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Abstract: HIV infects several cell types in the body, including CD4+ T cells and macrophages. Here
we review the role of macrophages in HIV infection and describe complex interactions between viral
proteins and host defenses in these cells. Macrophages exist in many forms throughout the body,
where they play numerous roles in healthy and diseased states. They express pattern-recognition
receptors (PRRs) that bind viral, bacterial, fungal, and parasitic pathogens, making them both a key
player in innate immunity and a potential target of infection by pathogens, including HIV. Among
these PRRs is mannose receptor, a macrophage-specific protein that binds oligosaccharides, restricts
HIV replication, and is downregulated by the HIV accessory protein Vpr. Vpr significantly enhances
infection in vivo, but the mechanism by which this occurs is controversial. It is well established that
Vpr alters the expression of numerous host proteins by using its co-factor DCAF1, a component of the
DCAF1–DDB1–CUL4 ubiquitin ligase complex. The host proteins targeted by Vpr and their role in
viral replication are described in detail. We also discuss the structure and function of the viral protein
Env, which is stabilized by Vpr in macrophages. Overall, this literature review provides an updated
understanding of the contributions of macrophages and Vpr to HIV pathogenesis.
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1. Fundamentals of Human Immunodeficiency Virus

Human immunodeficiency virus type I (referred to as simply HIV throughout this review) is a
lentivirus of the Retroviridea family [1]. The viral particle contains two copies of a positive strand RNA
genome, a capsid composed of the viral protein Gag, and a lipid membrane derived from the producer
cell. The viral protein Env is anchored in the membrane and is responsible for binding the main HIV
receptor CD4 and a co-receptor (Figure 1). The complex structure of Env is critical to HIV replication
and is described in greater detail below. HIV can only infect cells that express CD4 and a chemokine
co-receptor (most often CCR5 or CXCR4), which, to the best of our knowledge, limits viral tropism to
immune cells, namely CD4+ T cells [2], macrophages [3], dendritic cells (DCs) [4], osteoclasts [5,6],
and hematopoietic stem and progenitor cells [7,8].
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Figure 1. Replication cycle of HIV: graphical depiction of the major events of the HIV replication cycle. 
Viral entry is mediated by binding of Env to CD4 and a co-receptor (CXCR4 or CCR5). After the viral 
membrane fuses with the plasma membrane the capsid and RNA genome are transported into the 
nucleus. The viral genome is reversed transcribed by Pol and integrates into the host genome. The 
host RNA polymerase transcribes RNA copies of the genome, which are exported in an unspliced 
form to produce Gag and Gag–Pol or various spliced forms to produce the other viral proteins. 
Unspliced RNA genomes are also packaged into newly formed virions. Most viral protein translation 
occurs in the cytoplasm, but Env gp160 is translated into the lumen of the rough ER and transported 
through the secretory pathway, where it is glycosylated and cleaved by furin into gp120 and gp41. 

When the HIV genome is active, host transcriptional and translational machineries are induced 
to generate numerous viral proteins and genomes. Host RNA polymerase II transcribes full-length 
RNA copies of the viral genome, most of which are spliced by host machinery to generate mRNAs 
specific for a single viral protein. In later stages of infection, full-length viral genomes are exported 
and serve multiple critical functions. The full-length viral RNA can be translated to produce Gag or 
Gag–Pol, two polyproteins that are cleaved to form most of the virus’s structural proteins, including 
the capsid, reverse transcriptase, and integrase. The full-length genome also contains a packaging 
sequence that causes it to bind the capsid and be packaged into new virions. 

In addition to structural and regulatory proteins that are essential to the replication cycle, HIV 
also encodes accessory proteins that do not directly participate in replication processes, but which 
alter the host cell environment to maximize virion production and persistence. Vif, Vpu, and Nef 

Figure 1. Replication cycle of HIV: graphical depiction of the major events of the HIV replication cycle.
Viral entry is mediated by binding of Env to CD4 and a co-receptor (CXCR4 or CCR5). After the viral
membrane fuses with the plasma membrane the capsid and RNA genome are transported into the
nucleus. The viral genome is reversed transcribed by Pol and integrates into the host genome. The host
RNA polymerase transcribes RNA copies of the genome, which are exported in an unspliced form to
produce Gag and Gag–Pol or various spliced forms to produce the other viral proteins. Unspliced RNA
genomes are also packaged into newly formed virions. Most viral protein translation occurs in the
cytoplasm, but Env gp160 is translated into the lumen of the rough ER and transported through the
secretory pathway, where it is glycosylated and cleaved by furin into gp120 and gp41.

After entry to the cell, the capsid and viral RNA genome are imported into the nucleus, where the
genome is reverse transcribed to produce a double-stranded cDNA copy and the capsid disassembles [9].
Whereas most retroviruses wait for the nuclear membrane to be dissolved during mitosis, the nuclear
import capability of HIV enables it to infect non-dividing cells and categorizes it specifically as a
lentivirus [10]. The integrated viral genome can, at this point, continue the replication cycle by making
new copies of viral proteins and RNA genomes, or it can enter a latent state, in which transcription of
the viral genome is suppressed. The latent state can persist for years or even decades before being
reactivated, at which point the genome can produce fully functional virions.
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When the HIV genome is active, host transcriptional and translational machineries are induced to
generate numerous viral proteins and genomes. Host RNA polymerase II transcribes full-length RNA
copies of the viral genome, most of which are spliced by host machinery to generate mRNAs specific
for a single viral protein. In later stages of infection, full-length viral genomes are exported and serve
multiple critical functions. The full-length viral RNA can be translated to produce Gag or Gag–Pol,
two polyproteins that are cleaved to form most of the virus’s structural proteins, including the capsid,
reverse transcriptase, and integrase. The full-length genome also contains a packaging sequence that
causes it to bind the capsid and be packaged into new virions.

In addition to structural and regulatory proteins that are essential to the replication cycle, HIV
also encodes accessory proteins that do not directly participate in replication processes, but which alter
the host cell environment to maximize virion production and persistence. Vif, Vpu, and Nef counteract
numerous innate and adaptive defenses. They enhance infection in cell lines, primary CD4+ T cells,
and primary macrophages [11–13]. By contrast, the viral accessory protein Vpr primarily enhances
infection of macrophages [11,14], which is discussed in greater detail below.

2. HIV Infection of Macrophages

2.1. Distribution and Variety of Macrophages

There are numerous types of macrophages in the human body that are specialized for their
particular role and anatomical location. Some macrophages are derived from monocytes, which
circulate in the blood and can differentiate into several different cell types, including macrophages
and dendritic cells [15]. Monocytes, in turn, are derived from hematopoietic progenitor cells in the
bone marrow [16]. A separate population of macrophages, collectively referred to as tissue resident
macrophages, are derived from myeloid progenitors that migrate from the embryonic yolk sac within
the first weeks of embryogenesis [17]. These precede the development of monocytes derived from
bone marrow and persist in tissues for the life of an organism [18]. The fraction of macrophages that
are monocyte-derived and the fraction that are of embryonic origin vary across anatomical sites and
are a matter of ongoing study. Because the morphology and protein expression of different types
of macrophages can vary significantly, they are often identified by the surface markers CD68 [19],
CD11b [20], and CD14 [21,22], although immature monocytes also express CD14 [23].

2.2. Macrophage Functions

A wide array of receptors on the surface of macrophages allow macrophages to detect and
respond to various stimuli (reviewed in Reference [20]). A major target of macrophages are host
cells displaying apoptotic markers, which are recognized by numerous receptors, phagocytosed,
and degraded [24]. This allows the clearance of dead and dying host cells and avoids activating an
inflammatory response [25].

Macrophages are among the first lines of defense in the innate immune system, primarily
due to their ability to phagocytose pathogens. Phagocytosis can be mediated by a wide variety of
receptors on the plasma membrane, including pattern-recognition receptors (PRRs), which directly
bind pathogen-associated molecular patterns (PAMPs); complement receptors, which bind proteins of
the complement system; and Fc receptors, which bind the constant regions of antibodies. Within these
categories are numerous subtypes that collectively provide the capacity to phagocytose nearly any
class of pathogen, including fungi [26], parasites [27,28], bacteria such as Staphylococcus aureus [29]
and Listeria monocytogenes [30], and viruses such as influenza A virus [31] and foot-and-mouth disease
virus [32], among others. For those pathogens that do not express sufficient PAMPs to be phagocytosed
directly, soluble factors, including IgG [33], complement proteins, and antimicrobial peptides [34], bind
to pathogens and significantly enhance phagocytosis.

Phagocytosis is the first step in the macrophage’s role as a professional antigen-presenting cell
(APC). Macrophages, along with dendritic cells (DCs) and B cells, degrade ingested proteins and
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present the resulting peptides on MHC class I and class II molecules to activate T-cell responses.
This process has been demonstrated in numerous types of macrophages, including Kupffer cells [35],
adipose tissue macrophages [36], and alveolar macrophages [37]. Presentation of exogenous antigens
on MHC class I, a process called cross-presentation, only occurs in professional APCs, and this process
in macrophages and DCs is crucial for activating naïve CD8+ cytotoxic T lymphocytes [38–40].

Macrophages also regulate inflammation by secreting various cytokines in response to
different stimuli. In vitro, classically activated macrophages, also known as M1, secrete numerous
pro-inflammatory cytokines, most notably IL-12 [41], which supports Type 1 T helper cells [42,43].
Anti-inflammatory macrophages, also known as M2, secrete IL-10 [41], which decreases expression of
pro-inflammatory cytokines by macrophages [44] and suppresses activation of T cells [45]. These two
activities are thought to be crucial to initiating and later resolving inflammation following infection.

2.3. Macrophage Models

Due to their significance in homeostasis, immunity, and infection by various pathogens, models that
facilitate investigation of macrophages are in high demand. Explants of human tissue have been
used to study macrophages in the lungs [46], adipose tissue [47], tonsils [48], urethra [49], foreskin,
and cervix [50]. These models contain mature macrophages in their natural microenvironments,
but their use is limited by cost and difficulty of obtaining human tissues. For models of isolated
macrophages, alveolar macrophages obtained from bronchoalveolar lavage can also be used for ex
vivo studies [51,52]. Primary macrophages can also be generated from monocytes, of which tens of
millions can be obtained from peripheral blood of an individual. Monocyte-derived macrophages are
stimulated in vitro by using granulocyte-macrophage colony stimulating factor (GM-CSF), often in
conjunction with other cytokines, such as macrophage colony stimulating factor (M-CSF). Different
stimulation conditions cause differential expression of key macrophage proteins, including PRRs, CD4,
and chemokines receptors [53]. Additionally, there is significant variability in macrophages obtained
from different donors [54]. Differences between stimulation protocols and among donors should be
considered when evaluating or replicating experiments using monocyte-derived macrophages.

A handful of myeloid cell line models exist and provide useful clues about macrophage
biology. The most common is the THP-1 line, derived from a patient with monocytic leukemia [55].
These monocyte-like cells can be induced to differentiate into macrophage-like cells with various
combinations of phorbol-12-myristate-13-acetate (PMA), lipopolysaccharide (LPS), and vitamin
D3. These stimulated THP-1s replicate some but not all features of primary monocyte-derived
macrophages [56].

2.4. Evidence for HIV Infection of Macrophages

In addition to their role in clearing pathogens, macrophages can also be the target of infection. Due
to their natural ability to phagocytose foreign bodies, they are particularly vulnerable to intracellular
pathogens, including Mycobacterium tuberculosis [57], Listeria monocytogenes [30], Dengue virus [58],
simian immunodeficiency virus (SIV) [59], and HIV [3].

HIV has been detected in macrophages isolated from infected humans at many anatomical
sites, including lymph nodes [60], brain [61], urethra [62], and liver [63,64]. In infected persons,
viral replication in macrophages is the dominant source of viremia after an infected person’s CD4+ T cell
population falls [65], demonstrating that macrophage infection is productive and long lasting. Given that
an infected person’s viral load correlates strongly with disease progression [66], virion production by
long-lived infected macrophages likely accelerates the development of symptoms. Recent experiments
have demonstrated that macrophages can sustain HIV infection independently of CD4+ T cells.
Infections of humanized mice that produce human macrophages but not human T cells replicate
significant aspects of HIV infection in humans [67]. The macrophage-only mouse can sustain infection
for at least 10 weeks, at which point HIV was detected in numerous tissues throughout the body [67].
A follow up study using the same mouse model found that antiretroviral treatment led to a rapid
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decrease in viremia. After treatment interruption, viral rebound was observed in three out of nine
mice, indicating that macrophages can act as a long-lived reservoir [68]. An important caveat of this
study is that the humanized mouse produces human macrophages derived from monocytes, but its
tissue resident macrophages are exclusively of murine origin and therefore cannot be infected by HIV.
Because tissue-resident macrophages are long-lived and self-renewing, an in vivo model that lacks
these cells may not fully recapitulate the long-term role of macrophages in HIV infection.

2.5. HIV Infection of Macrophages Contributes to Pathogenesis

Whereas most HIV-infected T cells undergo apoptosis within days of infection, HIV-infected
macrophages survive for weeks or months [69]. This is likely because they are less susceptible to the
cytopathic effects of the virus [70,71]. The number of alveolar macrophages in humans is virtually
unaffected by HIV infection, but their ability to phagocytose Pneumocystis carinii is inhibited [72].
Similar inhibition has been noted in HIV-infected macrophages’ ability to phagocytose Candida
albicans [73], Toxoplama gondii [74], and Plasmodium falciparum [28], which likely contributes to increased
susceptibility to opportunistic infections. Additionally, HIV infection polarizes macrophages into a
pro-inflammatory M1 phenotype, as measured by cytokine secretion and surface-marker expression [75].
Experiments in rhesus macaques demonstrated that SIV infection enhances macrophage-mediated
inflammation of the liver [76], which may explain why HIV-infected persons have an increased
incidence of liver disease [77]. Inflammation caused by HIV-infected macrophages is also thought
to be the primary driver of HIV-associated atherosclerosis [78] and HIV-associated neurocognitive
disorders [79].

In addition to direct effects on macrophages, HIV infection of macrophages contributes to overall
pathogenesis by increasing viral loads in infected individuals. Replication competent virus has
been recovered from monocytes and macrophages of people receiving antiretroviral therapy [80],
suggesting that they may contribute to viral rebound after therapy is withdrawn. In ex vivo
experiments using explants of human lymphoid tissue, infection of macrophages boosts virion
production significantly, despite comprising a small fraction of infected cells [81]. This suggests that
macrophages amplify infection in other cell types, most notably CD4+ T cells.

There is significant evidence that HIV spreads via cell-to-cell contact [82] and that this method is
important in macrophages [83]. Direct cell-to-cell spread is mediated through a virological synapse,
a structure that is formed when viral Env on the plasma membrane of an HIV-infected cell binds
CD4 on a neighboring uninfected target [84]. This connection allows multiple viral particles to be
transmitted to a single target cell, greatly enhancing the likelihood that the virus establishes a successful
infection [85]. Transmission via synapses is resistant to neutralization by antibodies [86], meaning it
may be particularly difficult to inhibit by an antibody-based HIV vaccine. This form of transmission
mediates the spread of HIV from macrophages to CD4+ T cells [87], which is much more efficient
than infection of CD4+ T cells by cell free virus [88,89]. In addition, phagocytosis of infected CD4+ T
cells by macrophages leads to greater infection of macrophages than does incubation with cell-free
virus [90]. Direct contact between infected CD4+ T cells and uninfected macrophages can also cause cell
fusion, which ultimately leads to the formation of giant multinucleated cells [91]. This process does not
require reverse transcription, which evades the restriction imposed by SAMHD1 [92–94] and thereby
increases infection of macrophages, DCs, and osteoclasts [95]. Combined, these findings demonstrate
that HIV replication is significantly enhanced by cell-to-cell transmission between macrophages and T
cells, which explains the earlier observation that the presence of macrophages boosts viral burden in
lymphoid tissues [81]. Cell-to-cell spread from macrophages is restricted by mannose receptor (MR),
which binds to mannose residues of HIV Env [89]. This restriction is alleviated by the viral accessory
protein Vpr [14,88], a process that is described in greater detail in the Vpr section below.
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2.6. The Role of Macrophages in HIV Transmission

Whether and to what degree macrophages contribute to HIV transmission is a matter of much
debate. Early studies of tropism found that most HIV isolates from early stages of infection did not
infect T-cell lines and were thus thought to be “macrophage tropic” [96,97]. More recent studies found
that this observation, though correct, was misleading, because, unlike primary CD4+ T cells, most T-cell
lines do not express CCR5, the co-receptor used by most viral isolates [98]. Viruses isolated within the
first few weeks of transmission, called transmitted/founder or T/F viruses, can infect primary CD4+

T cells and macrophages [99]. This study found that over 4–14 days T/F viruses replicated to higher
titers in T cells than in macrophages, suggesting that T/F viruses have a greater capacity for infection of
T cells, which express high levels of CD4 [98].

