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Abstract
Purpose—The search for the role(s) that HIV-1 Vpr and its HIV2/SIV paralogs Vpr and Vpx
play in viral infection and pathogenesis showed that all three engage CRL4 ubiquitin ligase
complexes. This association triggers ubiquitination and degradation of cellular substrates. The
identity of the ubiquitin ligase substrates is only now beginning to be revealed. This review
focuses on recent work that has identified one such substrate and exposed new cellular restrictions
to infection.

Recent findings—Three groups have now described cellular factors that restrict HIV-1
infection in cells of the myeloid lineage. One of these factors, SAMHD1, was shown to be
depleted through the CRL4 ubiquitin ligase complex in the presence of HIV-2/SIV Vpx. The other
restriction can be defeated by Vpx in the absence of at least one part of the ubiquitin ligase
complex that triggers SAMHD1 depletion.

Another group has shown that the previously-described up-regulation of NK-cell ligands on the
surface of HIV-1-infected cells requires the actions of both the cytidine deaminase APOBEC3G
and uracil-N-glycosylase 2 in association with HIV-1 Vpr.

Summary—As more cellular interaction partners are identified for HIV-1 Vpr and its paralogs
from other viruses, details are emerging about Vpr function. The recent findings have highlighted
the existence of two new human proteins that can act to combat HIV infection and have revealed
how HIV-1 proteins act in concert to modulate the interaction between NK cells and HIV-1
infected cells.
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Introduction
The interplay between HIV and myeloid lineage cells represents a vital role in HIV infection
and pathogenesis. Dendritic cells and macrophages are important components of the
immune system that bridge innate and adaptive immunity to ultimately orchestrate the
defenses necessary for blocking invading microbes. Key features of HIV biology allow this
virus to persist despite the host defenses.

Dendritic cells, both plasmacytoid and myeloid, are negatively affected by HIV infection.
Infected individuals exhibit reduced numbers of dendritic cells in the blood [1, 2]. While the
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exact cause of this reduction is not known, the loss of these critical immune components
impairs anti-HIV responses. Indeed, reduced dendritic cell counts are indicative of a poor
prognosis in macaque models [3] and in humans [4]. The remaining dendritic cells display
numerous traits that only further dampen immunity. First, these cells demonstrate an
imbalance of pro- and anti- apoptotic factors that favors apoptosis [5]. Second, T-cell
activation by these cells is greatly impaired [6]. Finally, interaction of these cells with
HIV-1 virions results a reduced capacity to communicate with NK cells thereby limiting NK
cell activity [7].

Though HIV-1 can infect dendritic cells, it does so inefficiently. This may, at least in the
very early stages of infection, benefit HIV-1 as the lack of replication in these cells may
allow the virus to escape detection by systems that would otherwise trigger the production of
interferon (IFN) [8]. Another well established role of myeloid dendritic cells is to act as
‘trojan horses’ to facilitate transfer of virus to CD4+ T-cells. HIV-1 transfers to CD4+ T-
cells along the immunological synapse that forms between the two cell types [9]. This can
both aid in the infection of T-cells and at least temporarily help the virus avoid detection.

Current knowledge regarding the interaction of denderitic cells with HIV stems mainly from
in vitro studies. Technical hurdles including limited availability of blood from HIV infected
patients, the fact that dendritic cells constitute only a small fraction of blood cells, the loss of
dendritic cells early in infection, and the lack of non-primate animal models, have restricted
the analyses that could be performed. Despite the difficulties associated with in vivo work,
new information is beginning to emerge. Zhang et al. were able to demonstrate, in vivo, that
HIV-1 can infect plasmacytoid dendritic cells and this can lead to activation as well as
functional impairment of these cells as they exhibited reduced responses to TLR7/9
stimulation [10]. This occurred in both the bone marrow and the spleen and correlated with a
decline in CD4+ T-cells [10]. Studies using ex vivo tissue samples, or tissue models to
mimic in vivo environments, have also provided insight as to what may be occurring in an
actual human infection. Indeed models of cervico-vaginal tissue [11] and the male genital
tract [12] have contributed to our understanding of HIV transmission and dissemination.
Notably, models like these have led to the implication of Langerhans cells in the uptake and
transmission of HIV-1 [12]. These studies allude to the importance of dendritic cells in HIV
pathogensis.

