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Abstract

:

The expression of intrinsic antiviral factors by myeloid cells is a recently recognized mechanism of restricting lentiviral replication. Viruses that enter these cells must develop strategies to evade cellular antiviral factors to establish a productive infection. By studying the cellular targets of virally encoded proteins that are necessary to infect myeloid cells, a better understanding of cellular intrinsic antiviral strategies has now been achieved. Recent findings have provided insight into how the lentiviral accessory proteins, Vpx, Vpr and Vif counteract antiviral factors found in myeloid cells including SAMHD1, APOBEC3G, APOBEC3A, UNG2 and uracil. Here we review our current understanding of the molecular basis of how cellular antiviral factors function and the viral countermeasures that antagonize them to promote viral transmission and spread.
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1. Introduction


Intrinsic Anti-Viral Factors Limit Infection of Myeloid Cells by HIV and SIV


Myeloid cells, including dendritic cells and macrophages, play an important role in the innate and adaptive immune response against viral pathogens like HIV. Myeloid cells are also important targets of HIV and SIV [1,2]. Macrophages and dendritic cells (DCs) express the necessary receptors (CD4 and chemokine co-receptor(s)) required for HIV-1 entry and, like CD4+ T cells [3,4], are amongst the earliest targets for HIV-1 and SIV in vivo [5,6], (reviewed in [7]). HIV and SIV have been detected in macrophages in secondary lymphoid tissue by in situ hybridization in vivo [8,9]. Moreover, at later stages of pathogenesis, HIV infected macrophages are thought to be the cause of AIDS related encephalopathy [10], and SIV infected macrophages cause an analogous central nervous system pathology in the rhesus macaque model [11]. However, myeloid cells are somewhat resistant to HIV and SIV infection because they express high levels of host restriction factors that represent significant post-entry blocks to HIV-1 infection [12,13].



DCs propagate HIV-1 primarily by trans infection, a pathway in which DCs capture and transmit internalized viral particles by C-type lectin receptors, a family that includes DC-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN), and mannose binding C-type lectin receptors (MCLR) [14,15]. A heparin sulfate proteoglycan dependent pathway and a cholesterol-dependent pathway for internalization of intact viral particles have also been described [16,17]. More recently, it was shown that sialyllactose is a molecular recognition pattern in gangliosides in the HIV-1 membrane that allows DCs to capture viral particles [18,19]. In addition, galactosyl ceramide can mediate cell to cell transfer of HIV-1 from dendritic cells to T lymphocytes [20].



Productive infection of DCs with HIV-1 has also been reported in vitro [21]. However, only a small percentage of DCs have been found to be infected in vivo [22] and most evidence indicates that DCs do not replicate HIV efficiently. Therefore, the contribution of HIV infection of DCs to pathogenesis requires further study. It is possible that the main role of DCs in HIV disease is to transmit internalized viral particles to CD4+ T cells rather than to directly support productive infection [14,23] (reviewed in [24,25]).



Within the myeloid lineage, macrophages are thought to be the most permissive to HIV-1. Macrophages become permissive to HIV-1 following differentiation because of a decrease in the expression of host restriction factors [12,13]. In addition to being infected, there is also evidence that macrophages archive HIV-1 virions for transfer to CD4+ T lymphocytes via the virological synapse, an HIV-induced interface between two cells that facilitates cell to cell infection [26]. Infection of macrophages may be particularly important because, compared to HIV-infected T cells, infected macrophages have a relatively long half-life [26]. In sum, current data indicates that myeloid cells play an important role in the pathogenesis of HIV-1 infection as a relatively long-lived target of HIV and as a viral conduit to CD4+ T cells.