There is significant in vivo evidence that indicates macrophages may facilitate transmission.
Macrophages are present in semen, urethra, foreskin, vaginal mucosa, rectal mucosa, and cervical
mucosa [100], making them a potential source or target of HIV in a sexual transmission event.
In infected male humans, HIV has been found in CD4+ T cells and macrophages in semen [101] and in
the urethra [62]. In infected macaques, SHIV (an SIV–HIV hybrid) was found in macrophages in the
testes and epididymis [102]. In infection simulation experiments using explants of human cervical tissue,
HIV was found in macrophages and T cells [103,104]. In both of these studies, infected macrophages
were more abundant than infected T cells, although the strain used (BaL) is notably macrophage tropic.
One study [103] attempted the same experiment with two lab-adapted T-cell tropic clones (IIIB and
RF) and saw very little infection of any cell type. Similar studies using HIV clones isolated early in
infection would be highly informative.

3. Mannose Receptor

3.1. Cell Biology of Mannose Receptor

Mannose receptor (MR) is a multidomain, multifunctional pattern-recognition receptor that
is highly expressed on macrophages and a handful of other cell types, including dendritic cells
and epithelial cells [105,106]. It is a type I transmembrane protein composed of an N-terminal
cysteine rich domain, which binds sulfonated sugars [107]; a fibronectin type II domain, which binds
collagen [108,109]; and eight C-type lectin domains, which bind mannose and several other hexoses
(Figure 2). When the domains are tested in isolation, lectin domain 4 has by far the highest affinity
for mannose, but when multiple domains are tested together, a fragment containing domains 4–8
has higher binding affinity still, indicating that binding is multivalent [110,111]. That multiple MR
domains can bind the same ligand simultaneously is also supported by the observation that MR has
higher affinity for multiply branched polysaccharides than linear ones [112].

MR expression and function has been studied extensively in macrophages. It is estimated that,
at any given moment, approximately 100,000 copies of MR are available for binding on the surface of a
macrophage, and that five times that number are in internal compartments [113]. Mannose-containing
particles are internalized within five minutes of binding, and this process was not inhibited by
cycloheximide, which blocks translation of new proteins, indicating that newly synthesized MR is not
required for MR activity [113]. This suggests that mannose receptor recycles to the cell membrane to
bind and endocytose cargo repeatedly.
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that have been demonstrated to bind mannose, fucose, and N-acetylglucosamine.

3.2. Microbial Interactions with Mannose Receptor

MR’s role as a pattern-recognition receptor that leads to internalization of pathogens is central to
macrophages’ function as immune cells. MR binds polysaccharides and lipopolysaccharides found in
capsules and cell walls of numerous species of bacteria, leading to endocytosis [114]. MR also binds
fungi such as the pathogenic Cryptococcus neoformans, leading to activation of CD4+ T cells. This process
is crucial for antifungal immunity, as demonstrated by the observation that mice lacking MR (MRC1-/-)
are significantly less likely to survive C. neoformans infection [115].

MR can also be hijacked by pathogens to evade immunity and enhance pathogenesis.
A well-characterized example is Mycobacterium tuberculosis, which produces lipoarabinomannans to
bind MR and inhibit production of IL-12, TNF-α, and TGF-β [116,117]. MR mediates macrophage
entry for several notable pathogens, including Streptococcus pneumoniae [118] and Dengue virus [119].
Treatment of macrophages with vitamin D3 lowers MR expression, which reduces Dengue virus
infection and the release of inflammatory cytokines [120].

HIV binding to MR has been demonstrated in many contexts and significantly alters infection and
viral replication. One group found that MR binds HIV on the plasma membrane of macrophages and
transfers virions to CD4+ T cells, a process known as trans-infection [121]. It was recently demonstrated
that this interaction also enhances cis-infection of MR-expressing macrophages [89]. This activity is
analogous to that of DC-SIGN, which enhances trans-infection by DCs [122] and members of the Siglec
family, which enhance both trans- and cis-infection of DCs and macrophages [123,124]. Given its role in
enhancing HIV infection, it was somewhat surprising that several groups have observed that infection
by HIV or SIV decreases MR expression and MR-mediated phagocytosis [72,75,125,126]. It was recently
revealed that this is because, after a productive HIV infection has been established, MR continues to
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bind Env, which restricts HIV spread [89]. Downmodulation of MR is mediated simultaneously and
independently by two HIV accessory proteins: Nef [127] and Vpr [89]. The effects of Vpr on MR and
the implications for HIV pathogenesis are discussed in more detail in a separate section below.

4. The HIV Structural Protein Env

The HIV gene env encodes a large glycoprotein responsible for mediating binding and entry of
the virion to target cells. Entry to a target cell requires the presence of two host proteins, the primary
receptor CD4 and one of two potential co-receptors, CCR5 or CXCR4. The receptor CD4 is bound
first and induces a conformational change in gp120 that exposes the co-receptor binding site [128].
Binding by CCR5 or CXCR4 induces another conformational change that exposes the fusion peptide,
a hydrophobic region of gp41 that inserts into the membrane of the target cell and promotes fusion [129].

Env Biosynthesis

Env is a large and structurally complex protein which must be produced in the secretory pathway,
where it undergoes numerous post-translational modifications (Figure 3). It is a type 1 transmembrane
protein, meaning it has an N terminus facing the lumen/extracellular space, a single transmembrane
domain, and a C terminus in the cytosol. Env is translated in the lumen of the rough ER, where it
is simultaneously glycosylated at numerous asparagine residues [130]. At each of these residues,
the enzyme complex oligosaccharyltransferase attaches a glycan tree [131] that is identical for all
asparagine-linked (N-linked) glycosylation sites (Figure 4A). In the ER, glucose is removed from
the glycan tree, leaving three branches that all terminate in multiple mannose residues (Figure 4B).
This form is called oligomannose, Man5-9GlcNAc2, or high-mannose [132].

As most glycoproteins transit through the Golgi, the terminal mannose residues are removed
by mannosidases [134]. These are replaced by many possible sugar conformations composed of
fucose, galactose, sialic acid, and N-acetylglucosamine [135], which are collectively known as “complex
glycans” (Figure 4C).

Unlike healthy host proteins, HIV Env is not fully processed by this pathway. Due to the unusually
high number of glycosylation sites on Env and its homotrimerization, some of the glycan trees cannot
be accessed by mannosidases [132]. Studies of Env in which N-linked glycosylation sites are removed
one at a time found that the loss of certain sites in and near a dense cluster of N-linked glycosylation
sites known as the “mannose patch” leads to >25% loss of oligomannose, presumably by increasing
accessibility of neighboring glycans [136]. In the final step of Env synthesis, the full-length polyprotein
known as gp160 is cleaved by the host protease furin to produce gp120 and gp41. Cleavage occurs in
the trans-Golgi and is required for Env function [137].

Due to its distinctly non-eukaryotic glycan structures and position as the only viral protein outside
the viral membrane, Env is the target of numerous innate and adaptive immune mechanisms. Env is the
most common target of antibodies produced in infected humans [138] and has therefore been the target of
most efforts to generate an antibody-based vaccine [139]. Env can also be targeted by innate mechanisms,
which was first demonstrated by the observation that interferon-α (IFN α) treatment reduces infectivity
of virions by inhibiting Env assembly [140]. Since then, two interferon-inducible innate immune
factors have been shown to restrict Env. Guanylate binding protein 5 (GBP5) is expressed in the
Golgi, following interferon treatment, and prevents proper Env processing [141]. Interferon-inducible
transmembrane protein 3 (IFITM3) binds Env and reduces infectivity of virions [142,143].
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oligosaccharyltransferase in the rough ER. The three terminal glucose monomers are removed before
exiting the ER. (B) Graphical representation of the high-mannose glycan at N-linked glycosylation
sites as newly synthesized proteins enter the Golgi. For certain sites on HIV Env, this is the final form
of the glycan. (C) Graphical representation of two complex-type glycans that are present on mature
eukaryotic proteins. These are just two of the dozens of forms the final mature glycan structure can take.
The sugar monomers are drawn according to the updated recommendations for symbol nomenclature
for glycans [133].

5. The HIV Accessory Protein Vpr

The HIV gene vpr produces a 96 amino acid 14 kDa protein [144] that has many known biochemical
functions, but its role in the viral replication cycle has been a subject of much debate. Evolutionary
analysis provides evidence that it is crucial for infection in vivo. Vpr is conserved in all primate
lentiviruses [145], and individuals infected with Vpr mutants are extremely rare. The first known
case was an occupational transmission of HIV HxB2, which contains a truncation in Vpr at amino
acid 78. This mutation reverted to wildtype in vivo [146]. The second and third were a mother–child
pair. The mother was infected via blood transfusion and the child via breastfeeding. Both displayed
no loss of CD4+ T cells or any other symptoms for at least 13 years [147]. The final known infection
by a Vpr mutant was via a needlestick containing ∆Vpr NL4-3. Over 10 years of close observation,
the infected person’s viral load has usually been clinically undetectable (<20 copies per mL) and CD4+

T-cell count has been unaffected [148]. Combined, these results indicate that Vpr is a critical factor in
HIV pathogenesis and transmission.
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Because Vpr is packaged in the HIV virion [149], it has long been thought that it plays a role in
early infection events. Packaging of Vpr is dependent on the p6 component of the Gag polyprotein,
and Vpr is packaged at a nearly 1:1 molar ratio with Gag [150]. The conserved LXSLFG motif in p6 Gag
is necessary and sufficient to package Vpr and the interaction between these proteins is direct [151].
Vpr localizes to the nucleus/nuclear envelope in PBMCs [152] and macrophages [153]. This observation
led some to hypothesize that Vpr plays a role in viral integration, but recent studies have not observed
a requirement for Vpr in first round infections of macrophages [14,142]. Early studies identified a
host protein originally named Vpr binding protein or VprBP [154] that immunoprecipitates with Vpr,
but the purpose of this interaction was unknown. This protein, which was later renamed DCAF1,
was subsequently found to be required for nearly all of Vpr’s functions [155].

5.1. Vpr’s Role in Viral Replication

The first investigations of Vpr’s activity in infected cell cultures found that it did not have
significant effects in CD4+ T cells [11,81]. Recently, there is evidence that Vpr enhances T-cell infection
under certain conditions. Vpr causes ubiquitination and subsequent proteasomal degradation of
helicase-like transcription factor (HLTF), a multi-domain, multi-functional protein that activates
post-replication DNA repair [156,157]. Vpr-mediated degradation of HLTF enhances HIV replication
in CD4+ T cells, but this effect is only apparent in competition assays [158]. Moreover, silencing HLTF
did not fully restore replication by the Vpr mutant, indicating that Vpr has additional functions.

Vpr has a much stronger effect in macrophages, and this effect has been documented by numerous
laboratories over decades [11,14,81,159–161]. Vpr enhances infection of human lymphoid tissue, which
contains macrophages and T cells in a three-dimensional environment, but only when an M-tropic
strain is used [81]. An early model proposed that Vpr enhanced nuclear import of the viral capsid and
genome, but the evidence has been mixed. Assays using H9 cells demonstrated that Vpr enhanced the
appearance of 2-LTR circles, a form of double stranded viral cDNA that only occurs in the nucleus [162].
Production of 2-LTR circles by Vpr-null HIV was rescued by addition of cytosol from HeLa cells,
indicating that the nuclear import function of Vpr can be performed by unidentified host factors in
some cell types. More recently, two studies have found that Vpr-null HIV does not display a defect
in the first round of infection of monocyte-derived macrophages [14,142], indicating that Vpr is not
required for nuclear import in these cells. This conclusion is also supported by an earlier finding that
providing Vpr in trans, i.e., packaged in the virion but not encoded in the genome, does not fully
rescue ∆Vpr virus; therefore, Vpr’s main functions occur after integration in macrophages [159].

5.2. Vpr and the Interferon Response

Through mechanisms that are incompletely understood, HIV induces a relatively weak interferon
response, and Vpr contributes to this evasion. Vpr reduces transcription of IFNα [14], IFNβ, and Mxa by
activating SLXcom, which leads to degradation of incompletely transcribed viral cDNA genomes [163].
It has also been demonstrated that Vpr acts via an unrelated pathway to specifically prevent induction of
IFNβ [164]. In 293T cells, this is achieved by Vpr-mediated degradation of interferon regulatory factor
3 (IRF3), in which the HIV accessory protein Vif also plays a role [165]. Vpr has also been demonstrated
to act further upstream by dysregulating TANK-binding kinase, which prevents activation of IRF3 [166].
Given that Vpr alters expression of numerous host proteins [167], it is possible that Vpr affects interferon
signaling by multiple mechanisms.

5.3. Vpr-Mediated Cell Cycle Arrest

The most easily observable and most studied function of Vpr is arrest of the cell cycle at the
transition from G2 to M phase [168]. This arrest at G2 phase increases activity of the HIV LTR and
virion production [169], but it also induces apoptosis [170]. These opposing effects may be why Vpr
does not have a clear positive or negative impact on infection of cycling CD4+ T cells in vitro [11].
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Various models of Vpr cell cycle arrest have been proposed (Figure 5). There is broad agreement
that the proximal cause of Vpr-mediated arrest is hyperphosphorylation of the host protein cdc2,
a regulator of the DNA damage checkpoint, which prevents cdc2 from becoming activated [171].
Activity of cdc2 is controlled by at least two inputs, the phosphatase cdc25 and the kinase Wee1,
and Vpr has been demonstrated to affect both. One group found that Vpr-mediated cell cycle arrest
was abrogated in HeLa cells in which Wee1 had been silenced [172]. Another group later demonstrated
that Vpr enhances Wee1 activity by directly binding to the kinase domain of Wee1 [173], although they
found several Vpr mutants that bind and activate Wee1 but do not induce cell cycle arrest, indicating
that binding Wee1 is not sufficient for cell cycle arrest.
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depiction of the cdc2-mediated cell cycle arrest pathway, including points at which Vpr has been
demonstrated to alter signaling in order to promote arrest.

There is significant evidence that Vpr also arrests the cell cycle via the other regulator of cdc2
activity, cdc25. During the normal cell cycle, tyrosine residues on cdc2 are de-phosphorylated by
the phosphatase cdc25. Vpr has been shown to inhibit cdc25, leading to hyperphosphorylation of
cdc2 [174]. Moreover, cdc25 is under the control of at least three upstream kinases: chk1, which is in
turn controlled by ATM; chk2, which is controlled by ATR; and Srk1, which is activated by various
stress responses [175]. Of these, only ATM is definitively not involved in Vpr-mediated arrest [174].
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One study found that Srk1 is directly bound by Vpr, which increases Srk1-mediated phosphorylation
of cdc25. This reduces cdc25 activity and prevents de-phosphorylation of cdc2 [176].