The infection of macrophages with HIV-1 contributes to HIV pathology in a number of
ways. HIV-1 infection of macrophages results in activation of the cells and ultimately the
up-regulation of molecules which can trigger apoptosis of CD4+ and possibly CD8+ T-cells
upon contact [13, 14]. Whereas infected T-cells die soon after infection with HIV, infected
macrophages can persist for months and thus act as long-term virus reservoirs. Like
dendritic cells, infected macrophages can transfer HIV-1 to CD4+ T-cells and may activate
naive infected CD4+ T-cells resulting in enhanced transcription of proviruses [15].

Overall, HIV cripples myeloid lineage cell-mediated defenses by: directly depleting these
cells, impairing their ability to communicate with other cell types, employing them to gain
access to CD4+ T-cells, and establishing latent reservoirs.

The HIV-1 genome encodes several specialized proteins that tailor the host cell environment
to facilitate viral replication. Of these, the 17 kDa virion associated protein Vpr remains one
of the least understood in terms of its contribution to HIV replication and pathology.
Interestingly, HIV2 and some SIVs encode two Vpr-like proteins, Vpx and Vpr. While
many functions have been attributed to HIV-1 Vpr, the two most widely accepted are
triggering arrest at the G2 stage of the cell cycle in dividing cells and enhancing infection of
terminally-differentiated macrophages. These are shared with HIV-2/SIV Vpr and Vpx,
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respectively. The arrest function has been linked to the association of Vpr with the CRL4
ubiquitin ligase complex through the adapter protein DCAF1 [16–22] (Figure 1). This
association is required for the establishment of an intracellular state that mimics a DNA
damage response [17, 23].

Is triggering G2 cell cycle arrest the function that Vpr evolved to execute or a by-product of
another role that Vpr plays? Goh et al. proposed that the G2 phase of the cell cycle, when
cellular chromatin has been replicated, but before cellular structures are disassembled in
preparation for cell division, provides an optimal environment for virus production [24].
More recent studies however have shown that the DNA-damage response also triggers the
expression of NK-cell ligands on the surface of infected cells [25, 26]. The purpose of NK
ligand expression on infected cells remains ambiguous at this time.

The role of HIV-1Vpr in macrophage infection also remains to be defined. Early studies
linked HIV-1 Vpr, which has at least two nuclear import signals and one nuclear export
signal [27], to translocation of the pre-integration complex into the cell nucleus [28–32].
Though Vpr does possess nuclear import signals, these are also present on other components
of the pre-integration complex [33]. As such, redundancy may exist to ensure import under
various conditions. Other evidence however suggests nuclear import can occur without any
of the previously identified virion associated nuclear import signals [34, 35]. HIV-1 infects
macrophages less efficiently than HIV-2/SIV does, but in that context Vpr can make an
important difference in establishing an infection. The increased efficiency of HIV-2/SIV
infection can be attributed to the action of Vpx which was shown to defeat a dominant
inhibitor of retroviral replication that is found in cells of the myeloid lineage [36–38].

Recent lessons from Vpr and its HIV-2/SIV paralogs Vpr and Vpx
HIV-1 does not infect macrophages as efficiently as it does CD4+ T-cells. Nonetheless
macrophages are productively infected by HIV-1 and Vpr plays a key role in this process
[39]. HIV-2 and SIV, on the other hand, exhibit remarkably greater macrophage infection
efficiency than HIV-1 and this has been attributed to Vpx [40]. Phylogenic analysis suggests
that HIV-2 Vpr and HIV-2 Vpx arose from a gene duplication event of an HIV-1 Vpr like
precursor [41]. The capacity of HIV-2 Vpx to profoundly boost macrophage infection was
attributed to its ability to thwart the function of an anti-viral factor. New information
regarding the interplay between HIV-1 Vpr and SIV/HIV-2 Vpx and host anti-viral proteins
is rapidly emerging and providing important clues regarding the role of HIV-1 Vpr in human
infections.

