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Editorial on the Research Topic 


HIV/SIV basic research update


Since its identification as an etiological agent for acquired immunodeficiency syndrome (AIDS) and AIDS-related disease complex (ARC) in 1983, the extent of studies on human immunodeficiency virus type 1 (HIV-1) has been unprecedented (1). Because of the severity of the disease, its pandemic nature, and also the inherent intellectual curiosity of scientists for the novel virus, we virologists have made every effort to explore HIV-1 and related viruses in detail. From these far-reaching systemic studies performed by numerous virologists and their colleagues in different expert fields, we have gained a remarkably wide variety of basic and medical virological knowledge and insights on a range of HIV/AIDS issues (2–7). It should be noted here that the achievements in HIV-1 research in the four decades since its discovery (i.e., those of actual virological findings, virological concepts, strategic approaches, practical experimental tools/systems, scientific findings/concepts/research systems not confined to the virology research field, etc.) are applicable not only to HIV-1 and its related viruses but also to viruses of other families. In this regard, we would like to underscore the importance of the basic and applied HIV-1 research conducted so far for human virology as a whole.

In this Research Topic on HIV/SIV-related subjects (i.e., in our Research Topic designated “HIV/SIV basic research update”), there are nine full articles, six original research and three review articles, contributed by actively working researchers in the HIV/SIV-related fields in Canada, Japan, Rwanda, Uganda, and the USA. Each work presented addresses a currently crucial theme concordant with or closely relevant to the major aim of our Research Topic, as clearly expressed by its title and keywords. Meissner et al. comprehensively summarize the virology of representative primate retroviruses (HIV-1, HIV-2, and human T-cell leukemia virus type1 (HTLV-1)) in the first review article of this Research Topic. They provide a sophisticated overview of the viral replication cycle, genomic and biological diversity, and also of host cellular proteins that most notably affect viral replication. McAllister et al. investigate the Sp family proteins in cells of the monocyte-macrophage lineage and find that the binding of Sp1 to viral LTR increased relative to that of Sp3 following monocytic differentiation. It is also shown that the activity of Sp proteins is additionally regulated at the post-translational level. Miyakawa et al. identify a cellular transmembrane protein MAL that substantially inhibits HIV-1 virion production by the bioluminescence resonance energy transfer (NanoBRET) assay. Of note, the antiviral activity of MAL was partially antagonized by that viral Nef protein. Umviligihozo et al. examine the sequence and function of viral Nef and Vpu proteins in a cohort of Rwandan long-term survivors with HIV-1 subtype A. It is suggested that the attenuated function of Nef, but not Vpu, is responsible for slowing disease progression. Kaku et al. produce five anti-idiotypic antibodies from mice immunized with 1C10, a ladle-type anti-HIV-1 subtype B V3 antibody, in order to analyze the epitope-paratope interactions between 1C10 and HIV-1 V3 loop. They demonstrate that the anti-idiotypic antibodies raised against the potent cross-neutralizing human antibody 1C10 recognize a key amino acid formation essential for steric interactions between the 1C10 and V3 loop. Curlin et al. evaluate virus replication kinetics, CD4+ T cell dynamics, and genetic adaptive changes in humanized BLT mice using three simian immunodeficiency viruses (SIVs) designated SIVmac239, SIVB670, and SIVhu. All three biologically distinct SIVs originating from SIVsm are shown to infect and replicate in these model animals and are found to be genetically adaptable in the hosts. The small model animals, susceptible to both SIV and HIV, may open a novel avenue for future comparative studies. Whitehurst et al. examine the effect of HIV co-infection on Epstein-Barr virus (EBV) replication and EBV-induced tumorigenesis using humanized NSG mice. They demonstrate that HIV co-infection enhances systemic EBV replication, host immune activation, and EBV-induced tumorigenesis. The results showing a direct effect of HIV co-infection on EBV pathogenesis and disease progression may facilitate detailed studies in the future. In their review article, Sukegawa and Takeuchi describe how cells of the monocyte/macrophage lineage influence HIV-1 infection. They focus on the monocyte/macrophage impact on HIV-1 replication and virus-reservoirs establishment. They also refer to recent approaches toward HIV-1 eradication by specific targeting of cells of a monocyte/macrophage lineage. Vargas and Sluis-Cremer outline the so-called “block and lock” therapeutic approach to a functional cure for HIV-1 infection in their review article. They focus on the small molecules, nucleic acids, and recombinant proteins reported to block and/or lock HIV-1 in the latent state, providing a clear overall picture of the “block and lock” approach against HIV-1.