There is evidence from several studies indicating that Vpr can also act via ATR (ATM and Rad3
related protein), a host protein that arrests the cell cycle in response to DNA damage [177]. Inhibition of
ATR by RNAi or overexpression of a dominant-negative mutant prevents Vpr-mediated G2 arrest [178].
The mechanism by which Vpr activates ATR has not been fully elucidated, but several studies have
demonstrated potential pathways. One found that, in infected T cells, Vpr induces formation of
replication protein A foci, which are known to activate ATR [179]. Another demonstrated that Vpr’s
interaction with UNG2 promotes excision of uracil from viral cDNA [180]. Abasic sites left behind
when UNG2 excises uracil have been demonstrated to activate ATR in cancerous cells [181]. It is
possible that these are steps of the same pathway, i.e., that UNG2’s activity leads to the formation of
replication protein A foci or vice versa, but this has not yet been tested.

A very recent study provided additional evidence that Vpr acts through the ATR pathway.
This study demonstrated that the cellular protein CCDC137 is degraded by Vpr in cell lines and
primary macrophages [182]. The authors found that silencing CCDC137 induces cell cycle arrest and
boosts expression of viral proteins, two hallmarks of Vpr. Silencing CCDC137 induces formation of
γH2AX foci [182], which is also known to be caused by activation of ATR [183]. How CCDC137 might
activate ATR or whether it induces γH2AX foci by another means have not been determined. The
mechanism by which CCDC137 enhances viral protein expression is also unknown and an important
goal of future research

Although there is disagreement on how Vpr initiates the signal that leads to cell cycle arrest,
it is universally agreed that it relies on DCAF1 to do so. The determinants within DCAF1 and Vpr
necessary for Vpr to induce G2 arrest are well established [184–187]. Interestingly, one group identified
mutations near the C terminus of Vpr that abrogate cell cycle arrest but do not affect DCAF1 binding,
indicating that binding to DCAF1 is not sufficient to arrest the cell cycle [155].

Following a 2014 paper by Laguette at al., there has been considerable attention given to a model
in which Vpr and DCAF1 act via components of the SLX complex (SLXcom), a multi-protein complex
that resolves Holliday junctions following DNA repair by homologous recombination. SLX4 functions
as a scaffold protein that recruits and assembles other subunits, including the endonucleases MUS81
and EME1. SLX4 expression was required for Vpr to induce G2 arrest in HeLa cells and MEFs [163].
This study also demonstrated that Vpr directly interacted with SLX4 and DCAF1, which led to decreased
steady state levels of MUS81 and EME1 and activation of SLXcom. Finally, they demonstrated that this
activation causes HIV reverse transcripts to co-immunoprecipitate with SLX4 and prevents induction
of an interferon response. The authors proposed that evading IFN may be the true purpose of SLXcom
activation by Vpr and that G2 arrest may be a side effect. This work was originally performed in cell
lines, but a study in our laboratory confirmed that Vpr decreased steady state levels of MUS81 protein
and IFNA1 mRNA in primary macrophages and CD4+ T cells [14]. Mechanistic details of the pathway
leading to cell cycle arrest have been debated by several groups. One study found that activation of
SLX4 is not broadly conserved across isolates of HIV-1 and HIV-2 and that SLX4 was not required to
mediate G2 arrest in U2OS and 293T cells [188]. Another group found that neither SLX4 nor DCAF1
binding was required for Vpr-mediated downregulation of MUS81 and EME1 and that downregulation
of MUS81 and EME1 was not sufficient to arrest the cell cycle at G2 [189]. The differences between
these findings and those of Laguette et al. may be due to differences in viral strains and cell lines used.
Neither Fregoso and Emerman [188] nor Zhou et al. [189] investigated Vpr-mediated reduction of IFN,
which may require SLX4. Follow-up studies focused on the mechanism of IFN evasion in primary cells
would be highly informative.

5.4. Vpr-Mediated Degradation of Host Proteins

In addition to the host proteins implicated in Vpr-mediated cell cycle arrest described above,
Vpr alters the expression of numerous other host proteins [167]. Several of these are direct targets,
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which Vpr ubiquitylates by using its cellular cofactor DCAF1. DCAF1’s normal function in the cell is
to direct the activity of the DCAF1–DDB–Cullin4 E3 ligase complex, which ubiquitylates host proteins,
usually to cause their degradation, but occasionally to regulate their activity [190]. Vpr simultaneously
binds DCAF1 and its protein targets, changing the ligase complex’s substrate specificity.

It is well established that Vpr degrades UNG2 and SMUG1, two uracil deglycosylases [191,192],
although the purpose of this is unclear. Degradation is mediated by Vpr binding directly to both UNG2
and DCAF1 [193,194]. Different studies of UNG2 have determined that its effect on viral replication
can be negative, positive, or neutral. One group found that expression of UNG2 in producer cells had
no discernable effect on infection of several types of targets cells, including multiple cell lines and
monocyte-derived macrophages [195]. A study by another group found that UNG2 in target cells
caused degradation of uracilated viral cDNA, indicating that UNG2 is a viral restriction factor, although
this effect was only detectable when the dUTP:DTTP ratio and UNG2 activity in the target cell are both
high [196]. Because expression of UNG2 is low in both primary CD4+ cells and macrophages [197],
this restriction may not be active in the cell types most relevant to HIV pathogenesis. A third group
found that, in addition to depleting UNG2 in infected cells, Vpr recruits UNG2 to virions, thus reducing
the mutation rate of reverse transcription in target cells [198]. This study also demonstrated that
a mutation in Vpr (W54R) that prevents binding to UNG2 increased mutation of HIV genomes in
macrophages. Surprisingly, follow-up studies indicated that the deglycosylase activity of UNG2 is not
required to reduce mutation of the HIV genome [199], and in fact UNG2 acts by forming a three-part
complex between itself, Vpr, and replication protein A [197]. In sum, studies of the role of UNG2 in
HIV replication indicate it is highly sensitive to conditions in both producer and target cells. Additional
studies using primary cells as both producer and target, with UNG2 knockouts in each, would help
resolve apparently contradictory findings in the literature.

In recent years, Vpr has been implicated in the regulation of TET2, a member of the TET family
that regulates 5’ methylation of cytosine. In the absence of HIV and Vpr, DCAF1 monoubiquitylates
TET2, which increases its affinity for chromatin [190] and therefore its activity. A follow-up study found
that Vpr induces polyubiquitylation and subsequent degradation of TET2. Because TET2 inhibits
transcription of the IL6 gene, Vpr’s anti-TET2 activity increased IL-6 expression [200]. A later paper
by the same group found that Vpr mediated degradation of TET2 prevented induction of interferon
inducible trans-membrane protein 3 (IFITM3), which interferes with Env processing [142].

Very recently, additional cellular targets of Vpr that restrict infection have been identified.
RNA-associated Early-Stage Antiviral Factor (REAF) was first identified as a factor that inhibits an
early stage of infection by HIV-1, HIV-2, and SIV in cell lines [201]. A follow-up study found that
silencing REAF in MDM enhanced infectivity by about three-fold and that Vpr prevented a spike in
αREAF staining in the nuclei of MDM [202]. This result was demonstrated in MDM from two donors,
in which the intensity and timing of the spike varied. Experiments in MDM from additional donors
would help confirm the timing and mechanism of REAF’s action.

5.5. Vpr Enhances Expression of HIV Env

Recently a series of papers by our group and others have reported that Vpr enhances steady state
levels of HIV Env in monocyte-derived macrophages (MDM). The earliest report presented significant
evidence that, in the absence of Vpr, all three forms of Env (gp160, gp120, and gp41) were degraded
post-transcriptionally by an unidentified macrophage-specific host factor [14]. A pulse chase analysis
demonstrated that Vpr had no effect on synthesis of Env, but Env protein was eliminated from the
cell more quickly when Vpr was absent. This effect was inhibited by ammonium chloride but not
MG132 indicating that Env degradation was lysosome-dependent. Importantly, we observed that Vpr
stimulated virion release, but only when Env was expressed [14,88], suggesting that Vpr counteracts a
restriction factor that directly targets Env.

A second study used microscopy to confirm that, in the absence of Vpr, Env and Env-containing
virions were trafficked to lysosomes [88]. We also observed that Vpr-mediated enhancement of Env
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expression led to enhanced formation of virological synapses, which caused a substantial increase
in the spread of HIV from infected MDM to co-cultured, autologous T cells [88]. Based on these
observations and others [14,88], we hypothesized that Vpr counteracts a host factor that restricts Env
expression, virion release, and viral spread by directly binding Env.

A report from another group confirmed that the loss of Vpr decreases steady state levels of gp160,
gp120, and gp41 in HIV infected MDM [203]. They also observed this effect in monocyte-derived
dendritic cells (MDDCs) and found that in MDDCs Env expression is rescued by treatment with
bafilomycin (an inhibitor of lysosomes) and kifunesin (an inhibitor of ER-associated degradation
(ERAD)). They concluded that Vpr prevents ERAD-mediated degradation of Env in MDDCs but did
not directly test the mechanism of Vpr’s action in MDM.

A study recently published by our group [89] identified MR as a restriction factor of Env that is
counteracted by Vpr in MDM. We observed that Vpr decreased expression of MR protein by reducing
levels of MRC1 mRNA and confirmed an earlier report that the HIV accessory protein Nef also reduces
MR surface expression [127]. Further we found that Env expression in infected MDM in the absence
of Vpr was rescued by removing mannose-containing glycans on Env or silencing MR, conclusively
demonstrating that MR is an anti-Env restriction factor. Additionally, silencing MR rescued HIV
transmission from MDM to co-cultured autologous T cells in the absence of Vpr, indicating that,
in our infection model, MR’s antagonism of Env restricts infection of both macrophages and T cells
(Figure 6). To rule out contributions from known restriction factors, we assessed the expression of
IFITM3, GBP5, and STING in HIV-infected MDM, with or without Vpr, and observed no consistent
differences. Thus, we concluded that the degradation of Env observed in the absence of Vpr in our
infection model was due primarily to the action of MR.

A third group recently reported that Vpr enhances Env expression in MDM [142], although their
observations and conclusions differ from those reported by our group and Zhang et al. [203] in several
key ways. Wang and Su [142] found that Vpr degrades the dioxygenase TET2, which prevents TET2
from demethylating the promoter controlling IFITM3, a known antiviral restriction factor. In the
absence of Vpr, they observe a decrease in the steady state levels of the cleaved forms of Env (gp120
and gp41) but not the unprocessed form (gp160). The effects on gp120 and gp41 were eliminated
when IFITM3 was silenced and the authors propose that IFITM3 interferes with cleavage of Env.
The observation that the steady state level of gp160 is unaffected is in contrast to findings from our
group and others [203] that gp160 is destabilized in the absence of Vpr, although to a lesser degree than
gp120 and gp41 [14,89]. Moreover, Wang and Su report that Vpr did not enhance virion production in
infected MDM, which is in contrast to our observations [14,88,89].

These differences may indicate that our groups are observing effects of two different restriction
factors, which may be due to differences in gene expression in our macrophage models. Wang and Su
observed that expression of IFITM3 was constitutive, whereas we observed IFITM3 expression only
after HIV infection [89]. Importantly, we observed inconsistent effects by Vpr on IFITM3 expression;
in four side-by-side infections with or without Vpr, we found that Vpr reduced IFITM3 expression is
only one case [89]. In two cases, Vpr was associated with greater IFITM3 expression, likely due to
increased infection in the culture. These substantially different observations suggest that the mechanism
by which IFITM3 expression is regulated differs significantly between our MDM model and that
used by Wang and Su. To minimize activation of macrophages, our group uses only low endotoxin
FBS, which may explain why IFITM3 is not detected in our uninfected MDM. There are several other
differences in our stimulation protocol, such as types and concentrations of stimulating cytokines,
cell density, and timing of media changes, that may cause differences in expression of IFITM3, MR,
and proteins that regulate their expression. Indeed, others have reported that different stimulation
conditions can alter expression of numerous proteins in MDM [53].

It is difficult to conclusively determine which MDM stimulation conditions produce the best model
of in vivo macrophages, partially because many forms of macrophages are infected by HIV. Therefore,
it is possible that both MR and IFITM3 can restrict HIV Env in vivo under different conditions and that
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HIV Vpr counteracts both of these factors. There is significant evidence from other groups that HIV
antagonizes MR in vivo and that this effect is physiologically important. It has previously been observed
that HIV infection decreases phagocytic function in alveolar macrophages [125], which correlates
with reduced MR expression [72]. Consistent with this finding, there is reduced expression of MR
on glial cells in the brains of SIV infected macaques [126]. Given these observations, we believe that
HIV infection of macrophages is an important aspect of HIV pathogenesis. Defining the complex
interactions between Env, Vpr, and macrophage-specific restriction factors such as MR is an important
objective of future research.
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Figure 6. Vpr- and Nef-mediated downmodulation of MR lifts restriction of HIV in macrophages.
Graphical depiction of our proposed model in which Vpr reduces transcription of MRC1, the gene that
produces MR, and Nef binds to MR, to remove it from the cell surface. Low MR expression allows for
high Env expression, efficient virion release, and formation of virological synapses between infected
macrophages and uninfected CD4+ T cells.

Funding: This research received no external funding.



Viruses 2020, 12, 0809 17 of 27

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the writing of the
manuscript or in the decision to publish this review.

References

1. Levy, J.A. The Retroviridae; Springer Science & Business Media: New York, NY, USA, 2013.
2. Stein, B.S.; Gowda, S.D.; Lifson, J.D.; Penhallow, R.C.; Bensch, K.G.; Engleman, E.G. pH-independent HIV

entry into CD4-positive T cells via virus envelope fusion to the plasma membrane. Cell 1987, 49, 659–668.
[CrossRef]

3. Gartner, S.; Markovits, P.; Markovitz, D.M.; Kaplan, M.H.; Gallo, R.C.; Popovic, M. The role of mononuclear
phagocytes in HTLV-III/LAV infection. Science 1986, 233, 215–219. [CrossRef] [PubMed]

4. Patterson, S.; Knight, S. Susceptibility of human peripheral blood dendritic cells to infection by human
immunodeficiency virus. J. Gen. Virol. 1987, 68, 1177–1181. [CrossRef] [PubMed]

5. Gohda, J.; Ma, Y.; Huang, Y.; Zhang, Y.; Gu, L.; Han, Y.; Li, T.; Gao, B.; Gao, G.F.; Inoue, J.-I. HIV-1 replicates
in human osteoclasts and enhances their differentiation in vitro. Retrovirology 2015, 12, 1–10. [CrossRef]
[PubMed]

6. Raynaud-Messina, B.; Bracq, L.; Dupont, M.; Souriant, S.; Usmani, S.M.; Proag, A.; Pingris, K.; Soldan, V.;
Thibault, C.; Capilla, F. Bone degradation machinery of osteoclasts: An HIV-1 target that contributes to bone
loss. Proc. Natl. Acad. Sci. USA 2018, 115, E2556–E2565. [CrossRef] [PubMed]

7. Carter, C.C.; Onafuwa-Nuga, A.; McNamara, L.A.; Riddell, J.T.; Bixby, D.; Savona, M.R.; Collins, K.L. HIV-1
infects multipotent progenitor cells causing cell death and establishing latent cellular reservoirs. Nat. Med.
2010, 16, 446–451. [CrossRef] [PubMed]

8. Alexaki, A.; Wigdahl, B. HIV-1 infection of bone marrow hematopoietic progenitor cells and their role in
trafficking and viral dissemination. PLoS Pathog. 2008, 4, e1000215. [CrossRef]

9. Dharan, A.; Bachmann, N.; Talley, S.; Zwikelmaier, V.; Campbell, E.M. Nuclear pore blockade reveals that
HIV-1 completes reverse transcription and uncoating in the nucleus. Nat. Microbiol. 2020, 1–8. [CrossRef]

10. Narayan, O.; Clements, J.E. Biology and pathogenesis of lentiviruses. J. Gen. Virol. 1989, 70, 1617–1639.
[CrossRef]

11. Balliet, J.W.; Kolson, D.L.; Eiger, G.; Kim, F.M.; McGann, K.A.; Srinivasan, A.; Collman, R. Distinct effects in
primary macrophages and lymphocytes of the human immunodeficiency virus type 1 accessory genes vpr,
vpu, and nef: Mutational analysis of a primary HIV-1 isolate. Virology 1994, 200, 623–631. [CrossRef]