Two groups in ground-breaking, back-to-back publications described the use of co-
immunoprecipitation to isolate SAMHD1 as a cellular partner for SIV/HIV-2 Vpx [42, 43].
They also demonstrated that this protein assembles with the CRL4 ubiquitin ligase complex
in a Vpx dependent manner and that cells are depleted of SAMHD1 in the presence of Vpx.
Importantly, depleting SAMHD1 enhanced infection of both dendritic cells and
macrophages [42, 43] by helping the virus to overcome a block in reverse transcription [42].
Interestingly, while work by Laguette and colleagues shows that SAMHD1 expression
correlates with viral restriction [43], Hrecka purified SAMHD1 from the HEK 293T human
embryonic kidney cell line. This line is not refractory to infection by HIV-1 bearing the
VSV-G protein in place of the HIV-1 env glycoprotein [42]. This observation of course
suggests that SAMHD1 may be necessary but not sufficient for retroviral restriction. The
pattern of virus restriction is summarized in Figure 2.

SAMHD1, as the name indicates, is characterized by both a sterile alpha motif (SAM) and
metal-dependent phosphohydrolase (HD) domain. Mutations in SAMHD1 are present in
almost a fifth of all Aicardi-Goutières Syndrome patients. In these patients the lack of
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SAMHD1 function triggers symptoms that resemble viral infection. This parallels
deficiencies in other enzymes that prevent accumulation of nucleic acid pools that could
trigger an innate immune response. Nucleic acid pools could include those generated by
viral infection. Enzymatically, SAMHD1 acts as a dGTP-regulated deoxynucleotide
phosphohydrolase [44, 45].

Another recent publication also focused on the impact of cellular restriction factors on
retroviral infection. Pertel et al. investigated the effect of interferon-beta (IFN-β) and
lipopolysacharide (LPS) on infections in monocyte-derived macrophages and dendritic cells
[46]. They found that treatment with these two agents triggered mobilization of what
appears to be yet another barrier to retroviral infection. While the SAMHD1 block targets
the virus during reverse transcription, the LPS/IFN-β-induced restriction appears to be at or
near the nuclear import of the pre-integration complex and before proviral integration.
Interestingly, only HIV-1 but not HIV-2 or SIV infection benefited from Vpx action against
the induced MDDC restriction. This suggests that HIV-1 may bear a unique feature in its
nucleic acids or proteins that allows it to escape the antiviral factor in the presence of Vpx.
Further, while Vpx relieves the block, it does not require DCAF1, the adaptor that HIV1 Vpr
and Vpx use to tap ubiquitin ligase function. This leaves open the possibility that Vpx either
blocks the factor directly or directs its depletion through other proteins. Thus, Pertel et al.
have identified yet another HIV restriction factor that can be defeated by a viral protein. All
of the dendritic cell restrictions are summarized in Figure 3.

Together these recent findings provide new information regarding cellular inhibitors of
retroviruses but also raise a number of new questions. HIV-2 and SIV encode Vpx to thwart
the as-yet-uncharacterized antiviral action of SAMHD1 that blocks replication during
reverse transcription. The catalytic site of SAMHD1 had to be maintained for it to have
antiviral activity, but since no enzymatic function was measured in these assays it is not
apparent whether the site needed to be maintained to preserve a conformation, an intra-
molecular interaction, or a function. It is also not clear whether the action of SAMHD1
impacts virus directly or indirectly.