2. Viral Factors Counteract Intrinsic Antiviral Factors; the Role of Vpx in SIV Pathogenesis


HIV-1, HIV-2 and SIV contain accessory proteins that promote infection of myeloid cells: HIV-2 and simian immunodeficiency virus of sooty mangabeys (SIVsm) encode Vpr and Vpx, a protein that originated from Vpr [27], while HIV-1 only encodes Vpr [28] (reviewed in [29,30,31,32], Figure 1). SIVs related to HIV-2/SIVsm lacking Vpx (Δvpx) are significantly less efficient than wildtype SIVs at establishing an infection in the pigtail macaque model by intrarectal or intravenous inoculation [33,34]. Animals infected with SIV Δvpx maintain lower viral loads and higher CD4+ T cell counts than animals infected with wildtype SIV. However, Rhesus monkeys infected with SIV Δvpx eventually acquire AIDS related symptoms, indicating that while Vpx promotes infection, it may not be absolutely required for pathogenesis in vivo [35].
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Figure 1. Genomic organization of HIV-1/SIVcpz, SIVagm and HIV-2/SIVsm [32]. HIV‑1 contains the vpu accessory gene, but not the vpx accessory gene. HIV-2 and SIVsm encode vpx but not vpu. SIVagm encodes neither vpu nor vpx. 
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2.1. In vivo Studies of Vpx Function


A number of studies have been performed to better define the activities of Vpx in vivo. One such study examined SIVmne027 infection in pigtail macaques plus or minus the expression of a functional Vpx protein [33]. Seven to 10 days following intrarectal inoculation, wildtype SIVmne027 infected macaques had viral loads almost 100 fold higher than SIVmne027 Δvpx infected animals. CD4+ T cell counts were reduced from baseline in wildtype SIVmne027 infected animals, but not in SIVmne Δvpx infected animals. Based on in situ hybridization, 98% of infected cells found in secondary lymphoid tissue were lymphocytes, whereas infected myeloid cells were rare (fewer than 2% of infected cells were HAM56+ macrophages and no infected DCs were found) [33]. The dramatic effect of Vpx on infection of CD4+ T cells in vivo seems to contrast with the in vitro results that indicate a primary role for Vpx in the infection of myeloid cells (see below) [33]. Further studies are clearly needed to better understand this apparent enigma.




2.2. In vitro Studies of Vpx Function


In cell culture models, Vpx has only a minimal effect on infection of primary T cells whereas Vpx dramatically enhances lentiviral infection of macrophages. The effect of Vpx on infectivity correlates with enhanced accumulation of 2-LTR circles (dead-end HIV-1 cDNAs measured because they are proportional to the amount of nuclear HIV-1 cDNA [36,37]). This activity of Vpx requires expression of the host protein, damaged DNA binding protein 1 (DDB1), the E3 ubiquitin ligase complex scaffolding factor previously shown to be required for Vpr to cause cell cycle arrest [37]. It was proposed that the interaction of Vpx with DDB1 led to the degradation of host proteins that are detrimental to viral replication [2,37].



2.2.1. Vpx Targets the Host Factor SAMHD1


Recent studies have now demonstrated that Vpx promotes macrophage and DC infection by targeting the cellular factor, SAMHD1 [38,39] (also reviewed in [40,41]). SAMHD1 was initially identified as a host protein that bound to Vpx [38,39]. Subsequent studies demonstrated that silencing SAMHD1 enhanced HIV-1 and SIV Δvpx infection of myeloid cells [38,39]. SAMHD1 silencing also enhances HIV-1 infection of resting CD4+ T cells, suggesting that SAMHD1 also restricts HIV-1 infection in quiescent T cells [42,43]. Conversely, ectopic overexpression of SAMHD1 reduced HIV-1 and SIV Δvpx infection of otherwise permissive cell lines [39]. Based on these data, SAMHD1 is necessary and sufficient to inhibit infection of myeloid cells and quiescent CD4+ T cells by lentiviruses not expressing Vpx [38,39].



SAMHD1 contains a putative HD domain that provided investigators with some clues as to the role of SAMHD1 in lentiviral infection [39]. HD domains contain conserved histidine and aspartate catalytic residues and are found within a superfamily of metalloenzymes with known or predicted phosphohydrolase activity [44]. Studies by Goldstone et al. [45] and Lahouassa et al. [46] have recently provided evidence that SAMHD1 inhibits HIV-1 infection in myeloid cells by restricting the intracellular pool of dNTPs (highlighted in [47] and [48], respectively, Figure 2). Recombinant SAMHD1 reduces the concentration of all four dNTPs by direct hydrolysis in vitro [45,46] and expression of, SAMHD1 in myeloid cells reduces dNTP concentrations to a level that is suboptimal for reverse transcription [46]. Silencing SAMHD1, providing Vpx in trans and provision of exogenous deoxynucleosides all increase the amount of available dNTP [46] and dramatically increase myeloid cell permissivity to HIV-1 and SIVΔvpx. Thus, the main mechanism employed by SAMHD1 to restrict lentiviral infection is dNTP hydrolysis.