12. Sheehy, A.M.; Gaddis, N.C.; Choi, J.D.; Malim, M.H. Isolation of a human gene that inhibits HIV-1 infection
and is suppressed by the viral Vif protein. Nature 2002, 418, 646–650. [CrossRef]

13. Collins, K.L.; Chen, B.K.; Kalams, S.A.; Walker, B.D.; Baltimore, D. HIV-1 Nef protein protects infected
primary cells against killing by cytotoxic T lymphocytes. Nature 1998, 391, 397–401. [CrossRef] [PubMed]

14. Mashiba, M.; Collins, D.R.; Terry, V.H.; Collins, K.L. Vpr overcomes macrophage-specific restriction of HIV-1
Env expression and virion production. Cell Host Microbe 2014, 16, 722–735. [CrossRef] [PubMed]

15. Jakubzick, C.V.; Randolph, G.J.; Henson, P.M. Monocyte differentiation and antigen-presenting functions.
Nat. Rev. Immunol. 2017, 17, 349–362. [CrossRef] [PubMed]

16. Fogg, D.K.; Sibon, C.; Miled, C.; Jung, S.; Aucouturier, P.; Littman, D.R.; Cumano, A.; Geissmann, F. A
clonogenic bone marrow progenitor specific for macrophages and dendritic cells. Science 2006, 311, 83–87.
[CrossRef] [PubMed]

17. Perdiguero, E.G.; Klapproth, K.; Schulz, C.; Busch, K.; Azzoni, E.; Crozet, L.; Garner, H.; Trouillet, C.; De
Bruijn, M.F.; Geissmann, F. Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid
progenitors. Nature 2015, 518, 547–551. [CrossRef]

18. Hashimoto, D.; Chow, A.; Noizat, C.; Teo, P.; Beasley, M.B.; Leboeuf, M.; Becker, C.D.; See, P.; Price, J.;
Lucas, D. Tissue-resident macrophages self-maintain locally throughout adult life with minimal contribution
from circulating monocytes. Immunity 2013, 38, 792–804. [CrossRef]

19. Micklem, K.; Rigney, E.; Cordell, J.; Simmons, D.; Stross, P.; Turley, H.; Seed, B.; Mason, D. A human
macrophage-associated antigen (CD68) detected by six different monoclonal antibodies. Br. J. Haematol.
1989, 73, 6–11. [CrossRef]

20. Taylor, P.R.; Martinez-Pomares, L.; Stacey, M.; Lin, H.H.; Brown, G.D.; Gordon, S. Macrophage receptors and
immune recognition. Annu. Rev. Immunol. 2005, 23, 901–944. [CrossRef]

http://dx.doi.org/10.1016/0092-8674(87)90542-3
http://dx.doi.org/10.1126/science.3014648
http://www.ncbi.nlm.nih.gov/pubmed/3014648
http://dx.doi.org/10.1099/0022-1317-68-4-1177
http://www.ncbi.nlm.nih.gov/pubmed/3646288
http://dx.doi.org/10.1186/s12977-015-0139-7
http://www.ncbi.nlm.nih.gov/pubmed/25809599
http://dx.doi.org/10.1073/pnas.1713370115
http://www.ncbi.nlm.nih.gov/pubmed/29463701
http://dx.doi.org/10.1038/nm.2109
http://www.ncbi.nlm.nih.gov/pubmed/20208541
http://dx.doi.org/10.1371/journal.ppat.1000215
http://dx.doi.org/10.1038/s41564-020-0735-8
http://dx.doi.org/10.1099/0022-1317-70-7-1617
http://dx.doi.org/10.1006/viro.1994.1225
http://dx.doi.org/10.1038/nature00939
http://dx.doi.org/10.1038/34929
http://www.ncbi.nlm.nih.gov/pubmed/9450757
http://dx.doi.org/10.1016/j.chom.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25464830
http://dx.doi.org/10.1038/nri.2017.28
http://www.ncbi.nlm.nih.gov/pubmed/28436425
http://dx.doi.org/10.1126/science.1117729
http://www.ncbi.nlm.nih.gov/pubmed/16322423
http://dx.doi.org/10.1038/nature13989
http://dx.doi.org/10.1016/j.immuni.2013.04.004
http://dx.doi.org/10.1111/j.1365-2141.1989.tb00210.x
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115816


Viruses 2020, 12, 0809 18 of 27

21. Becher, B.; Fedorowicz, V.; Antel, J. Regulation of CD14 expression on human adult central nervous
system-derived microglia. J. Neurosci. Res. 1996, 45, 375–381. [CrossRef]

22. Matsuura, K.; Ishida, T.; Setoguchi, M.; Higuchi, Y.; Akizuki, S.I.; Yamamoto, S. Upregulation of mouse CD14
expression in Kupffer cells by lipopolysaccharide. J. Exp. Med. 1994, 179, 1671–1676. [CrossRef] [PubMed]

23. Goyert, S.; Ferrero, E. Biochemical analysis of myeloid antigens and cDNA expression of gp55 (CD14).
In Leukocyte Typing 3; Oxford University Press: New York, NY, USA, 1987; pp. 613–619.

24. Arandjelovic, S.; Ravichandran, K.S. Phagocytosis of apoptotic cells in homeostasis. Nat. Immunol. 2015, 16,
907–917. [CrossRef] [PubMed]

25. Aderem, A.; Underhill, D.M. Mechanisms of phagocytosis in macrophages. Annu. Rev. Immunol. 1999, 17,
593–623. [CrossRef] [PubMed]

26. Erwig, L.P.; Gow, N.A. Interactions of fungal pathogens with phagocytes. Nat. Rev. Microbiol. 2016, 14,
163–176. [CrossRef] [PubMed]

27. Murta, S.; Ropert, C.; Alves, R.; Gazzinelli, R.; Romanha, A. In-vivo treatment with benznidazole
enhances phagocytosis, parasite destruction and cytokine release by macrophages during infection with
a drug-susceptible but not with a derived drug-resistant Trypansoma cruzi population. Parasite Immunol.
1999, 21, 535–544. [CrossRef] [PubMed]

28. Keen, J.; Serghides, L.; Ayi, K.; Patel, S.N.; Ayisi, J.; Van Eijk, A.; Steketee, R.; Udhayakumar, V.; Kain, K.C.
HIV impairs opsonic phagocytic clearance of pregnancy-associated malaria parasites. PLoS Med. 2007, 4,
e181. [CrossRef]

29. Peiser, L.; Gough, P.J.; Kodama, T.; Gordon, S. Macrophage class A scavenger receptor-mediated phagocytosis
of Escherichia coli: Role of cell heterogeneity, microbial strain, and culture conditions in vitro. Infect. Immun.
2000, 68, 1953–1963. [CrossRef]

30. Schnitger, A.K.; Machova, A.; Mueller, R.U.; Androulidaki, A.; Schermer, B.; Pasparakis, M.; Krönke, M.;
Papadopoulou, N. Listeria monocytogenes infection in macrophages induces vacuolar-dependent host
miRNA response. PLoS ONE 2011, 6, e27435. [CrossRef]

31. Benne, C.A.; Benaissa-Trouw, B.; Van Strijp, J.A.; Kraaijeveld, C.A.; Van Iwaarden, J.F.F. Surfactant protein A,
but not surfactant protein D, is an opsonin for influenza A virus phagocytosis by rat alveolar macrophages.
Eur. J. Immunol. 1997, 27, 886–890. [CrossRef]

32. McCullough, K.; Parkinson, D.; Crowther, J. Opsonization-enhanced phagocytosis of foot-and-mouth disease
virus. Immunology 1988, 65, 187.

33. Indik, Z.K.; Park, J.-G.; Hunter, S.; Schreiber, A. The molecular dissection of Fc gamma receptor mediated
phagocytosis. Blood 1995, 86, 4389–4399. [CrossRef]

34. Wan, M.; van der Does, A.M.; Tang, X.; Lindbom, L.; Agerberth, B.; Haeggstrom, J.Z. Antimicrobial peptide
LL-37 promotes bacterial phagocytosis by human macrophages. J. Leukoc. Biol. 2014, 95, 971–981. [CrossRef]

35. Winwood, P.J.; Arthur, M.J. Kupffer cells: Their activation and role in animal models of liver injury and
human liver disease. Semin. Liver Dis. 1993, 13, 50–59. [CrossRef]

36. Morris, D.L.; Cho, K.W.; DelProposto, J.L.; Oatmen, K.E.; Geletka, L.M.; Martinez-Santibanez, G.; Singer, K.;
Lumeng, C.N. Adipose tissue macrophages function as antigen-presenting cells and regulate adipose tissue
CD4+ T cells in mice. Diabetes 2013, 62, 2762–2772. [CrossRef] [PubMed]

37. Miyata, R.; van Eeden, S.F. The innate and adaptive immune response induced by alveolar macrophages
exposed to ambient particulate matter. Toxicol. Appl. Pharmacol. 2011, 257, 209–226. [CrossRef]

38. Ramirez, M.C.; Sigal, L.J. Macrophages and dendritic cells use the cytosolic pathway to rapidly cross-present
antigen from live, vaccinia-infected cells. J. Immunol. 2002, 169, 6733–6742. [CrossRef] [PubMed]

39. Tobian, A.A.; Canaday, D.H.; Boom, W.H.; Harding, C.V. Bacterial heat shock proteins promote
CD91-dependent class I MHC cross-presentation of chaperoned peptide to CD8+ T cells by cytosolic
mechanisms in dendritic cells versus vacuolar mechanisms in macrophages. J. Immunol. 2004, 172, 5277–5286.
[CrossRef]

40. Brode, S.; Macary, P.A. Cross-presentation: Dendritic cells and macrophages bite off more than they can
chew! Immunology 2004, 112, 345–351. [CrossRef] [PubMed]

41. Verreck, F.A.; de Boer, T.; Langenberg, D.M.; van der Zanden, L.; Ottenhoff, T.H. Phenotypic and functional
profiling of human proinflammatory type-1 and anti-inflammatory type-2 macrophages in response to
microbial antigens and IFN-gamma- and CD40L-mediated costimulation. J. Leukoc. Biol. 2006, 79, 285–293.
[CrossRef]

http://dx.doi.org/10.1002/(SICI)1097-4547(19960815)45:4&lt;375::AID-JNR6&gt;3.0.CO;2-6
http://dx.doi.org/10.1084/jem.179.5.1671
http://www.ncbi.nlm.nih.gov/pubmed/7513013
http://dx.doi.org/10.1038/ni.3253
http://www.ncbi.nlm.nih.gov/pubmed/26287597
http://dx.doi.org/10.1146/annurev.immunol.17.1.593
http://www.ncbi.nlm.nih.gov/pubmed/10358769
http://dx.doi.org/10.1038/nrmicro.2015.21
http://www.ncbi.nlm.nih.gov/pubmed/26853116
http://dx.doi.org/10.1046/j.1365-3024.1999.00251.x
http://www.ncbi.nlm.nih.gov/pubmed/10610497
http://dx.doi.org/10.1371/journal.pmed.0040181
http://dx.doi.org/10.1128/IAI.68.4.1953-1963.2000
http://dx.doi.org/10.1371/journal.pone.0027435
http://dx.doi.org/10.1002/eji.1830270413
http://dx.doi.org/10.1182/blood.V86.12.4389.bloodjournal86124389
http://dx.doi.org/10.1189/jlb.0513304
http://dx.doi.org/10.1055/s-2007-1007337
http://dx.doi.org/10.2337/db12-1404
http://www.ncbi.nlm.nih.gov/pubmed/23493569
http://dx.doi.org/10.1016/j.taap.2011.09.007
http://dx.doi.org/10.4049/jimmunol.169.12.6733
http://www.ncbi.nlm.nih.gov/pubmed/12471104
http://dx.doi.org/10.4049/jimmunol.172.9.5277
http://dx.doi.org/10.1111/j.1365-2567.2004.01920.x
http://www.ncbi.nlm.nih.gov/pubmed/15196201
http://dx.doi.org/10.1189/jlb.0105015


Viruses 2020, 12, 0809 19 of 27

42. Hsieh, C.; Macatonia, S.; Tripp, C.; Wolf, S.; O’Garra, A.; Murphy, K. Development of TH1 CD4+ T cells
through IL-12 produced by Listeria-induced macrophages. Science 1993, 260, 547–549. [CrossRef]

43. Manetti, R.; Parronchi, P.; Giudizi, M.G.; Piccinni, M.P.; Maggi, E.; Trinchieri, G.; Romagnani, S. Natural
killer cell stimulatory factor (interleukin 12 [IL-12]) induces T helper type 1 (Th1)-specific immune responses
and inhibits the development of IL-4-producing Th cells. J. Exp. Med. 1993, 177, 1199–1204. [CrossRef]

44. de Waal Malefyt, R.; Abrams, J.; Bennett, B.; Figdor, C.G.; de Vries, J.E. Interleukin 10(IL-10) inhibits cytokine
synthesis by human monocytes: An autoregulatory role of IL-10 produced by monocytes. J. Exp. Med. 1991,
174, 1209–1220. [CrossRef] [PubMed]

45. Joss, A.; Akdis, M.; Faith, A.; Blaser, K.; Akdis, C.A. IL-10 directly acts on T cells by specifically altering the
CD28 co-stimulation pathway. Eur. J. Immunol. 2000, 30, 1683–1690. [CrossRef]

46. Jäger, J.; Marwitz, S.; Tiefenau, J.; Rasch, J.; Shevchuk, O.; Kugler, C.; Goldmann, T.; Steinert, M. Human lung
tissue explants reveal novel interactions during Legionella pneumophila infections. Infect. Immun. 2014, 82,
275–285. [CrossRef]

47. Fain, J.N.; Tichansky, D.S.; Madan, A.K. Most of the interleukin 1 receptor antagonist, cathepsin S, macrophage
migration inhibitory factor, nerve growth factor, and interleukin 18 release by explants of human adipose
tissue is by the non–fat cells, not by the adipocytes. Metabolism 2006, 55, 1113–1121. [CrossRef]

48. Jayakumar, P.; Berger, I.; Autschbach, F.; Weinstein, M.; Funke, B.; Verdin, E.; Goldsmith, M.A.;
Keppler, O.T. Tissue-resident macrophages are productively infected ex vivo by primary X4 isolates
of human immunodeficiency virus type 1. J. Virol. 2005, 79, 5220–5226. [CrossRef] [PubMed]

49. Ganor, Y.; Zhou, Z.; Bodo, J.; Tudor, D.; Leibowitch, J.; Mathez, D.; Schmitt, A.; Vacher-Lavenu, M.C.;
Revol, M.; Bomsel, M. The adult penile urethra is a novel entry site for HIV-1 that preferentially targets
resident urethral macrophages. Mucosal. Immunol. 2013, 6, 776–786. [CrossRef] [PubMed]

50. Patterson, B.K.; Landay, A.; Siegel, J.N.; Flener, Z.; Pessis, D.; Chaviano, A.; Bailey, R.C. Susceptibility to
human immunodeficiency virus-1 infection of human foreskin and cervical tissue grown in explant culture.
Am. J. Pathol. 2002, 161, 867–873. [CrossRef]

51. Wewers, M.D.; Rennard, S.; Hance, A.; Bitterman, P.; Crystal, R. Normal human alveolar macrophages
obtained by bronchoalveolar lavage have a limited capacity to release interleukin-1. J. Clin. Investig. 1984, 74,
2208–2218. [CrossRef]

52. Mautino, G.; Oliver, N.; Chanez, P.; Bousquet, J.; Capony, F. Increased release of matrix metalloproteinase-9
in bronchoalveolar lavage fluid and by alveolar macrophages of asthmatics. Am. J. Respir. Cell Mol. Biol.
1997, 17, 583–591. [CrossRef]

53. Lee, B.; Sharron, M.; Montaner, L.J.; Weissman, D.; Doms, R.W. Quantification of CD4, CCR5, and CXCR4
levels on lymphocyte subsets, dendritic cells, and differentially conditioned monocyte-derived macrophages.
Proc. Natl. Acad. Sci. USA 1999, 96, 5215–5220. [CrossRef] [PubMed]

54. Krapp, C.; Hotter, D.; Gawanbacht, A.; McLaren, P.J.; Kluge, S.F.; Stürzel, C.M.; Mack, K.; Reith, E.;
Engelhart, S.; Ciuffi, A. Guanylate binding protein (GBP) 5 is an interferon-inducible inhibitor of HIV-1
infectivity. Cell Host Microbe 2016, 19, 504–514. [CrossRef] [PubMed]

55. Tsuchiya, S.; Yamabe, M.; Yamaguchi, Y.; Kobayashi, Y.; Konno, T.; Tada, K. Establishment and characterization
of a human acute monocytic leukemia cell line (THP-1). Int. J. Cancer 1980, 26, 171–176. [CrossRef] [PubMed]

56. Daigneault, M.; Preston, J.A.; Marriott, H.M.; Whyte, M.K.; Dockrell, D.H. The identification of markers of
macrophage differentiation in PMA-stimulated THP-1 cells and monocyte-derived macrophages. PLoS ONE
2010, 5, e8668. [CrossRef] [PubMed]

57. Schorey, J.S.; Carroll, M.C.; Brown, E.J. A macrophage invasion mechanism of pathogenic mycobacteria.
Science 1997, 277, 1091–1093. [CrossRef] [PubMed]

58. Halstead, S.B. Antibody, macrophages, dengue virus infection, shock, and hemorrhage: A pathogenetic
cascade. Rev. Infect. Dis. 1989, 11, S830–S839. [CrossRef]

59. Ringler, D.; Wyand, M.; Walsh, D.; MacKey, J.; Sehgal, P.; Daniel, M.; Desrosiers, R.; King, N. The productive
infection of alveolar macrophages by simian immunodeficiency virus. J. Med. Primatol. 1989, 18, 217–226.