Lastly, we briefly describe the HIV/AIDS issues that remain to be solved. From our perspective, major issues can be organized and summarized as follows: (i) detailed molecular biological understanding of viral replication and viral structural proteins (8–14); (ii) elucidation of viral adaptation and evolution in various circumstances and proactive prediction of viral adaptive mutations (15–17); (iii) clear determination of the biological significance of viral accessory proteins (18–21); (iv) establishment of animal models suitable for each research project (22, 23); (v) identification of viral reservoirs and a functional cure for HIV-1 infection (24–28). While we have accomplished many of the themes listed above in the past four decades, much still remains elusive. Anti-HIV-1 drugs have been successfully developed, and thus AIDS is no longer an incurable disease. However, a complete or functional cure is not yet achieved. Importantly, in addition, scientifically interesting and crucial but unsolved matters await clarification. In collaboration with experts in other research fields, we virologists have to seriously tackle the issues described above and move toward valid anti-HIV-1 strategies with a solid background in biological and molecular biological virology (29, 30).
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Simian immunodeficiency virus native to sooty mangabeys (SIVsm) is believed to have given rise to HIV-2 through cross-species transmission and evolution in the human. SIVmac239 and SIVB670, pathogenic to macaques, and SIVhu, isolated from an accidental human infection, also have origins in SIVsm. With their common ancestral lineage as that of HIV-2 from the progenitor SIVsm, but with different passage history in different hosts, they provide a unique opportunity to evaluate cross-species transmission to a new host and their adaptation/evolution both in terms of potential genetic and phenotypic changes. Using humanized mice with a transplanted human system, we evaluated in vivo replication kinetics, CD4+ T cell dynamics and genetic adaptive changes during serial passage with a goal to understand their evolution under human selective immune pressure. All the three viruses readily infected hu-mice causing chronic viremia. While SIVmac and SIVB670 caused CD4+ T cell depletion during sequential passaging, SIVhu with a deletion in nef gene was found to be less pathogenic. Deep sequencing of the genomes of these viruses isolated at different times revealed numerous adaptive mutations of significance that increased in frequency during sequential passages. The ability of these viruses to infect and replicate in humanized mice provides a new small animal model to study SIVs in vivo in addition to more expensive macaques. Since SIVmac and related viruses have been indispensable in many areas of HIV pathogenesis, therapeutics and cure research, availability of this small animal hu-mouse model that is susceptible to both SIV and HIV viruses is likely to open novel avenues of investigation for comparative studies using the same host.

Keywords: HIV origins and evolution from SIV, SIV cross-species transmission, a dual purpose humanized mouse model for HIV and SIV research, SIVmac and SIVB670 pathogenesis and evolution in humanized mice, viral adaptive changes and evolution, SIV evolution into HIV-2, origin of human pathogens in NHP, origin of human pandemic viruses


INTRODUCTION

The causative agents of AIDS, both HIV-1 and HIV-2, remain entrenched in the human population and continue their onslaught in the ongoing global health crisis. While HIV-1 receives the most attention due to its wider global distribution and prominence, studies on HIV-2 and its relatives have been relatively sparse and infrequent. Ten HIV-2 strains currently exist whose origins are traced back to a series of independent cross-species transmissions of simian immunodeficiency viruses (SIVsm) native to sooty mangabeys (1, 2). Several previous studies have sought to understand the genetic adaptations that were necessary for SIVsm to transition into HIV-2 (3, 4). Interestingly, besides human infections, SIVsm crossed the species barrier infecting additional non-human primate (NHP) species generating strains such as SIVmac and SIVB670 as well as other SIVsm derivatives such as SIVhu (5–10).