Given the striking ability of SIV Vpx to stimulate HIV-1 infection of myeloid cells by inhibiting SAMHD1, it is puzzling as to why HIV-1 appears to lack an equivalent activity against SAMHD1. Some have suggested that myeloid cells play a limited role in the propagation of HIV-1 in vivo because CD4+ T cells are more permissive to HIV [48]. Others predict that infection of some types of myeloid cells by HIV would be detrimental to the overall infection [48]. This hypothesis is supported by experiments in which coerced infection of dendritic cells treated with Vpx containing VLPs was found to trigger an IFN response that inhibited the infection of other cell populations [49]. Despite this hypothesis, HIV-1 infected CD11c+ macrophages are frequently found in lymph node biopsies from chronically infected individuals [50], and any anti-viral cytokines secreted by these cells are insufficient to contain the infection. Thus, additional experiments will be needed to better understand whether SAMHD1 has an effect on the infection of myeloid cells during HIV-1 infection in vivo.
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Figure 2. Mechanisms in myeloid cells that inhibit HIV-1 reverse transcription. dNTPs are dephosphorylated by SAMHD1 (1). A high intracellular concentration of dUTP relative to dTTP in myeloid cells increases the incorporation of deoxyuridine into HIV-1 cDNA by reverse transcriptase (2). A3A deaminates cytidine to uridine in HIV-1 cDNA (3). A question mark (?) indicates that A3A may slow reverse transcription through an unknown mechanism. UNG2 catalyzes the removal of uracil from HIV-1 cDNA, and may lead to fragmentation or degradation of HIV-1 cDNA (4). 
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2.2.2. Vpx Counteracts SAMHD1 via the Ubiquitin Ligase Complex DDB1 and CUL4A


Recent studies have demonstrated that Vpx counteracts SAMHD1 by targeting the restriction factor for degradation [38,39]. In Vpx expressing cells, SAMHD1 interacts with the ubiquitin ligase complex DDB1-CUL4A-DCAF E3 [38,39]. Vpx-dependent degradation of SAMHD1 is prevented by silencing DCAF1 or by inhibiting proteasomal degradation [38,39]. These studies support the model that Vpx degrades SAMHD1 by promoting its interaction with the DDB1-CUL4-DCAF E3 ubiquitin ligase complex, which promotes SAMHD1 ubiquitylation and proteasomal degradation.



Interestingly, Vpx stimulates infectivity in primary human macrophages to a greater extent than SAMHD1 knockdown [46]. While this observation might be explained by partial knockdown of SAMHD1, it is also possible that SAMHD1 is not the only target of Vpx that is relevant in myeloid cells. Indeed, it has been reported that Vpx causes partial degradation APOBEC3A, another potential host restriction factor in macrophages [12].






3. Viral Factors Counteract Intrinsic Antiviral Factors; the Role of Vpr in HIV and SIV Infection


In comparison to Vpx, which is encoded by only two lentiviral lineages, Vpr is conserved amongst all primate lentiviruses [27]. However, a requirement for Vpr is harder to demonstrate in vitro and is more prominent at low multiplicity of infection (MOI) [51]. While the major effect of Vpr seems to be to enhance infection of macrophages there is also evidence Vpr can enhance the infection of activated CD4+ T lymphocytes under some conditions [21,52,53,54].



3.1. In vivo Studies of Vpr Function in SIV Infected Macaques


To examine the role of Vpr, investigators have utilized rhesus macaques infected with SIVmac239, which causes AIDS like symptoms. In these studies, an SIV containing a mutation in the Vpr start codon (SIVmac239 vpr−) reverted to wild type in 3 of 5 animals [55]. Low viral load was observed in the two animals infected with virus that did not revert. However, in a subsequent study, using an SIVmac239 vpr− deletion mutant that cannot revert in vivo, 2 of 4 animals infected with SIV Δvpr developed AIDS like symptoms [56]. Therefore, Vpr may not be absolutely required for the development of AIDS in this model system.