60. Embretson, J.; Zupancic, M.; Ribas, J.L.; Burke, A.; Racz, P.; Tenner-Racz, K.; Haase, A.T. Massive covert
infection of helper T lymphocytes and macrophages by HIV during the incubation period of AIDS. Nature 1993,
362, 359–362. [CrossRef]

http://dx.doi.org/10.1126/science.8097338
http://dx.doi.org/10.1084/jem.177.4.1199
http://dx.doi.org/10.1084/jem.174.5.1209
http://www.ncbi.nlm.nih.gov/pubmed/1940799
http://dx.doi.org/10.1002/1521-4141(200006)30:6&lt;1683::AID-IMMU1683&gt;3.0.CO;2-A
http://dx.doi.org/10.1128/IAI.00703-13
http://dx.doi.org/10.1016/j.metabol.2006.04.008
http://dx.doi.org/10.1128/JVI.79.8.5220-5226.2005
http://www.ncbi.nlm.nih.gov/pubmed/15795306
http://dx.doi.org/10.1038/mi.2012.116
http://www.ncbi.nlm.nih.gov/pubmed/23187317
http://dx.doi.org/10.1016/S0002-9440(10)64247-2
http://dx.doi.org/10.1172/JCI111647
http://dx.doi.org/10.1165/ajrcmb.17.5.2562
http://dx.doi.org/10.1073/pnas.96.9.5215
http://www.ncbi.nlm.nih.gov/pubmed/10220446
http://dx.doi.org/10.1016/j.chom.2016.02.019
http://www.ncbi.nlm.nih.gov/pubmed/26996307
http://dx.doi.org/10.1002/ijc.2910260208
http://www.ncbi.nlm.nih.gov/pubmed/6970727
http://dx.doi.org/10.1371/journal.pone.0008668
http://www.ncbi.nlm.nih.gov/pubmed/20084270
http://dx.doi.org/10.1126/science.277.5329.1091
http://www.ncbi.nlm.nih.gov/pubmed/9262476
http://dx.doi.org/10.1093/clinids/11.Supplement_4.S830
http://dx.doi.org/10.1038/362359a0


Viruses 2020, 12, 0809 20 of 27

61. Koenig, S.; Gendelman, H.E.; Orenstein, J.M.; Dal Canto, M.C.; Pezeshkpour, G.H.; Yungbluth, M.; Janotta, F.;
Aksamit, A.; Martin, M.A.; Fauci, A.S. Detection of AIDS virus in macrophages in brain tissue from AIDS
patients with encephalopathy. Science 1986, 233, 1089–1093. [CrossRef]

62. Ganor, Y.; Real, F.; Sennepin, A.; Dutertre, C.-A.; Prevedel, L.; Xu, L.; Tudor, D.; Charmeteau, B.;
Couedel-Courteille, A.; Marion, S. HIV-1 reservoirs in urethral macrophages of patients under suppressive
antiretroviral therapy. Nat. Microbiol. 2019, 4, 633–644. [CrossRef]

63. Kandathil, A.J.; Sugawara, S.; Goyal, A.; Durand, C.M.; Quinn, J.; Sachithanandham, J.; Cameron, A.M.;
Bailey, J.R.; Perelson, A.S.; Balagopal, A. No recovery of replication-competent HIV-1 from human liver
macrophages. J. Clin. Investig. 2018, 128, 4501–4509. [CrossRef] [PubMed]

64. Hufert, F.T.; Schmitz, J.; Schreiber, M.; Schmitz, H.; Racz, P.; von Laer, D.D. Human Kupffer cells infected
with HIV-1 in vivo. J. Acquir. Immune. Defic. Syndr. 1993, 6, 772–777. [PubMed]

65. Orenstein, J.M.; Fox, C.; Wahl, S.M. Macrophages as a source of HIV during opportunistic infections. Science
1997, 276, 1857–1861. [CrossRef] [PubMed]

66. Saag, M.S.; Holodniy, M.; Kuritzkes, D.; O’Brien, W.; Coombs, R.; Poscher, M.; Jacobsen, D.; Shaw, G.;
Richman, D.; Volberding, P. HIV viral load markers in clinical practice. Nat. Med. 1996, 2, 625–629. [CrossRef]
[PubMed]

67. Honeycutt, J.B.; Wahl, A.; Baker, C.; Spagnuolo, R.A.; Foster, J.; Zakharova, O.; Wietgrefe, S.; Caro-Vegas, C.;
Madden, V.; Sharpe, G. Macrophages sustain HIV replication in vivo independently of T cells. J. Clin. Investig.
2016, 126, 1353–1366. [CrossRef]

68. Honeycutt, J.B.; Thayer, W.O.; Baker, C.E.; Ribeiro, R.M.; Lada, S.M.; Cao, Y.; Cleary, R.A.; Hudgens, M.G.;
Richman, D.D.; Garcia, J.V. HIV persistence in tissue macrophages of humanized myeloid-only mice during
antiretroviral therapy. Nat. Med. 2017, 23, 638. [CrossRef]

69. Aquaro, S.; Bagnarelli, P.; Guenci, T.; De Luca, A.; Clementi, M.; Balestra, E.; Caliò, R.; Perno, C.F. Long-term
survival and virus production in human primary macrophages infected by human immunodeficiency virus.
J. Med Virol. 2002, 68, 479–488. [CrossRef]

70. Orenstein, J.M.; Meltzer, M.S.; Phipps, T.; Gendelman, H. Cytoplasmic assembly and accumulation of human
immunodeficiency virus types 1 and 2 in recombinant human colony-stimulating factor-1-treated human
monocytes: An ultrastructural study. J. Virol. 1988, 62, 2578–2586. [CrossRef]

71. Gendelman, H.E.; Orenstein, J.M.; Martin, M.A.; Ferrua, C.; Mitra, R.; Phipps, T.; Wahl, L.A.; Lane, H.C.;
Fauci, A.; Burke, D. Efficient isolation and propagation of human immunodeficiency virus on recombinant
colony-stimulating factor 1-treated monocytes. J. Exp. Med. 1988, 167, 1428–1441. [CrossRef]

72. Koziel, H.; Eichbaum, Q.; Kruskal, B.A.; Pinkston, P.; Rogers, R.A.; Armstrong, M.Y.; Richards, F.F.; Rose, R.M.;
Ezekowitz, R.A. Reduced binding and phagocytosis of Pneumocystis carinii by alveolar macrophages from
persons infected with HIV-1 correlates with mannose receptor downregulation. J. Clin. Investig. 1998, 102,
1332–1344. [CrossRef]

73. Crowe, S.M.; Vardaxis, N.J.; Kent, S.J.; Maerz, A.L.; Hewish, M.J.; McGrath, M.S.; Mills, J. HIV infection of
monocyte-derived macrophages in vitro reduces phagocytosis of Candida albicans. J. Leukoc. Biol. 1994, 56,
318–327. [CrossRef]

74. Biggs, B.A.; Hewish, M.; Kent, S.; Hayes, K.; Crowe, S.M. HIV-1 infection of human macrophages impairs
phagocytosis and killing of Toxoplasma gondii. J. Immunol. 1995, 154, 6132–6139.

75. Porcheray, F.; Samah, B.; Leone, C.; Dereuddre-Bosquet, N.; Gras, G. Macrophage activation and human
immunodeficiency virus infection: HIV replication directs macrophages towards a pro-inflammatory
phenotype while previous activation modulates macrophage susceptibility to infection and viral production.
Virology 2006, 349, 112–120. [CrossRef]

76. Fisher, B.S.; Green, R.R.; Brown, R.R.; Wood, M.P.; Hensley-McBain, T.; Fisher, C.; Chang, J.; Miller, A.D.;
Bosche, W.J.; Lifson, J.D.; et al. Liver macrophage-associated inflammation correlates with SIV burden and is
substantially reduced following cART. PLoS Pathog. 2018, 14, e1006871. [CrossRef] [PubMed]

77. Data Collection on Adverse Events of Anti-HIV drugs (D: A: D) Study Group. Factors associated with
specific causes of death amongst HIV-positive individuals in the D: A: D Study. Aids 2010, 24, 1537–1548.

78. Crowe, S.M.; Westhorpe, C.L.; Mukhamedova, N.; Jaworowski, A.; Sviridov, D.; Bukrinsky, M. The
macrophage: The intersection between HIV infection and atherosclerosis. J. Leukoc. Biol. 2010, 87, 589–598.
[CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.3016903
http://dx.doi.org/10.1038/s41564-018-0335-z
http://dx.doi.org/10.1172/JCI121678
http://www.ncbi.nlm.nih.gov/pubmed/30198905
http://www.ncbi.nlm.nih.gov/pubmed/8099611
http://dx.doi.org/10.1126/science.276.5320.1857
http://www.ncbi.nlm.nih.gov/pubmed/9188531
http://dx.doi.org/10.1038/nm0696-625
http://www.ncbi.nlm.nih.gov/pubmed/8640545
http://dx.doi.org/10.1172/JCI84456
http://dx.doi.org/10.1038/nm.4319
http://dx.doi.org/10.1002/jmv.10245
http://dx.doi.org/10.1128/JVI.62.8.2578-2586.1988
http://dx.doi.org/10.1084/jem.167.4.1428
http://dx.doi.org/10.1172/JCI560
http://dx.doi.org/10.1002/jlb.56.3.318
http://dx.doi.org/10.1016/j.virol.2006.02.031
http://dx.doi.org/10.1371/journal.ppat.1006871
http://www.ncbi.nlm.nih.gov/pubmed/29466439
http://dx.doi.org/10.1189/jlb.0809580
http://www.ncbi.nlm.nih.gov/pubmed/19952353


Viruses 2020, 12, 0809 21 of 27

79. Gannon, P.; Khan, M.Z.; Kolson, D.L. Current understanding of HIV-associated neurocognitive disorders
pathogenesis. Curr. Opin. Neurol. 2011, 24, 275. [CrossRef] [PubMed]

80. Lambotte, O.; Taoufik, Y.; de Goer, M.G.; Wallon, C.; Goujard, C.; Delfraissy, J.F. Detection of infectious HIV
in circulating monocytes from patients on prolonged highly active antiretroviral therapy. J. Acquir. Immune
Defic. Syndr. 2000, 23, 114–119. [CrossRef]

81. Eckstein, D.A.; Sherman, M.P.; Penn, M.L.; Chin, P.S.; De Noronha, C.M.; Greene, W.C.; Goldsmith, M.A.
HIV-1 Vpr enhances viral burden by facilitating infection of tissue macrophages but not nondividing CD4+

T cells. J. Exp. Med. 2001, 194, 1407–1419. [CrossRef]
82. Law, K.M.; Komarova, N.L.; Yewdall, A.W.; Lee, R.K.; Herrera, O.L.; Wodarz, D.; Chen, B.K. In vivo

HIV-1 cell-to-cell transmission promotes multicopy micro-compartmentalized infection. Cell Rep. 2016, 15,
2771–2783. [CrossRef]

83. Carr, J.; Hocking, H.; Li, P.; Burrell, C. Rapid and efficient cell-to-cell transmission of human immunodeficiency
virus infection from monocyte-derived macrophages to peripheral blood lymphocytes. Virology 1999, 265,
319–329. [CrossRef] [PubMed]

84. Jolly, C.; Kashefi, K.; Hollinshead, M.; Sattentau, Q.J. HIV-1 cell to cell transfer across an Env-induced,
actin-dependent synapse. J. Exp. Med. 2004, 199, 283–293. [CrossRef] [PubMed]

85. Del Portillo, A.; Tripodi, J.; Najfeld, V.; Wodarz, D.; Levy, D.N.; Chen, B.K. Multiploid inheritance of HIV-1
during cell-to-cell infection. J. Virol. 2011, 85, 7169–7176. [CrossRef] [PubMed]

86. Schiffner, T.; Sattentau, Q.J.; Duncan, C.J. Cell-to-cell spread of HIV-1 and evasion of neutralizing antibodies.
Vaccine 2013, 31, 5789–5797. [CrossRef] [PubMed]

87. Groot, F.; Welsch, S.; Sattentau, Q.J. Efficient HIV-1 transmission from macrophages to T cells across transient
virological synapses. Blood J. Am. Soc. Hematol. 2008, 111, 4660–4663. [CrossRef] [PubMed]

88. Collins, D.R.; Lubow, J.; Lukic, Z.; Mashiba, M.; Collins, K.L. Vpr Promotes Macrophage-Dependent HIV-1
Infection of CD4+ T Lymphocytes. PLoS Pathog. 2015, 11, e1005054. [CrossRef]

89. Lubow, J.; Virgilio, M.C.; Merlino, M.; Collins, D.R.; Mashiba, M.; Peterson, B.G.; Lukic, Z.; Painter, M.M.;
Gomez-Rivera, F.; Terry, V.; et al. Mannose receptor is an HIV restriction factor counteracted by Vpr in
macrophages. Elife 2020, 9. [CrossRef]

90. Baxter, A.E.; Russell, R.A.; Duncan, C.J.; Moore, M.D.; Willberg, C.B.; Pablos, J.L.; Finzi, A.; Kaufmann, D.E.;
Ochsenbauer, C.; Kappes, J.C. Macrophage infection via selective capture of HIV-1-infected CD4+ T cells.
Cell Host Microbe 2014, 16, 711–721. [CrossRef]

91. Bracq, L.; Xie, M.; Lambelé, M.; Vu, L.-T.; Matz, J.; Schmitt, A.; Delon, J.; Zhou, P.; Randriamampita, C.;
Bouchet, J. T cell-macrophage fusion triggers multinucleated giant cell formation for HIV-1 spreading. J. Virol.
2017, 91, e01237-17. [CrossRef]

92. Laguette, N.; Sobhian, B.; Casartelli, N.; Ringeard, M.; Chable-Bessia, C.; Segeral, E.; Yatim, A.; Emiliani, S.;
Schwartz, O.; Benkirane, M. SAMHD1 is the dendritic- and myeloid-cell-specific HIV-1 restriction factor
counteracted by Vpx. Nature 2011, 474, 654–657. [CrossRef]