So far, over 40 other types of non-human primate derived SIVs have been identified, some with zoonotic potential. Thus, it is important to understand the nature of adaptations that these viruses undergo when transmitted to divergent host species (10). The SIVmac239 virus is a unique immunodeficiency causing virus resulting from an accidental transmission between two different NHP species, in this case from sooty mangabeys to rhesus macaques (5). While SIVsm is relatively harmless to its native host, SIVmac is highly pathogenic to rhesus macaques (9). The ability of SIVmac239 to cause the rapid onset of AIDS-like symptoms in rhesus macaques has led to SIVmac239 and its derivatives becoming important surrogate lentiviruses commonly used for understanding HIV pathogenesis (7, 8). Since the majority of endogenous SIVs do not cause AIDS-like symptoms in their native hosts (6, 11), SIVmac239 also serves as a useful tool for understanding the genetic adaptive changes contributing to the increased virological fitness and mobility between host species. Similar to SIVmac239, SIVB670 is widely used in non-human primate models to study lentivirus pathology (12, 13). SIVB670 is a derivative of SIVsm that was originally isolated from rhesus macaques that had been inoculated with cutaneous lepromatous leprosy lesion tissue homogenates from SIVsm infected sooty mangabeys. Infected macaque lymphoid tissues were then co-cultured with a human T cell line to isolate the virus SIVB670 (6, 14). This virus has been commonly used in HIV research due to its aggressive pathology and immunosuppression (15, 16).

In the context of rare accidental human laboratory exposures to SIVs, a laboratory worker in 1992 became exposed to SIVB670. This subject became virus positive with a productive infection and was carefully monitored for several years (17, 18). While the subject never developed AIDS-like symptoms, viral reactive antibodies were detected and an SIV was isolated from the subject's PBMC. This viral isolate was termed SIVhu denoting its isolation from a human. Genetic analysis of the viral isolate revealed a small 4 bp deletion in the nef gene that is absent in the parental SIVB670 strain resulting in a premature stop codon leading to a truncated non-functional protein (18). Due to its replication in the human and isolation from this source as well as its parental origin from SIVB670, SIVhu virus may represent an evolutionary intermediate variant between SIVsm and HIV-2. In essence, SIVmac239, SIVhu, SIVB670 and HIV-2, all have a common origin in the prototype SIVsm virus. Study of these viruses in a common in vivo setting is likely to provide interesting data in terms of their relative replicative ability and viral adaptation in a new host environment.

Host tropism of viruses and their adaptation to a new host are dictated by a complex interplay between various host and viral factors. Inherent differences exist between humans and non-human primates in terms of host factors and their respective immune environments thus restricting the cross-species transmission of lentiviruses in several ways. In addition to subtle differences in the CD4 and chemokine receptors necessary for viral entry, a number of host restriction factors play a role. Among some of these are tetherin, APOBEC3G (apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G) and TRIM5α (tripartite motif 5α protein), which are all involved in blocking viral production at various points in the viral replication cycle (19–23). While host restriction factors in human cells help impede SIV replication, they allow HIV replication and the reverse is true in simian cells (24–26). Many of the accessory proteins in HIV such as Vif, Vpx, Vpr, Vpu, and Nef are all well-known for their ability to counteract human host restriction factors (19, 27–32). Thus, counteracting restriction factors successfully is a key aspect for cross species viral transmissions.