3.2. The Role of Vpr in HIV Pathogenesis


Unlike SIV, HIV does not contain Vpx and does not require Vpx for infection in vivo. Vpr is contained within HIV and is more conserved among primate lentiviruses than Vpx [27]. However, Vpr has a comparably modest effect on macrophage and dendritic cell infection [21,52,54]. While in vivo studies have not been able to directly address the contribution of Vpr to HIV-1 pathogenesis, a Vpr allele with attenuated cytopathogenicity in vitro has been isolated from a long-term non-progressor [57]. These findings suggest that Vpr is important for HIV replication in vivo.




3.3. In vitro Studies of Vpr Function


Further investigation is needed to understand how Vpr stimulates infection. Some SIV Vpr alleles are able to degrade SAMHD1 in a species-specific manner. However all HIV-1 Vpr alleles that have been tested lack activity against human SAMHD1 [27]. The interaction of Vpr and DDB1 results in the ubiquitin mediated proteasomal degradation of UNG2 [58]. However, the role of UNG2 has been controversial with studies showing both positive and negative effects, as discussed below. Thus, Vpr may also target an additional unknown cellular factor to mediate its full complement of functions.



Uracil as a Restriction Factor


Non-dividing cells, such as macrophages, have been reported to have a high dUTP/dTTP ratio relative to CD4+ T lymphocytes [59]. In macrophages, the intracellular ratio of dUTP to dTTP is sufficient to allow uracil incorporation into viral cDNA, while the dUTP to dTTP ratio in PBMCs is not [59] (Figure 2). If uracil incorporation into viral DNA restricts viral replication (reviewed in [60]), the dUTP/dTTP ration in macrophages predicts this restriction would be more efficient in macrophages than in CD4+ T lymphocytes.



In a separate study, that measured incorporation of uracil into HIV DNA (uracilation) in primary T cells 48 hours post infection, uracil was only detected in the absence of both Vpr and Vif expression [61] (highlighted in [62]) and was not apparent in wild type virus. To detect uracil incorporation, this study utilized uracil DNA glycosylase (UDG), which removes the uracil base from uridine containing DNA rendering uracilated templates inactive for subsequent PCR amplification. Because uracilation was only detectable in the absence of Vif and Vpr, it was hypothesized that both Vif and Vpr play a role in reducing uracil incorporation. Vif acts by inhibiting the host restriction factor, APOBEC3G (A3G), a cytosine deaminase, which increases uracil incorporation in single stranded viral DNA during reverse transcription by deaminating cytosine residues [63]. Vpr may reduce uracil incorporation by activating DNA repair pathways [61]. As described above, Vpr is known to interact with UNG2, a cellular uracil glycosylase, which normally functions to remove uracil incorporated into DNA [58,64]. Vpr also activates ATM and ATR DNA damage signaling pathways [65], which in turn stimulate repair of DNA (reviewed in [66,67]). Interestingly, macrophages do not appear to express ATR [65]. If ATR is necessary for the repair of uracil containing DNA, then uracilation of the HIV genome may be a more important restriction factor in macrophages than in T cells.



Data from other studies have provided evidence that UNG2, is recruited into the viral particle and is necessary for HIV cDNA stability [68]. The authors of these studies used the differential ability of Taq and Pfu polymerases to demonstrate the presence of uracil containing templates. These studies revealed that depletion of UNG2 in virus-producing cells substantially increases uracil incorporation into early reverse transcripts in the target cell. In addition, these authors used a synthetic uracil‑containing primer-template substrate to demonstrate that recombinant UNG2 and HIV-1 RT can cooperate to repair uracilated DNA in a cell-free system. These data suggest that UNG2 supports viral replication by catalyzing repair of uracilated viral cDNA.



There is also evidence that UNG2-dependent uracil deglycosylation is detrimental to viral infection (reviewed in [69], Figure 2). In support of this model, one study demonstrated that expression of the UNG2 inhibitor, Ugi, or silencing of UNG2 in virus producing cells partially blocks the antiviral activity of A3G against mutant HIVs that lack vif− [70]. Thus, UNG2-dependent deglycosylation of hyperuracilated DNA and subsequent cleavage by apurinic endonucleases may lead to viral cDNA degradation or inhibition of reverse transcription [70].