93. Lahouassa, H.; Daddacha, W.; Hofmann, H.; Ayinde, D.; Logue, E.C.; Dragin, L.; Bloch, N.; Maudet, C.;
Bertrand, M.; Gramberg, T.; et al. SAMHD1 restricts the replication of human immunodeficiency virus type
1 by depleting the intracellular pool of deoxynucleoside triphosphates. Nat. Immunol. 2012, 13, 223–228.
[CrossRef] [PubMed]

94. Goldstone, D.C.; Ennis-Adeniran, V.; Hedden, J.J.; Groom, H.C.; Rice, G.I.; Christodoulou, E.; Walker, P.A.;
Kelly, G.; Haire, L.F.; Yap, M.W. HIV-1 restriction factor SAMHD1 is a deoxynucleoside triphosphate
triphosphohydrolase. Nature 2011, 480, 379–382. [CrossRef] [PubMed]

95. Xie, M.; Leroy, H.; Mascarau, R.; Woottum, M.; Dupont, M.; Ciccone, C.; Schmitt, A.; Raynaud-Messina, B.;
Vérollet, C.; Bouchet, J. Cell-to-Cell Spreading of HIV-1 in Myeloid Target Cells Escapes SAMHD1 Restriction.
Mbio 2019, 10, e02457-19. [CrossRef] [PubMed]

96. Van’t Wout, A.B.; Kootstra, N.A.; Mulder-Kampinga, G.A.; Albrecht-van Lent, N.; Scherpbier, H.J.; Veenstra, J.;
Boer, K.; Coutinho, R.A.; Miedema, F.; Schuitemaker, H. Macrophage-tropic variants initiate human
immunodeficiency virus type 1 infection after sexual, parenteral, and vertical transmission. J. Clin. Investig.
1994, 94, 2060–2067. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/WCO.0b013e32834695fb
http://www.ncbi.nlm.nih.gov/pubmed/21467932
http://dx.doi.org/10.1097/00126334-200002010-00002
http://dx.doi.org/10.1084/jem.194.10.1407
http://dx.doi.org/10.1016/j.celrep.2016.05.059
http://dx.doi.org/10.1006/viro.1999.0047
http://www.ncbi.nlm.nih.gov/pubmed/10600603
http://dx.doi.org/10.1084/jem.20030648
http://www.ncbi.nlm.nih.gov/pubmed/14734528
http://dx.doi.org/10.1128/JVI.00231-11
http://www.ncbi.nlm.nih.gov/pubmed/21543479
http://dx.doi.org/10.1016/j.vaccine.2013.10.020
http://www.ncbi.nlm.nih.gov/pubmed/24140477
http://dx.doi.org/10.1182/blood-2007-12-130070
http://www.ncbi.nlm.nih.gov/pubmed/18296630
http://dx.doi.org/10.1371/journal.ppat.1005054
http://dx.doi.org/10.7554/eLife.51035
http://dx.doi.org/10.1016/j.chom.2014.10.010
http://dx.doi.org/10.1128/JVI.01237-17
http://dx.doi.org/10.1038/nature10117
http://dx.doi.org/10.1038/ni.2236
http://www.ncbi.nlm.nih.gov/pubmed/22327569
http://dx.doi.org/10.1038/nature10623
http://www.ncbi.nlm.nih.gov/pubmed/22056990
http://dx.doi.org/10.1128/mBio.02457-19
http://www.ncbi.nlm.nih.gov/pubmed/31744918
http://dx.doi.org/10.1172/JCI117560
http://www.ncbi.nlm.nih.gov/pubmed/7962552


Viruses 2020, 12, 0809 22 of 27

97. Schuitemaker, H.; Kootstra, N.; De Goede, R.; De Wolf, F.; Miedema, F.; Tersmette, M. Monocytotropic human
immunodeficiency virus type 1 (HIV-1) variants detectable in all stages of HIV-1 infection lack T-cell line
tropism and syncytium-inducing ability in primary T-cell culture. J. Virol. 1991, 65, 356–363. [CrossRef]
[PubMed]

98. Joseph, S.B.; Arrildt, K.T.; Swanstrom, A.E.; Schnell, G.; Lee, B.; Hoxie, J.A.; Swanstrom, R. Quantification
of entry phenotypes of macrophage-tropic HIV-1 across a wide range of CD4 densities. J. Virol. 2014, 88,
1858–1869. [CrossRef]

99. Ochsenbauer, C.; Edmonds, T.G.; Ding, H.; Keele, B.F.; Decker, J.; Salazar, M.G.; Salazar-Gonzalez, J.F.;
Shattock, R.; Haynes, B.F.; Shaw, G.M.; et al. Generation of transmitted/founder HIV-1 infectious molecular
clones and characterization of their replication capacity in CD4 T lymphocytes and monocyte-derived
macrophages. J. Virol. 2012, 86, 2715–2728. [CrossRef]

100. Iijima, N.; Thompson, J.M.; Iwasaki, A. Dendritic cells and macrophages in the genitourinary tract. Mucosal.
Immunol. 2008, 1, 451–459. [CrossRef]

101. Quayle, A.J.; Xu, C.; Mayer, K.H.; Anderson, D.J. T lymphocytes and macrophages, but not motile spermatozoa,
are a significant source of human immunodeficiency virus in semen. J. Infect. Dis. 1997, 176, 960–968.
[CrossRef]

102. Shehu-Xhilaga, M.; Kent, S.; Batten, J.; Ellis, S.; Van der Meulen, J.; O’Bryan, M.; Cameron, P.U.; Lewin, S.R.;
Hedger, M.P. The testis and epididymis are productively infected by SIV and SHIV in juvenile macaques
during the post-acute stage of infection. Retrovirology 2007, 4, 7. [CrossRef]

103. Greenhead, P.; Hayes, P.; Watts, P.S.; Laing, K.G.; Griffin, G.E.; Shattock, R.J. Parameters of Human
Immunodeficiency Virus Infection of Human Cervical Tissue and Inhibition by Vaginal Virucides. J. Virol.
2000, 74, 5577–5586. [CrossRef] [PubMed]

104. Cummins, J.E.; Guarner, J.; Flowers, L.; Guenthner, P.C.; Bartlett, J.; Morken, T.; Grohskopf, L.A.; Paxton, L.;
Dezzutti, C.S. Preclinical Testing of Candidate Topical Microbicides for Anti-Human Immunodeficiency
Virus Type 1 Activity and Tissue Toxicity in a Human Cervical Explant Culture. Antimicrob. Agents Chemother.
2007, 51, 1770–1779. [CrossRef] [PubMed]

105. Martinez-Pomares, L. The mannose receptor. J. Leukoc. Biol. 2012, 92, 1177–1186. [CrossRef]
106. Linehan, S.A.; Martinez-Pomares, L.; Stahl, P.D.; Gordon, S. Mannose receptor and its putative ligands in

normal murine lymphoid and nonlymphoid organs: In situ expression of mannose receptor by selected
macrophages, endothelial cells, perivascular microglia, and mesangial cells, but not dendritic cells. J. Exp.
Med. 1999, 189, 1961–1972. [CrossRef] [PubMed]

107. Leteux, C.; Chai, W.; Loveless, R.W.; Yuen, C.T.; Uhlin-Hansen, L.; Combarnous, Y.; Jankovic, M.; Maric, S.C.;
Misulovin, Z.; Nussenzweig, M.C.; et al. The cysteine-rich domain of the macrophage mannose receptor is
a multispecific lectin that recognizes chondroitin sulfates A and B and sulfated oligosaccharides of blood
group Lewis(a) and Lewis(x) types in addition to the sulfated N-glycans of lutropin. J. Exp. Med. 2000, 191,
1117–1126. [CrossRef] [PubMed]

108. Napper, C.E.; Drickamer, K.; Taylor, M.E. Collagen binding by the mannose receptor mediated through the
fibronectin type II domain. Biochem. J. 2006, 395, 579–586. [CrossRef] [PubMed]

109. Martinez-Pomares, L.; Wienke, D.; Stillion, R.; McKenzie, E.J.; Arnold, J.N.; Harris, J.; McGreal, E.; Sim, R.B.;
Isacke, C.M.; Gordon, S. Carbohydrate-independent recognition of collagens by the macrophage mannose
receptor. Eur. J. Immunol. 2006, 36, 1074–1082. [CrossRef]

110. Taylor, M.E.; Bezouska, K.; Drickamer, K. Contribution to ligand binding by multiple carbohydrate-recognition
domains in the macrophage mannose receptor. J. Biol. Chem. 1992, 267, 1719–1726.

111. Taylor, M.E.; Drickamer, K. Structural requirements for high affinity binding of complex ligands by the
macrophage mannose receptor. J. Biol. Chem. 1993, 268, 399–404.

112. Kery, V.; Krepinsky, J.J.; Warren, C.D.; Capek, P.; Stahl, P.D. Ligand recognition by purified human mannose
receptor. Arch. Biochem. Biophys. 1992, 298, 49–55. [CrossRef]

113. Stahl, P.; Schlesinger, P.H.; Sigardson, E.; Rodman, J.S.; Lee, Y.C. Receptor-mediated pinocytosis of mannose
glycoconjugates by macrophages: Characterization and evidence for receptor recycling. Cell 1980, 19,
207–215. [CrossRef]

114. Zamze, S.; Martinez-Pomares, L.; Jones, H.; Taylor, P.R.; Stillion, R.J.; Gordon, S.; Wong, S.Y. Recognition of
bacterial capsular polysaccharides and lipopolysaccharides by the macrophage mannose receptor. J. Biol.
Chem. 2002, 277, 41613–41623. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.65.1.356-363.1991
http://www.ncbi.nlm.nih.gov/pubmed/1985204
http://dx.doi.org/10.1128/JVI.02477-13
http://dx.doi.org/10.1128/JVI.06157-11
http://dx.doi.org/10.1038/mi.2008.57
http://dx.doi.org/10.1086/516541
http://dx.doi.org/10.1186/1742-4690-4-7
http://dx.doi.org/10.1128/JVI.74.12.5577-5586.2000
http://www.ncbi.nlm.nih.gov/pubmed/10823865
http://dx.doi.org/10.1128/AAC.01129-06
http://www.ncbi.nlm.nih.gov/pubmed/17353237
http://dx.doi.org/10.1189/jlb.0512231
http://dx.doi.org/10.1084/jem.189.12.1961
http://www.ncbi.nlm.nih.gov/pubmed/10377192
http://dx.doi.org/10.1084/jem.191.7.1117
http://www.ncbi.nlm.nih.gov/pubmed/10748230
http://dx.doi.org/10.1042/BJ20052027
http://www.ncbi.nlm.nih.gov/pubmed/16441238
http://dx.doi.org/10.1002/eji.200535685
http://dx.doi.org/10.1016/0003-9861(92)90092-B
http://dx.doi.org/10.1016/0092-8674(80)90402-X
http://dx.doi.org/10.1074/jbc.M207057200
http://www.ncbi.nlm.nih.gov/pubmed/12196537


Viruses 2020, 12, 0809 23 of 27

115. Dan, J.M.; Kelly, R.M.; Lee, C.K.; Levitz, S.M. Role of the mannose receptor in a murine model of Cryptococcus
neoformans infection. Infect. Immun. 2008, 76, 2362–2367. [CrossRef] [PubMed]

116. Nigou, J.; Zelle-Rieser, C.; Gilleron, M.; Thurnher, M.; Puzo, G. Mannosylated lipoarabinomannans inhibit
IL-12 production by human dendritic cells: Evidence for a negative signal delivered through the mannose
receptor. J. Immunol. 2001, 166, 7477–7485. [CrossRef] [PubMed]

117. Knutson, K.L.; Hmama, Z.; Herrera-Velit, P.; Rochford, R.; Reiner, N.E. Lipoarabinomannan of Mycobacterium
tuberculosis promotes protein tyrosine dephosphorylation and inhibition of mitogen-activated protein kinase
in human mononuclear phagocytes. Role of the Src homology 2 containing tyrosine phosphatase 1. J. Biol.
Chem. 1998, 273, 645–652. [CrossRef]

118. Subramanian, K.; Neill, D.R.; Malak, H.A.; Spelmink, L.; Khandaker, S.; Dalla, L.; Marchiori, G.; Dearing, E.;
Kirby, A.; Yang, M.; et al. Pneumolysin binds to the mannose receptor C type 1 (MRC-1) leading to
anti-inflammatory responses and enhanced pneumococcal survival. Nat. Microbiol. 2019, 4, 62–70. [CrossRef]

119. Miller, J.L.; Dewet, B.J.; Martinez-Pomares, L.; Radcliffe, C.M.; Dwek, R.A.; Rudd, P.M.; Gordon, S. The
mannose receptor mediates dengue virus infection of macrophages. PLoS Pathog. 2008, 4, e17. [CrossRef]

120. Alzate, J.F.A.; Rodenhuis-Zybert, I.A.; Hernández, J.C.; Smit, J.M.; Urcuqui-Inchima, S. Human macrophages
differentiated in the presence of vitamin D3 restrict dengue virus infection and innate responses by
downregulating mannose receptor expression. PLoS Negl. Trop. Dis. 2017, 11, e0005904.

121. Nguyen, D.G.; Hildreth, J.E. Involvement of macrophage mannose receptor in the binding and transmission
of HIV by macrophages. Eur. J. Immunol. 2003, 33, 483–493. [CrossRef]

122. Geijtenbeek, T.B.; Kwon, D.S.; Torensma, R.; van Vliet, S.J.; van Duijnhoven, G.C.; Middel, J.; Cornelissen, I.L.;
Nottet, H.S.; KewalRamani, V.N.; Littman, D.R. DC-SIGN, a dendritic cell–specific HIV-1-binding protein
that enhances trans-infection of T cells. Cell 2000, 100, 587–597. [CrossRef]

123. Izquierdo-Useros, N.; Lorizate, M.; Puertas, M.C.; Rodriguez-Plata, M.T.; Zangger, N.; Erikson, E.; Pino, M.;
Erkizia, I.; Glass, B.; Clotet, B.; et al. Siglec-1 is a novel dendritic cell receptor that mediates HIV-1
trans-infection through recognition of viral membrane gangliosides. PLoS Biol. 2012, 10, e1001448. [CrossRef]
[PubMed]

124. Zou, Z.; Chastain, A.; Moir, S.; Ford, J.; Trandem, K.; Martinelli, E.; Cicala, C.; Crocker, P.; Arthos, J.; Sun, P.D.
Siglecs facilitate HIV-1 infection of macrophages through adhesion with viral sialic acids. PLoS ONE 2011, 6,
e24559. [CrossRef] [PubMed]

125. Koziel, H.; Kruskal, B.A.; Ezekowitz, R.A.; Rose, R.M. HIV impairs alveolar macrophage mannose receptor
function against Pneumocystis carinii. Chest 1993, 103, 111S–112S. [CrossRef] [PubMed]

126. Holder, G.E.; McGary, C.M.; Johnson, E.M.; Zheng, R.; John, V.T.; Sugimoto, C.; Kuroda, M.J.; Kim, W.K.
Expression of the mannose receptor CD206 in HIV and SIV encephalitis: A phenotypic switch of brain
perivascular macrophages with virus infection. J. Neuroimmune Pharm. 2014, 9, 716–726. [CrossRef]

127. Vigerust, D.J.; Egan, B.S.; Shepherd, V.L. HIV-1 Nef mediates post-translational down-regulation and
redistribution of the mannose receptor. J. Leukoc. Biol. 2005, 77, 522–534. [CrossRef]

128. Sattentau, Q.J.; Moore, J. Conformational changes induced in the human immunodeficiency virus envelope
glycoprotein by soluble CD4 binding. J. Exp. Med. 1991, 174, 407–415. [CrossRef]

129. Bosch, M.L.; Earl, P.L.; Fargnoli, K.; Picciafuoco, S.; Giombini, F.; Wong-Staal, F.; Franchini, G. Identification
of the fusion peptide of primate immunodeficiency viruses. Science 1989, 244, 694–697. [CrossRef]

130. Leonard, C.K.; Spellman, M.W.; Riddle, L.; Harris, R.J.; Thomas, J.N.; Gregory, T. Assignment of intrachain
disulfide bonds and characterization of potential glycosylation sites of the type 1 recombinant human
immunodeficiency virus envelope glycoprotein (gp120) expressed in Chinese hamster ovary cells. J. Biol.
Chem. 1990, 265, 10373–10382. [PubMed]

131. Aebi, M. N-linked protein glycosylation in the ER. Biochim. Biophys. Acta 2013, 1833, 2430–2437. [CrossRef]
132. Doores, K.J.; Bonomelli, C.; Harvey, D.J.; Vasiljevic, S.; Dwek, R.A.; Burton, D.R.; Crispin, M.; Scanlan, C.N.