Does HIV-1 Vpr also tag SAMHD1 for destruction albeit less efficiently? HIV-1 Vpr didn't
facilitate the interaction between SAMHD1 and the CRL4DCAF1 complex but perhaps Vpr
performs a similar function in a different cell-type and/or together with different co-factors.
Depletion of SAMHD1 in dendritic cells improved HIV infection much more dramatically
than it did in macrophages. Neither HIV-1 nor HIV-2 however is known to infect dendritic
cells efficiently. Here of course the second restriction, highlighted by Pertel, may provide an
explanation because while Vpx depletes SAMHD1, it also circumvents the second block.
The second block acts on both HIV-1 and on HIV-2/SIV, yet Vpx aids only HIV-1 which
doesn't encode Vpx. The interplay between HIV-1 and HIV-2 Vpx is most likely to occur in
individuals infected with both viruses. Interestingly, a prospective study of Senegalese
commercial sex workers showed that HIV-2 infection may reduce the risk of subsequent
HIV-1 infection rather than enhancing it [47].

What do the studies of Vpx function reveal about HIV-1 Vpr? They highlight the fact that
there are more cellular proteins that block HIV infection than were previously identified.
These add to the list of antiviral defenses that so far includes Trim5α, APOBEC3G and
Tetherin. These defenses may of course be constitutively present or inducible upon viral
infection. We also learned from these studies that the Vpr-like proteins may have multiple
targets that can be defeated by at least two mechanisms, one requiring the DCAF1 adaptor
protein and the other not. Indeed, HIV-1 Vpr can direct depletion of, UNG2 and SMUG1
[48] and of an as-yet unidentified protein that is required for cell cycle progression beyond
G2.
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Further if Vpr cannot defeat these targets they may be good candidates for stopping HIV-1.
However, given the similarities between HIV-1 Vpr and HIV-2/SIV Vpx, HIV-1 Vpr could
evolve to counter the antiviral factor. Its evolution on the other hand could be constrained
through overlap with another vital function. While many HIV-1 Vpr and HIV-2/SIV Vpx
functions have been linked to the CRL4DCAF1 complex the Pertel work also serves as a
reminder that not all Vpr action may dependent on the CRL4DCAF1 complex.

Vpr-mediated up-regulation of NK-cell ligands
The expression of HIV-1 Vpr in CD4+ T-cells, either alone or in the context of an infection,
results in the up-regulation of NK cell ligands and increased NK cell mediated killing of the
Vpr-expressing cells [25, 26]. Pham et al. [49] extended this work by demonstrating that this
phenotype was not restricted to Vpr from common lab strains but rather also observed with
Vpr from primary isolates from various HIV-1 types and clades. Previous work linked the
capacity of Vpr to trigger expression of NK cell ligands with cell cycle arrest which Vpr
causes by inducing an intracellular state similar to that found after DNA damage [26]. Here
the authors further strengthened the correlation of NK ligand induction with G2 cell cycle
arrest. Two of the Vpr alleles tested failed to up-regulate the NK cell ligand ULBP2 in
CD4+ T-cells. One isolate, termed Vpr P, could not associate with the CRL4DCAF1 complex
necessary to facilitate G2 arrest. Another Vpr-type, designated M/D-lo, exhibited an
impaired ability to localize to the nucleus where the DNA-damage signals are likely
triggered. Interestingly M/D-lo associated with the ubiquitin ligase complex but possessed
an extended 12 amino acid C-terminus which was found to hinder the G2 arrest phenotype
as truncation of this extension restored the ability to arrest the cell cycle in G2. The authors
proposed that the extended amino acid C-terminus impairs the ability of Vpr to engage the
yet-to-be-identified cellular factor responsible for cell cycle progression. The impact of Vpr-
mediated NK-cell ligand up-regulation on virus biology is still unclear. As the authors
indicate, up-regulation of NK cell ligands in the presence of Vpr may be a means by which
HIV-1 induces NK cell tolerance by prolonged exposure to up-regulated ligands.
Additionally, soluble Vpr [50] could conceivably make its way into uninfected bystander
cells resulting in increased NK cell mediated killing, further contributing to T-cell depletion.

