles of these proteins.

1 TRIMSa. A recent study demonstrated that
the expression of a more stable version of
human TRIMSa conferred protection against
HIV-mediated destruction of CD4* T cells in
vivo. This TRIMSa mutant not only exhibits
lower auto-ubiquitination, which increases its
steady-state levels, but also displays a phe-
notype that closely resembles that of rhesus
TRIMSa (thTRIMSa), being potently restric-
tive of HIV. This variant (haTRIMSa ., »,.)
was obtained by introducing two point
mutations in the PRYSPRY domain, which
improve the recognition of retroviral cap-
sids and at the same time the stability of
TRIMSa. This study indicates that efforts
to stabilize host restriction factors, probably
through genetic engineering, have significant
therapeutic value (Richardson et al., 2014).

2 APOBEC3G. Approaches to enhance the
activity of APOBEC3G have been widely
investigated. Their common goal is to inhibit
the Vif-mediated ubiquitination and deg-
radation of APOBEC3G, or to compensate
for its rapid decay. One of these investiga-
tions identified the small molecule RN-18
that specifically targets Vif for degradation
when Vif is associated with APOBEC3G
(Nathans et al, 2008). VEC-5 is another
Vif small inhibitor that disrupts the forma-
tion of the protein complex required for
Vif-mediated degradation of APOBEC3G. In
an APOBEC3G-dependent manner, VEC-5
prevents the association between Vif and
the ubiquitin E3 ligase enzyme ElonginC
(Zuo et al, 2012). Finally, the compounds
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IMB-26 and IMB-3S are another example
of Vif inhibitors with the ability to suppress
HIV infectivity. In particular, they prevent
the interaction between Vif and APOBEC3G,
and thus, protect the restriction factor from
Vif-mediated degradation (Cen et al., 2010).
Besides the use of chemical compounds
to target the Vif~APOBEC3G complex,
genetic engineering represents an alternative
approach to increase the restrictive capacity
of APOBEC3G. For instance, the addition of
transcription activation domains to the pro-
moter of APOBEC3G induces high levels of
expression of the protein, compensating for
its Vif-mediated loss (Bogerd et al., 2015).
All these approaches significantly augment
the intracellular amounts of APOBEC3G and
facilitate its incorporation into new virions,
enhancing its anti-HIV activity.

3 BST2. Similar to Vif-APOBEC3G, the Vpu-
BST2 pair represents an attractive target
for antiretroviral therapy. In fact, a small
molecule, IMB-LA, potently prevents the
Vpu-dependent degradation of BST2 without
affecting the interaction between Vpu, BST2
and the ubiquitin E3 ligase complex p-TrCP.
Specifically, IMB-LA acts by blocking the
sorting process of poly-ubiquitinated BST2 to
lysosomesina Vpu-specific manner, and in turn
increases the surface levels of BST2. Therefore,
this compound restores the antiviral activity of
the restriction factor, and thus, reduces HIV
infectivity (Mi et al.,, 2015).

In addition to these antiviral agents, whose
common goal is to enhance the activity of the
innate immunity, inhibitors of de-ubiquitinase
enzymes (DIs) might have potential to hinder HIV
replication and improve antigen presentation by
preventing the removal of ubiquitin chains in HIV
proteins. For instance, DIs P22077 and PR-619
impair ubiquitin-related processes involved in
Gag-mediated assembly. These compounds con-
siderably reduce HIV infectivity and, unlike other
small molecules, promote MHC-I-mediated anti-
gen presentation, which significantly enhances the
clearance of HIV-infected cells by CTLs (Setz et al.,
2017).
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Manipulation of the SUMOylation

profile of HIV and host dependency
factors as a therapeutic approach
against HIV

The functionality of several HIV proteins as well
as host dependency factors can be modulated
through their SUMOylation status. Therefore, the
chemical manipulation of this PTM represents
a promising approach to block HIV replication.
For instance, inhibitors of HIV IN SUMOylation,
as well as compounds that bind SUMOylated
IN, significantly reduce the efficiency of proviral
DNA integration, since this PTM facilitates the
recruitment of cellular co-factors that aid in the
integration process. In this regard, the agent SPI-01,
an inhibitor of SUMO-specific proteases (SENP),
affects the SUMOylation machinery involved in
IN modification. Although the underlying mecha-
nism is not well understood, it seems that SPI-01
would prevent the deSUMOylation of IN, most
likely through direct association with SUMOylated
IN. By doing this, SPI-01 would preclude IN asso-
ciation with LEDGF/p75 and other co-factors,
and thereby, impair proviral DNA integration. In
fact, treatment of HIV-infected cells with SPI-01
renders the progeny virions unable to drive proviral
integration in the subsequent infections (Madu et
al., 2013,2015).