Envelope glycans of immunodeficiency virions are almost entirely oligomannose antigens. Proc. Natl. Acad.
Sci. USA 2010, 107, 13800–13805. [CrossRef]

133. Neelamegham, S.; Aoki-Kinoshita, K.; Bolton, E.; Frank, M.; Lisacek, F.; Lütteke, T.; O’Boyle, N.; Packer, N.H.;
Stanley, P.; Toukach, P.; et al. Updates to the Symbol Nomenclature for Glycans guidelines. Glycobiology 2019,
29, 620–624. [CrossRef]

134. Kornfeld, R.; Kornfeld, S. Assembly of asparagine-linked oligosaccharides. Annu. Rev. Biochem. 1985, 54,
631–664. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/IAI.00095-08
http://www.ncbi.nlm.nih.gov/pubmed/18391001
http://dx.doi.org/10.4049/jimmunol.166.12.7477
http://www.ncbi.nlm.nih.gov/pubmed/11390501
http://dx.doi.org/10.1074/jbc.273.1.645
http://dx.doi.org/10.1038/s41564-018-0280-x
http://dx.doi.org/10.1371/annotation/98b92fca-fa6e-4bf3-9b39-13b66b640476
http://dx.doi.org/10.1002/immu.200310024
http://dx.doi.org/10.1016/S0092-8674(00)80694-7
http://dx.doi.org/10.1371/journal.pbio.1001448
http://www.ncbi.nlm.nih.gov/pubmed/23271952
http://dx.doi.org/10.1371/journal.pone.0024559
http://www.ncbi.nlm.nih.gov/pubmed/21931755
http://dx.doi.org/10.1378/chest.103.2_Supplement.111S
http://www.ncbi.nlm.nih.gov/pubmed/8428526
http://dx.doi.org/10.1007/s11481-014-9564-y
http://dx.doi.org/10.1189/jlb.0804454
http://dx.doi.org/10.1084/jem.174.2.407
http://dx.doi.org/10.1126/science.2541505
http://www.ncbi.nlm.nih.gov/pubmed/2355006
http://dx.doi.org/10.1016/j.bbamcr.2013.04.001
http://dx.doi.org/10.1073/pnas.1006498107
http://dx.doi.org/10.1093/glycob/cwz045
http://dx.doi.org/10.1146/annurev.bi.54.070185.003215
http://www.ncbi.nlm.nih.gov/pubmed/3896128


Viruses 2020, 12, 0809 24 of 27

135. Stanley, P.; Taniguchi, N.; Aebi, M. N-glycans. In Essentials of Glycobiology, 3rd ed.; Cold Spring Harbor
Laboratory Press: Cold Spring Harbor, NY, USA, 2017.

136. Coss, K.P.; Vasiljevic, S.; Pritchard, L.K.; Krumm, S.A.; Glaze, M.; Madzorera, S.; Moore, P.L.; Crispin, M.;
Doores, K.J. HIV-1 Glycan Density Drives the Persistence of the Mannose Patch within an Infected Individual.
J. Virol. 2016, 90, 11132–11144. [CrossRef] [PubMed]

137. McCune, J.M.; Rabin, L.B.; Feinberg, M.B.; Lieberman, M.; Kosek, J.C.; Reyes, G.R.; Weissman, I.L.
Endoproteolytic cleavage of gp160 is required for the activation of human immunodeficiency virus. Cell
1988, 53, 55–67. [CrossRef]

138. Kwong, P.D.; Mascola, J.R. Human antibodies that neutralize HIV-1: Identification, structures, and B cell
ontogenies. Immunity 2012, 37, 412–425. [CrossRef]

139. Haynes, B.F.; Mascola, J.R. The quest for an antibody-based HIV vaccine. Immunol. Rev. 2017, 275, 5–10.
[CrossRef]

140. Hansen, B.D.; Nara, P.L.; Maheshwari, R.K.; Sidhu, G.S.; Bernbaum, J.G.; Hoekzema, D.; Meltzer, M.S.;
Gendelman, H.E. Loss of infectivity by progeny virus from alpha interferon-treated human immunodeficiency
virus type 1-infected T cells is associated with defective assembly of envelope gp120. J. Virol. 1992, 66,
7543–7548. [CrossRef] [PubMed]

141. Hotter, D.; Sauter, D.; Kirchhoff, F. Guanylate binding protein 5: Impairing virion infectivity by targeting
retroviral envelope glycoproteins. Small Gtpases 2017, 8, 31–37. [CrossRef]

142. Wang, Q.; Su, L. Vpr Enhances HIV-1 Env Processing and Virion Infectivity in Macrophages by Modulating
TET2-Dependent IFITM3 Expression. mBio 2019, 10, e01344-19. [CrossRef]

143. Wang, Y.; Pan, Q.; Ding, S.; Wang, Z.; Yu, J.; Finzi, A.; Liu, S.-L.; Liang, C. The V3 loop of HIV-1 Env determines
viral susceptibility to IFITM3 impairment of viral infectivity. J. Virol. 2017, 91, e02441-16. [CrossRef]

144. Wong-Staal, F.; Chanda, P.K.; Ghrayeb, J. Human immunodeficiency virus: The eighth gene. Aids Res. Hum.
Retrovir. 1987, 3, 33–39. [CrossRef] [PubMed]

145. Tristem, M.; Purvis, A.; Quicke, D.L. Complex evolutionary history of primate lentiviralvprgenes. Virology
1998, 240, 232–237. [CrossRef] [PubMed]

146. Beaumont, T.; van Nuenen, A.; Broersen, S.; Blattner, W.A.; Lukashov, V.V.; Schuitemaker, H. Reversal of
human immunodeficiency virus type 1 IIIB to a neutralization-resistant phenotype in an accidentally infected
laboratory worker with a progressive clinical course. J. Virol. 2001, 75, 2246–2252. [CrossRef] [PubMed]

147. Wang, B.; Ge, Y.C.; Palasanthiran, P.; Xiang, S.-H.; Ziegler, J.; Dwyer, D.E.; Randle, C.; Dowton, D.;
Cunningham, A.; Saksena, N.K. Gene Defects Clustered at the C-Terminus of the vpr Gene of HIV-1 in
Long-Term Nonprogressing Mother and Child Pair: In VivoEvolution of vpr Quasispecies in Blood and
Plasma. Virology 1996, 223, 224–232. [CrossRef]

148. Ali, A.; Ng, H.L.; Blankson, J.N.; Burton, D.R.; Buckheit, R.W., 3rd; Moldt, B.; Fulcher, J.A.; Ibarrondo, F.J.;
Anton, P.A.; Yang, O.O. Highly Attenuated Infection With a Vpr-Deleted Molecular Clone of Human
Immunodeficiency Virus-1. J. Infect. Dis. 2018, 218, 1447–1452. [CrossRef]

149. Cohen, E.A.; Dehni, G.; Sodroski, J.G.; Haseltine, W.A. Human immunodeficiency virus vpr product is a
virion-associated regulatory protein. J. Virol. 1990, 64, 3097–3099. [CrossRef]

150. Paxton, W.; Connor, R.; Landau, N. Incorporation of Vpr into human immunodeficiency virus type 1 virions:
Requirement for the p6 region of gag and mutational analysis. J. Virol. 1993, 67, 7229–7237. [CrossRef]

151. Bachand, F.; Yao, X.-J.; Hrimech, M.; Rougeau, N.; Cohen, É.A. Incorporation of Vpr into human
immunodeficiency virus type 1 requires a direct interaction with the p6 domain of the p55 gag precursor.
J. Biol. Chem. 1999, 274, 9083–9091. [CrossRef]

152. Lu, Y.L.; Spearman, P.; Ratner, L. Human immunodeficiency virus type 1 viral protein R localization in
infected cells and virions. J. Virol. 1993, 67, 6542–6550. [CrossRef]

153. Jacquot, G.; Le Rouzic, E.; David, A.; Mazzolini, J.; Bouchet, J.; Bouaziz, S.; Niedergang, F.; Pancino, G.;
Benichou, S. Localization of HIV-1 Vpr to the nuclear envelope: Impact on Vpr functions and virus replication
in macrophages. Retrovirology 2007, 4, 84. [CrossRef]

154. Zhao, L.-J.; Mukherjee, S.; Narayan, O. Biochemical mechanism of HIV-I Vpr function. Specific interaction
with a cellular protein. J. Biol. Chem. 1994, 269, 15577–15582. [PubMed]

155. Belzile, J.P.; Duisit, G.; Rougeau, N.; Mercier, J.; Finzi, A.; Cohen, E.A. HIV-1 Vpr-mediated G2 arrest involves
the DDB1-CUL4AVPRBP E3 ubiquitin ligase. PLoS Pathog. 2007, 3, e85. [CrossRef]

http://dx.doi.org/10.1128/JVI.01542-16
http://www.ncbi.nlm.nih.gov/pubmed/27707925
http://dx.doi.org/10.1016/0092-8674(88)90487-4
http://dx.doi.org/10.1016/j.immuni.2012.08.012
http://dx.doi.org/10.1111/imr.12517
http://dx.doi.org/10.1128/JVI.66.12.7543-7548.1992
http://www.ncbi.nlm.nih.gov/pubmed/1279206
http://dx.doi.org/10.1080/21541248.2016.1189990
http://dx.doi.org/10.1128/mBio.01344-19
http://dx.doi.org/10.1128/JVI.02441-16
http://dx.doi.org/10.1089/aid.1987.3.33
http://www.ncbi.nlm.nih.gov/pubmed/3476127
http://dx.doi.org/10.1006/viro.1997.8929
http://www.ncbi.nlm.nih.gov/pubmed/9454696
http://dx.doi.org/10.1128/JVI.75.5.2246-2252.2001
http://www.ncbi.nlm.nih.gov/pubmed/11160728
http://dx.doi.org/10.1006/viro.1996.0471
http://dx.doi.org/10.1093/infdis/jiy346
http://dx.doi.org/10.1128/JVI.64.6.3097-3099.1990
http://dx.doi.org/10.1128/JVI.67.12.7229-7237.1993
http://dx.doi.org/10.1074/jbc.274.13.9083
http://dx.doi.org/10.1128/JVI.67.11.6542-6550.1993
http://dx.doi.org/10.1186/1742-4690-4-84
http://www.ncbi.nlm.nih.gov/pubmed/8195203
http://dx.doi.org/10.1371/journal.ppat.0030085


Viruses 2020, 12, 0809 25 of 27

156. Hrecka, K.; Hao, C.; Shun, M.-C.; Kaur, S.; Swanson, S.K.; Florens, L.; Washburn, M.P.; Skowronski, J. HIV-1
and HIV-2 exhibit divergent interactions with HLTF and UNG2 DNA repair proteins. Proc. Natl. Acad. Sci.
USA 2016, 113, E3921–E3930. [CrossRef] [PubMed]

157. Lahouassa, H.; Blondot, M.-L.; Chauveau, L.; Chougui, G.; Morel, M.; Leduc, M.; Guillonneau, F.;
Ramirez, B.C.; Schwartz, O.; Margottin-Goguet, F. HIV-1 Vpr degrades the HLTF DNA translocase in
T cells and macrophages. Proc. Natl. Acad. Sci. USA 2016, 113, 5311–5316. [CrossRef] [PubMed]

158. Yan, J.; Shun, M.-C.; Zhang, Y.; Hao, C.; Skowronski, J. HIV-1 Vpr counteracts HLTF-mediated restriction of
HIV-1 infection in T cells. Proc. Natl. Acad. Sci. USA 2019, 116, 9568–9577. [CrossRef]

159. Connor, R.I.; Chen, B.K.; Choe, S.; Landau, N.R. Vpr is required for efficient replication of human
immunodeficiency virus type-1 in mononuclear phagocytes. Virology 1995, 206, 935–944. [CrossRef]

160. Hattori, N.; Michaels, F.; Fargnoli, K.; Marcon, L.; Gallo, R.C.; Franchini, G. The human immunodeficiency
virus type 2 vpr gene is essential for productive infection of human macrophages. Proc. Natl. Acad. Sci. USA
1990, 87, 8080–8084. [CrossRef]

161. Westervelt, P.; Henkel, T.; Trowbridge, D.B.; Orenstein, J.; Heuser, J.; Gendelman, H.E.; Ratner, L. Dual
regulation of silent and productive infection in monocytes by distinct human immunodeficiency virus type 1
determinants. J. Virol. 1992, 66, 3925–3931. [CrossRef] [PubMed]

162. Popov, S.; Rexach, M.; Zybarth, G.; Reiling, N.; Lee, M.A.; Ratner, L.; Lane, C.M.; Moore, M.S.; Blobel, G.;
Bukrinsky, M. Viral protein R regulates nuclear import of the HIV-1 pre-integration complex. EMBO J. 1998,
17, 909–917. [CrossRef]

163. Laguette, N.; Bregnard, C.; Hue, P.; Basbous, J.; Yatim, A.; Larroque, M.; Kirchhoff, F.; Constantinou, A.;
Sobhian, B.; Benkirane, M. Premature activation of the SLX4 complex by Vpr promotes G2/M arrest and
escape from innate immune sensing. Cell 2014, 156, 134–145. [CrossRef]

164. Doehle, B.P.; Hladik, F.; McNevin, J.P.; McElrath, M.J.; Gale, M. Human immunodeficiency virus type 1
mediates global disruption of innate antiviral signaling and immune defenses within infected cells. J. Virol.
2009, 83, 10395–10405. [CrossRef] [PubMed]

165. Okumura, A.; Alce, T.; Lubyova, B.; Ezelle, H.; Strebel, K.; Pitha, P.M. HIV-1 accessory proteins VPR and
Vif modulate antiviral response by targeting IRF-3 for degradation. Virology 2008, 373, 85–97. [CrossRef]
[PubMed]

166. Harman, A.N.; Nasr, N.; Feetham, A.; Galoyan, A.; Alshehri, A.A.; Rambukwelle, D.; Botting, R.A.;
Hiener, B.M.; Diefenbach, E.; Diefenbach, R.J. HIV blocks interferon induction in human dendritic cells and
macrophages by dysregulation of TBK1. J. Virol. 2015, 89, 6575–6584. [CrossRef]

167. Greenwood, E.J.; Williamson, J.C.; Sienkiewicz, A.; Naamati, A.; Matheson, N.J.; Lehner, P.J. Promiscuous
targeting of cellular proteins by Vpr drives systems-level proteomic remodeling in HIV-1 infection. Cell Rep.
2019, 27, 1579–1596. [CrossRef] [PubMed]

168. Jowett, J.; Planelles, V.; Poon, B.; Shah, N.P.; Chen, M.-L.; Chen, I. The human immunodeficiency virus type 1
vpr gene arrests infected T cells in the G2+ M phase of the cell cycle. J. Virol. 1995, 69, 6304–6313. [CrossRef]

169. Goh, W.C.; Rogel, M.E.; Kinsey, C.M.; Michael, S.F.; Fultz, P.N.; Nowak, M.A.; Hahn, B.H.; Emerman, M.
HIV-1 Vpr increases viral expression by manipulation of the cell cycle: A mechanism for selection of Vpr
in vivo. Nat. Med. 1998, 4, 65–71. [CrossRef]