Vif, Vpr and NK ligands
Recent work by Norman et al. explored the relationship between the HIV-1 proteins Vpr and
Vif, and up-regulation of the NK ligands [51] Vif, another specialized viral protein marks
the cellular cytidine deaminase APOBEC3G for proteasomal degradation by linking it to the
cullin5-elonginB/C complex. In the absence of effective Vif-mediated depletion of
APOBEC3G, this enzyme deaminates cytidines to leave uridines in the proviral DNA.
HIV-1 Vpr has long been associated with uracil-N-glycosylase 2, which executes the first
step in the excision repair process to remove uridines from DNA. The authors of this work
show that Vif and Vpr work together to diminish uridine in DNA, presumably because Vif
lowers ABOBEC3G levels and Vpr taps UNG2 to initiate excision of uridines. The authors
found that UNG2 and Vpr are both required to boosts up-regulation of NKG2D NK-cell
ligands. This is ascribed to a DNA damage response triggered by the UNG2-initiated repair
mechanism.

This work raises a number of new questions. It shows that HIV-1 encodes three proteins that
all impact the capacity of infected cells to escape recognition by NK cells. Nef, previously
shown to down-modulate cell surface proteins like CD4 and MHC-I, masks Vpr-mediated
up-regulation of NK cell ligands. Vif is required to prevent APOBEC3G action, which could
trigger UNG2-mediated repair and therefore activate DNA damage signals. Interestingly
while recent publications show that Vpr causes depletion of UNG2 [48, 52], this work
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shows that depletion of UNG2 with shRNA interfered with NKG2D ligand expression albeit
to a lesser degree than deletion of Vpr. Further they showed that a Vpr mutant that has been
shown not to engage UNG2 or cause its depletion was impaired in its capacity to trigger NK
cell ligand expression. These findings are more in line with earlier studies showing that Vpr
together with UNG2 lowered viral mutation rates. The observations could also suggest that
there may be different uracil-N-glycosylase populations in cells that could have diverse fates
upon expression of Vpr.

Conclusion
HIV-2 is less pathogenic than HIV-1, likely because the two viruses employ different
replication strategies. HIV-1 Vpr, HIV-2/SIV Vpr and Vpx are obviously critical to their
respective viruses in vivo as they are all conserved and their absence or alteration produces
milder diseases both in humans and simian models [53–56]. We propose that HIV-2 is
better, or at least differently, adapted to its host than HIV-1. HIV-2 does not infect dendritic
cells well and thus avoids triggering an interferon response. HIV-2 Vpx markedly enhances
macrophage infection to gain access to a long lived host cell type. As a result, SIV/HIV-2
may have a reduced need to replicate in a more permissive host cell type such CD4+ T-cells.
HIV-1 is less well adapted and thus requires better access to CD4+ T-cells to facilitate
maximal replication. The observation that HIV-2 Vpx can rescue HIV-1 replication but not
its own suggests that HIV-2 may have been selected for limited replication in some
circumstances and enhanced replication in others. HIV-2 could have shifted, or be shifting
its cell tropism to favor a better equilibrium with the host. Perhaps this is why HIV-2 is less
pathogenic. A long lived host could promote viral propagation by enabling both increased
viral replication over time and an increased probability of transmission to a new host. Other
evidence suggests this type of strategy as well. SIV infection in natural hosts, such as sooty
mangabeys, is generally not pathogenic and does not progress to AIDS despite high viral
loads [57, 58]. In sharp contrast, SIV infection in non-natural hosts, like rhesus macaques,
results in obvious pathology, disease progression, and the onset of AIDS. Investigation of
this intriguing SIV dichotomy revealed that while both pathogenic and nonpathogenic
infections initially yield a robust type I IFN response, the response is prolonged during the
chronic phase of infection in pathogenic macaque models but wanes in nonpathogenic
natural hosts [59, 60]. This may play a substantial role in the chronic immune activation that
is thought to promote the loss of CD4+ T-cells and progression to AIDS [61, 62]. HIV-2 Nef
impairs the formation of immunological synapses where as HIV-1 utilizes the synapses to
enter CD4+ T-cells [9, 63]. It is conceivable that impairment of immunological synapse
formation could result in less activation and therefore less type I IFN production. This
coupled with factors such as Vpx that enable the virus to persist in an otherwise non-
permissive cell type, could enable HIV-2 viral propagation with reduced injury to the host.