Another recent study observed positive effects of uracilation on overall HIV infection. These authors measured uracil incorporation at 10 hours post infection, before integration has occurred and provided evidence that uracilation promotes integration by limiting the nonproductive autointegration pathway that produces two LTR circles [71]. To measure uracilation, these investigators took advantage of the differential abilities of Taq and Pfu to amplify a uracilated template. In addition, an in vitro integration assay was employed to measure the efficiency of integration of DNA containing varying amounts of uracil. In this assay, less autointegration was detected when templates contained more uracil. Thus, this study concluded that uracil incorporation into HIV cDNA can actually have a beneficial role in HIV infection by inhibiting non-productive auto-integration pathways.






4. Viral Factors Counteract Intrinsic Antiviral Factors; Vpx and Vif Counteract APOBEC Family-Mediated Restriction


Vif, an HIV accessory protein, protects the viral genome by degrading the host restriction factor A3G [72]. In the absence of Vif, A3G is packaged within viral particles and renders them non‑infectious in the next round of replication through hypermutation of viral cDNA or inhibition of reverse transcription [73]. A3G is expressed in a wide range of cell types that includes the primary targets of HIV-1, CD4+ T lymphocytes and macrophages [74].



Increasing evidence suggests that A3G is a member of a family of cytidine deaminases that plays a role in host innate immunity (reviewed in [75]). It was recently discovered that APOBEC3A (A3A), one member of this family, is highly expressed in myeloid cells. The high level expression of A3A in immature monocytic cells contributes to their resistance to HIV infection [12,76] (Figure 2). Upon differentiation of monocytic cells into more mature macrophages, A3A expression decreases [76]. Remarkably, it was found that silencing A3A in monocytes infected with HIV-1 GFP reporter increases virus particle production 3 to 4 fold [76]. Similarly, it was reported that A3A silencing increases HIV infection of primary macrophages, dendritic cells, and the monocytic cell line, THP-1, by 5–7 fold [12]. In the same study, the authors demonstrate that Vpx reduces A3A expression in 293T cells co-transfected with plasmids expressing A3A and SIVMAC Vpx. Based on this data it appears that A3A may be an additional target of Vpx that leads to increased permissivity of myeloid cells to lentiviruses.



There is a great deal of evidence that most A3 family members act within the viral particle such that A3 expression in the viral producer cells determines the requirement for Vif. However, recent studies have provided evidence that in some cases A3 expression in target primary macrophages may also play a role [77]. Because A3 proteins favor certain target sequences for deamination, it is possible to link patterns of mutation to particular A3 family member activity. While A3G targets 5'-CC sequences for deamination on the (−) strand, leading to 5'-AG hypermutations on the (+) strand, the other APOBEC proteins preferentially deaminate the 5'-TC dinucleotide sequence (reviewed in [78]). Because an analysis of HIV DNA amplified from macrophages using PCR revealed G to A hypermutation with a strong 5'-TC (−) strand bias, the authors concluded that a non-A3G APOBEC protein was playing a role. In sum, these studies indicate that A3 family members are capable of acting on HIV in the target cell and that A3A is a strong candidate for this role in macrophages [12]. However, because only 1% to 6% of HIV-1 sequences amplified contained G to A hypermutations, this study also concluded it is unlikely that A3A mediated hypermutation accounts for A3A mediated lentiviral restriction in myeloid cells and propose that A3A has other mechanisms to inhibit HIV (Figure 2) [77]. We may be only beginning to understand the antiviral properties of A3 proteins.




5. Conclusion


Macrophages and DCs are important cell types in the pathogenesis of SIV and HIV because they are early targets for infection [5] and long-lived virus-producing cells capable of promoting viral transfer to CD4+ T cells [26]. Thus, it is important to understand innate immunity to lentiviral infection in these cell types. Recent evidence suggests that myeloid cells have unique innate immune factors that counteract lentiviral infection, including high expression of the myeloid-specific host restriction factors (SAMHD1 and A3A) and a high intracellular dUTP/dTTP ratio. It is still unclear whether or how these mechanisms cooperate: Does SAMHD1 nucleotide hydrolysis elevate the dUTP/dTTP ratio? What is the relative impact of uracil incorporation by A3A deamination compared with misincorporation of dUTP by reverse transcriptase? Does the increased time required for reverse transcription in the presence of SAMHD1 and low concentrations of dNTPs make the preintegration complex more susceptible to deamination by A3A? A better understanding of the relative importance of each of these pathways and their interplay is crucial for the development of new therapies to enhance innate immunity to HIV infection in myeloid cells.
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