170. Stewart, S.A.; Poon, B.; Jowett, J.; Chen, I. Human immunodeficiency virus type 1 Vpr induces apoptosis
following cell cycle arrest. J. Virol. 1997, 71, 5579–5592. [CrossRef]

171. He, J.; Choe, S.; Walker, R.; Di Marzio, P.; Morgan, D.O.; Landau, N.R. Human immunodeficiency virus type
1 viral protein R (Vpr) arrests cells in the G2 phase of the cell cycle by inhibiting p34cdc2 activity. J. Virol.
1995, 69, 6705–6711. [CrossRef]

172. Yuan, H.; Xie, Y.-M.; Chen, I.S. Depletion of Wee-1 kinase is necessary for both human immunodeficiency
virus type 1 Vpr-and gamma irradiation-induced apoptosis. J. Virol. 2003, 77, 2063–2070. [CrossRef]

173. Kamata, M.; Watanabe, N.; Nagaoka, Y.; Chen, I.S. Human immunodeficiency virus type 1 Vpr binds to
the N lobe of the Wee1 kinase domain and enhances kinase activity for CDC2. J. Virol. 2008, 82, 5672–5682.
[CrossRef]

174. Bartz, S.R.; Rogel, M.E.; Emerman, M. Human immunodeficiency virus type 1 cell cycle control: Vpr is
cytostatic and mediates G2 accumulation by a mechanism which differs from DNA damage checkpoint
control. J. Virol. 1996, 70, 2324–2331. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1605023113
http://www.ncbi.nlm.nih.gov/pubmed/27335459
http://dx.doi.org/10.1073/pnas.1600485113
http://www.ncbi.nlm.nih.gov/pubmed/27114546
http://dx.doi.org/10.1073/pnas.1818401116
http://dx.doi.org/10.1006/viro.1995.1016
http://dx.doi.org/10.1073/pnas.87.20.8080
http://dx.doi.org/10.1128/JVI.66.6.3925-3931.1992
http://www.ncbi.nlm.nih.gov/pubmed/1533883
http://dx.doi.org/10.1093/emboj/17.4.909
http://dx.doi.org/10.1016/j.cell.2013.12.011
http://dx.doi.org/10.1128/JVI.00849-09
http://www.ncbi.nlm.nih.gov/pubmed/19706707
http://dx.doi.org/10.1016/j.virol.2007.10.042
http://www.ncbi.nlm.nih.gov/pubmed/18082865
http://dx.doi.org/10.1128/JVI.00889-15
http://dx.doi.org/10.1016/j.celrep.2019.04.025
http://www.ncbi.nlm.nih.gov/pubmed/31042482
http://dx.doi.org/10.1128/JVI.69.10.6304-6313.1995
http://dx.doi.org/10.1038/nm0198-065
http://dx.doi.org/10.1128/JVI.71.7.5579-5592.1997
http://dx.doi.org/10.1128/JVI.69.11.6705-6711.1995
http://dx.doi.org/10.1128/JVI.77.3.2063-2070.2003
http://dx.doi.org/10.1128/JVI.01330-07
http://dx.doi.org/10.1128/JVI.70.4.2324-2331.1996
http://www.ncbi.nlm.nih.gov/pubmed/8642659


Viruses 2020, 12, 0809 26 of 27

175. López-Avilés, S.; Grande, M.; González, M.; Helgesen, A.-L.; Alemany, V.; Sanchez-Piris, M.; Bachs, O.;
Millar, J.B.; Aligue, R. Inactivation of the Cdc25 phosphatase by the stress-activated Srk1 kinase in fission
yeast. Mol. Cell 2005, 17, 49–59. [CrossRef]

176. Huard, S.; Elder, R.T.; Liang, D.; Li, G.; Zhao, R.Y. Human immunodeficiency virus type 1 Vpr induces
cell cycle G2 arrest through Srk1/MK2-mediated phosphorylation of Cdc25. J. Virol. 2008, 82, 2904–2917.
[CrossRef]

177. Paulsen, R.D.; Cimprich, K.A. The ATR pathway: Fine-tuning the fork. DNA Repair 2007, 6, 953–966.
[CrossRef]

178. Roshal, M.; Kim, B.; Zhu, Y.; Nghiem, P.; Planelles, V. Activation of the ATR-mediated DNA damage response
by the HIV-1 viral protein R. J. Biol. Chem. 2003, 278, 25879–25886. [CrossRef] [PubMed]

179. Zimmerman, E.S.; Sherman, M.P.; Blackett, J.L.; Neidleman, J.A.; Kreis, C.; Mundt, P.; Williams, S.A.;
Warmerdam, M.; Kahn, J.; Hecht, F.M. Human immunodeficiency virus type 1 Vpr induces DNA replication
stress in vitro and in vivo. J. Virol. 2006, 80, 10407–10418. [CrossRef]

180. Norman, J.M.; Mashiba, M.; McNamara, L.A.; Onafuwa-Nuga, A.; Chiari-Fort, E.; Shen, W.; Collins, K.L. The
antiviral factor APOBEC3G enhances the recognition of HIV-infected primary T cells by natural killer cells.
Nat. Immunol. 2011, 12, 975. [CrossRef] [PubMed]

181. Buisson, R.; Lawrence, M.S.; Benes, C.H.; Zou, L. APOBEC3A and APOBEC3B Activities Render Cancer
Cells Susceptible to ATR Inhibition. Cancer Res. 2017, 77, 4567–4578. [CrossRef] [PubMed]

182. Zhang, F.; Bieniasz, P.D. HIV-1 Vpr induces cell cycle arrest and enhances viral gene expression by depleting
CCDC137. Elife 2020, 9, e55806. [CrossRef]

183. Ward, I.M.; Chen, J. Histone H2AX is phosphorylated in an ATR-dependent manner in response to
replicational stress. J. Biol. Chem. 2001, 276, 47759–47762. [CrossRef]

184. Gérard, F.C.; Yang, R.; Romani, B.; Poisson, A.; Belzile, J.-P.; Rougeau, N.; Cohen, É.A. Defining the interactions
and role of DCAF1/VPRBP in the DDB1-cullin4A E3 ubiquitin ligase complex engaged by HIV-1 Vpr to
induce a G2 cell cycle arrest. PLoS ONE 2014, 9, e89195. [CrossRef] [PubMed]

185. Wen, X.; Duus, K.M.; Friedrich, T.D.; de Noronha, C.M. The HIV1 protein Vpr acts to promote G2 cell cycle
arrest by engaging a DDB1 and Cullin4A-containing ubiquitin ligase complex using VprBP/DCAF1 as an
adaptor. J. Biol. Chem. 2007, 282, 27046–27057. [CrossRef] [PubMed]

186. Le Rouzic, E.; Belaidouni, N.; Estrabaud, E.; Morel, M.; Rain, J.C.; Transy, C.; Margottin-Goguet, F. HIV1 Vpr
arrests the cell cycle by recruiting DCAF1/VprBP, a receptor of the Cul4-DDB1 ubiquitin ligase. Cell Cycle
2007, 6, 182–188. [CrossRef] [PubMed]

187. Hrecka, K.; Gierszewska, M.; Srivastava, S.; Kozaczkiewicz, L.; Swanson, S.K.; Florens, L.; Washburn, M.P.;
Skowronski, J. Lentiviral Vpr usurps Cul4-DDB1[VprBP] E3 ubiquitin ligase to modulate cell cycle. Proc.
Natl. Acad. Sci. USA 2007, 104, 11778–11783. [CrossRef] [PubMed]

188. Fregoso, O.I.; Emerman, M. Activation of the DNA Damage Response Is a Conserved Function of HIV-1 and
HIV-2 Vpr That Is Independent of SLX4 Recruitment. MBio 2016, 7. [CrossRef]

189. Zhou, X.; DeLucia, M.; Ahn, J. SLX4-SLX1 protein-independent down-regulation of MUS81-EME1 protein by
HIV-1 viral protein R (Vpr). J. Biol. Chem. 2016, 291, 16936–16947. [CrossRef]

190. Nakagawa, T.; Lv, L.; Nakagawa, M.; Yu, Y.; Yu, C.; D’Alessio, A.C.; Nakayama, K.; Fan, H.-Y.; Chen, X.;
Xiong, Y. CRL4VprBP E3 ligase promotes monoubiquitylation and chromatin binding of TET dioxygenases.
Mol. Cell 2015, 57, 247–260. [CrossRef]

191. Schrofelbauer, B.; Yu, Q.; Zeitlin, S.G.; Landau, N.R. Human immunodeficiency virus type 1 Vpr induces the
degradation of the UNG and SMUG uracil-DNA glycosylases. J. Virol. 2005, 79, 10978–10987. [CrossRef]

192. Schrofelbauer, B.; Hakata, Y.; Landau, N.R. HIV-1 Vpr function is mediated by interaction with the
damage-specific DNA-binding protein DDB1. Proc. Natl. Acad. Sci. USA 2007, 104, 4130–4135. [CrossRef]

193. Wu, Y.; Zhou, X.; Barnes, C.O.; DeLucia, M.; Cohen, A.E.; Gronenborn, A.M.; Ahn, J.; Calero, G.
The DDB1–DCAF1–Vpr–UNG2 crystal structure reveals how HIV-1 Vpr steers human UNG2 toward
destruction. Nat. Struct. Mol. Biol. 2016, 23, 933–940. [CrossRef]

194. Ahn, J.; Vu, T.; Novince, Z.; Guerrero-Santoro, J.; Rapic-Otrin, V.; Gronenborn, A.M. HIV-1 Vpr loads uracil
DNA glycosylase-2 onto DCAF1, a substrate recognition subunit of a cullin 4A-ring E3 ubiquitin ligase for
proteasome-dependent degradation. J. Biol. Chem. 2010, 285, 37333–37341. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molcel.2004.11.043
http://dx.doi.org/10.1128/JVI.01098-07
http://dx.doi.org/10.1016/j.dnarep.2007.02.015
http://dx.doi.org/10.1074/jbc.M303948200
http://www.ncbi.nlm.nih.gov/pubmed/12738771
http://dx.doi.org/10.1128/JVI.01212-06
http://dx.doi.org/10.1038/ni.2087
http://www.ncbi.nlm.nih.gov/pubmed/21874023
http://dx.doi.org/10.1158/0008-5472.CAN-16-3389
http://www.ncbi.nlm.nih.gov/pubmed/28698210
http://dx.doi.org/10.7554/eLife.55806
http://dx.doi.org/10.1074/jbc.C100569200
http://dx.doi.org/10.1371/journal.pone.0089195
http://www.ncbi.nlm.nih.gov/pubmed/24558487
http://dx.doi.org/10.1074/jbc.M703955200
http://www.ncbi.nlm.nih.gov/pubmed/17620334
http://dx.doi.org/10.4161/cc.6.2.3732
http://www.ncbi.nlm.nih.gov/pubmed/17314515
http://dx.doi.org/10.1073/pnas.0702102104
http://www.ncbi.nlm.nih.gov/pubmed/17609381
http://dx.doi.org/10.1128/mBio.01433-16
http://dx.doi.org/10.1074/jbc.M116.721183
http://dx.doi.org/10.1016/j.molcel.2014.12.002
http://dx.doi.org/10.1128/JVI.79.17.10978-10987.2005
http://dx.doi.org/10.1073/pnas.0610167104
http://dx.doi.org/10.1038/nsmb.3284
http://dx.doi.org/10.1074/jbc.M110.133181
http://www.ncbi.nlm.nih.gov/pubmed/20870715


Viruses 2020, 12, 0809 27 of 27

195. Kaiser, S.M.; Emerman, M. Uracil DNA glycosylase is dispensable for human immunodeficiency virus type 1
replication and does not contribute to the antiviral effects of the cytidine deaminase Apobec3G. J. Virol. 2006,
80, 875–882. [CrossRef] [PubMed]

196. Weil, A.F.; Ghosh, D.; Zhou, Y.; Seiple, L.; McMahon, M.A.; Spivak, A.M.; Siliciano, R.F.; Stivers, J.T. Uracil
DNA glycosylase initiates degradation of HIV-1 cDNA containing misincorporated dUTP and prevents viral
integration. Proc. Natl. Acad. Sci. USA 2013, 110, E448–E457. [CrossRef] [PubMed]

197. Herate, C.; Vigne, C.; Guenzel, C.A.; Lambele, M.; Rouyez, M.-C.; Benichou, S. Uracil DNA glycosylase
interacts with the p32 subunit of the replication protein A complex to modulate HIV-1 reverse transcription
for optimal virus dissemination. Retrovirology 2016, 13, 1–20. [CrossRef]

198. Chen, R.; Le Rouzic, E.; Kearney, J.A.; Mansky, L.M.; Benichou, S. Vpr-mediated incorporation of UNG2 into
HIV-1 particles is required to modulate the virus mutation rate and for replication in macrophages. J. Biol.
Chem. 2004, 279, 28419–28425. [CrossRef]

199. Guenzel, C.A.; Hérate, C.; Le Rouzic, E.; Maidou-Peindara, P.; Sadler, H.A.; Rouyez, M.-C.; Mansky, L.M.;
Benichou, S. Recruitment of the nuclear form of uracil DNA glycosylase into virus particles participates in
the full infectivity of HIV-1. J. Virol. 2012, 86, 2533–2544. [CrossRef]

200. Lv, L.; Wang, Q.; Xu, Y.; Tsao, L.-C.; Nakagawa, T.; Guo, H.; Su, L.; Xiong, Y. Vpr targets TET2 for degradation
by CRL4VprBP E3 ligase to sustain IL-6 expression and enhance HIV-1 replication. Mol. Cell 2018, 70,
961–970. [CrossRef]

201. Marno, K.M.; Ogunkolade, B.W.; Pade, C.; Oliveira, N.M.; O’Sullivan, E.; McKnight, Á. Novel restriction
factor RNA-associated early-stage anti-viral factor (REAF) inhibits human and simian immunodeficiency
viruses. Retrovirology 2014, 11, 1–9. [CrossRef]

202. Gibbons, J.M.; Marno, K.M.; Pike, R.; Lee, W.-Y.J.; Jones, C.E.; Ogunkolade, B.W.; Pardieu, C.; Bryan, A.;
Fu, R.M.; Warnes, G. HIV-1 accessory protein Vpr interacts with REAF/RPRD2 to mitigate its antiviral activity.
J. Virol. 2020, 94, e01591-19. [CrossRef]

203. Zhang, X.; Zhou, T.; Frabutt, D.A.; Zheng, Y.-H. HIV-1 Vpr increases Env expression by preventing Env from
endoplasmic reticulum-associated protein degradation (ERAD). Virology 2016, 496, 194–202. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JVI.80.2.875-882.2006
http://www.ncbi.nlm.nih.gov/pubmed/16378989
http://dx.doi.org/10.1073/pnas.1219702110
http://www.ncbi.nlm.nih.gov/pubmed/23341616
http://dx.doi.org/10.1186/s12977-016-0257-x
http://dx.doi.org/10.1074/jbc.M403875200
http://dx.doi.org/10.1128/JVI.05163-11
http://dx.doi.org/10.1016/j.molcel.2018.05.007
http://dx.doi.org/10.1186/1742-4690-11-3
http://dx.doi.org/10.1128/JVI.01591-19
http://dx.doi.org/10.1016/j.virol.2016.06.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Fundamentals of Human Immunodeficiency Virus 
	HIV Infection of Macrophages 
	Distribution and Variety of Macrophages 
	Macrophage Functions 
	Macrophage Models 
	Evidence for HIV Infection of Macrophages 
	HIV Infection of Macrophages Contributes to Pathogenesis 
	The Role of Macrophages in HIV Transmission 

	Mannose Receptor 
	Cell Biology of Mannose Receptor 
	Microbial Interactions with Mannose Receptor 

	The HIV Structural Protein Env 
	The HIV Accessory Protein Vpr 
	Vpr’s Role in Viral Replication 
	Vpr and the Interferon Response 
	Vpr-Mediated Cell Cycle Arrest 
	Vpr-Mediated Degradation of Host Proteins 
	Vpr Enhances Expression of HIV Env 

	References