HIV-1-mediated modulation of NK-cell ligands draws attention to another interesting facet
of HIV biology. Here it appears that HIV-1 depends on Vif to deplete APOBEC3G to assure
that UNG, interacting with Vpr, doesn’t trigger NK-cell ligand expression at the surface of
infected cells. This interplay could of course regulate not only HIV-1 function in the
infected cell but also interactions between the infected cell and NK cells.

These recent findings raise a number of stimulating questions to help guide future research.
These include the following:

1. Have HIV-1 Vpr and its HIV-2/SIV paralogs evolved entirely separate functions?
All appear to have evolved the capacity to engage CRL4 ubiquitin ligases, but do
they share ubiquitination targets?
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2. Should we be looking at more than infectivity? Vpx appears to be a powerful
regulator of infectivity but the studies showing that HIV-1Vpr triggers cell surface
expression of NK cell ligands are a powerful reminder that Vpr could be
controlling intracellular interactions.

3. Are we looking at the effects of Vpr on infectivity in the correct cell types?

4. Does HIV-1 Vpr-mediated degradation have a specific target or does it target a
class of proteins? Two known HIV-1 Vpr targets: UNG2 and SMUG1 share a
tryptophan-X-X-phenylalanine motif that has been shown be vital for the Vpr
interaction with UNG2. Do all HIV-1 Vpr targets share this motif?

5. Does Vpr work in concert with additional HIV-1 proteins? From the Work of
Norman et al. we see that the balance between Vif, Vpr and Nef determines
whether and how much NKG2D ligand is expressed at the surface of infected cells.
Are there additional interactions? For example Vpx aided HIV-1− but not HIV-2/
SIV−infection in dendritic cells in the presence of IFN-β. What is unique about
HIV-1 that allowed its rescue?

6. How do small proteins like Vpr and Vpx enhance target ubiquitination? Are they
required for the ubiquitin ligase to engage the substrate or do they make the
interaction more efficient?

7. Why does SAMHD1 exert antiviral functions in some cell types but not others?
This protein is present in cells where infection is not restricted. Is restriction
dependent on pathways that don’t exist in some cells?

Answering these questions will further contribute to unmasking the role that the enigmatic
Vpr protein plays in HIV-1 infection and pathogenesis. Discovering the function of Vpr will
of course help in the development of additional therapeutic strategies against this virus.
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Key points

• The HIV-2/SIV-encoded HIV-1 Vpr paralog Vpx targets the cellular protein
SAMHD1 for destruction through the CRL4 ubiquitin ligase complex.

• SAMHD1 expression is required for a block in reverse transcription in cells of
the myeloid lineage.

• Vpx can defeat another block to HIV-1 infection in LPS- or IFN-β-treated
monocyte-derived dendritic cells that stops the virus after the point of SAMHD1
action.

• Vpr from various primary HIV-1 isolates triggers expression of NK-cell ligands
on the surface of infected cells.

• Vpr-triggered NK-cell ligand expression depends on the interplay between
HIV-1 proteins Vif and Vpr and the cellular proteins APOBEC3G and UNG2.
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Figure 1.
Structure of the CRL4 ubiquitin ligase complex and a summary of its associated functions in
the presence of Vpr or Vpx
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Figure 2.
Pattern of HIV-1 and HIV-2/SIV restriction in monocyte-derived dendritic cells and
macrophages
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Figure 3.
Summary of current knowledge of myeloid cell restrictions and Vpx-mediated
countermeasures
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