Despite the high efficiency of cART at inhibiting
HIV replication, the current treatments are unable
to completely eliminate HIV from the system of
HIV-infected individuals, since viral rebound is fre-
quently observed among patients who discontinue
therapy. Therefore, a lifelong adherence to cART is
the only possible option for HIV-infected individu-
als. However, long-term exposure to these drugs is
often associated with toxicity, adverse interactions
with other drugs used for AIDS-unrelated condi-
tions and, since these compounds exert a strong
selective pressure, the occurrence of cART-resistant
HIV variants (Chun ef al., 1999; Petoumenos et al.,
2012; Pinoges et al., 2015). The reason why cART
cannot completely eliminate HIV and HIV-infected
cells is the presence of latent reservoirs, which
are refractory to cART, and thus, considered the
main challenge to functionally cure HIV/AIDS.
Therefore, new strategies need to be developed to
tackle these latently infected cells. At the moment,
two main approaches are being investigated: the

‘shock and kill’ and the ‘block and lock” methods
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(Castro-Gonzalez et al., 2018). Remarkably, some
of the underlying strategies employed to achieve
an efficient ‘shock and kill’ and/or ‘block and lock’
approach are based on the manipulation of the
SUMO systems.

1 Preventing SUMO-modification for a ‘shock
and kill' method. The ‘shock and kill” strategy

uses latency-reversing agents (LRAs) to reac-
tivate latently infected cells, so they support a
productive HIV infection (Castro-Gonzalez
et al., 2018). This, in combination with cART,
renders the produced virions as well as the acti-
vated, HIV-infected cells susceptible to cART
and clearance by CTLs. Different LRAs have
already been tested in clinical trials, presenting
different levels of efliciency in re-activating the
latent reservoirs (Shan et al., 2012; Spivak and
Planelles, 2016; Castro-Gonzalez et al., 2018).
Among them, benzotriazoles significantly
reduce the size of the HIV latent reservoir by
maintaining the activated state of the host tran-
scription factor STATS, which as stated above,
HIV uses to drive viral transcription. In particu-
lar, benzotriazoles inhibit the SUMOylation of
STATS, which is responsible for its inactivation
and cytoplasmic localization. Therefore, these
agents prolong the STAT5-induced transcrip-
tion of HIV, preventing the establishment of
latency, and aid in the reactivation of latently
infected cells (Bosque et al., 2017).

2 Enhancing SUMOylation and ubiquitination
as a ‘block and lock’ approach. The main goal
of the ‘block and lock’ strategy is to achieve a
drug-mediated enforcement of HIV latency,
so latently infected cells remain harmless in a
dormant state. Under these conditions, HIV

transcription is severely impaired, and so is
viral rebound, even when cART is discontin-
ued. Different HIV latency-promoting agents
(LPAs) are currently under investigation
(Castro-Gonzalez et al., 2018). Among them,
the host anti-HIV factor BCA2, an E3 ubiqui-
tin and SUMO ligase, represents a promising
‘block and lock’ candidate due to its ability
to (a) inhibit HIV transcription and promote
HIV latency through the specific SUMOyla-
tion of the NF-xB key regulator IxBa, which
represses NF-kB (Colomer-Lluch and Serra-
Moreno, 2017), and (b) its ability to mediate
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Gag ubiquitination and degradation through
its E3 ubiquitin ligase activity (Nityanandam
and Serra-Moreno, 2014). By means of these
two-hit functions, BCA2 potently blocks
the transcription of HIV, but in case of tran-
scriptional leaking, it also strongly represses
reactivated proviruses by preventing the
assembly of new progeny. This is an exciting
protein that, in combination to cART, could
be administered to HIV* individuals to neu-
tralize productively infected as well as latently
infected cells. However, its potential as a ‘block
and lock” enforcer needs to be further exam-
ined, particularly in vivo.

Concluding remarks

Thirty-six years after the identification of HIV as
the causative agent of AIDS, the search for effective
treatments to completely eliminate the virus from
affected individuals is still ongoing. To adequately
design new therapeutic options, we need to
increase our fundamental understanding of the
HIV-host interactions, especially at the molecular
level. This includes increase awareness on how the
use of the cellular post-translational machinery, and
in particular ubiquitination and SUMOylation,
influences the fate of HIV infection, since these
PTMs represent promising targets for therapeutic
intervention, as evidenced throughout this review.
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