A suitable and affordable model is necessary to effectively evaluate the initial transmission and gradual adaptation of these viruses. Non-human primate models (NHPs) have historically been important models to study HIV pathogenesis and curative strategies. However, to determine the genetic changes in SIVs that gave rise to HIV, an alternative model that can permit repeated SIV exposures to a human immune system is needed. Humanized mice, which are mice that have been xenografted with human hematopoietic stem cells (HSC), can provide a surrogative human immune environment to delineate the important questions on both SIV and HIV infection process and viral pathogenesis (3, 4, 33–39). Commonly used humanized mice models are hu-HSC and BLT mouse models. BLT mice are constructed by the transplantation of liver/thymus fragments surgically engrafted under the kidney capsule, while hu-HSC mice are derived through the direct injection of HSC (40–44). Both mouse models are capable of producing human T cells, B cells, macrophages, and dendritic cells de novo. Both the models permit HIV infection due to the presence of full immune cell repertoire and have been used widely to investigate areas such as HIV pathogenesis, transmission, and latency (33, 35, 44–47). We previously used the hu-mouse model as a human surrogate system to dissect various aspects of the initial cross-species transmission of SIV chimpanzee virus (SIVcpz) to the human giving rise to HIV-1 and the SIVsm progenitor virus in giving rise to HIV-2 (3, 4, 39, 48–50). These studies provided important insights into the important genetic changes these progenitor viruses had to undergo to quickly adapt to the human host and also shed light on the gradual genetic changes that arose as the viruses were serially passaged multiple times using this system.

The existence of three related viruses namely SIVmac239, SIVhu, SIVB670 that arose in different circumstances, but with a common origin in SIVsm which is a progenitor to HIV-2, provided a unique opportunity to evaluate their ability to cause a potential human infection in a human surrogate hu-mouse model and to ask important questions in an experimental setting. Here we determined if these viruses can infect humanized mice to simulate cross species transmission and serially passaged them in vivo to identify viral adaptive phenotypic and genetic changes with the goal to identify potential common adaptive changes between these three viruses. These studies also opened a new avenue to develop a cost-effective small animal model that can permit in vivo studies on SIVmac239 which is widely studied in more expensive NHP models. Our results show that all three viruses can productively infect humanized mice, cause chronic viremia and affect CD4+ T cell dynamics. Furthermore, evaluation of these serially passaged viruses using this system mimics the necessary viral adaptation needed during the initial phases of viral encroachment into the human population to reveal important mutations among these three viruses.



RESULTS


SIVmac239, SIVB670, and SIVhu Are All Capable of Productive and Chronic Infection in Humanized Mice

To determine if SIVmac239, SIVB670, and SIVhu can establish productive infection, cohorts of five hu-HSC mice were inoculated with one of the three viruses and serially passaged for a total of three generations. Within 1 week of inoculation, SIVmac239 RNA was detected in the plasma using qRT-PCR in all five infected hu-HSC mice demonstrating that SIVmac239 can infect human cells in vivo (Figure 1A). During the first generation, the plasma viral loads continued to climb gradually until ~64 days post-inoculation peaking at over 3.4 × 104 RNA copies/mL. This first generation proved successful chronic infection of human immune cells in hu-HSC mice by SIVmac239. After the virus was serially passaged into a second generation of hu-mice, the viral loads displayed a remarkably similar pattern to the first generation and were detected within 1 week. Interestingly, several individual mice in the third generation displayed drastically higher peak plasma viral loads than the others, reaching 1 × 106 RNA copies/mL within 21 days post-inoculation, suggesting that the virus had fundamentally adapted to human immune cells displaying increased viral fitness in these hu-mice (Figure 1A).


[image: Figure 1]
FIGURE 1. SIVmac239, SIVB670, and SIVhu can successfully initiate productive infection of hu-mice and are capable of serial transmission. (A) SIVmac239, (B) SIVB670, and (C) SIVhu plasma viral loads during three generations of serial passage. Plasma viral loads were assessed using qRT-PCR on a weekly basis for the duration of each passage. The limit of detection was 1 × 103 RNA copies/mL.


SIVB670 displayed a pattern of infection similar to that of SIVmac239. Following the initial inoculation, the virus was detected within the first week (1 × 104 RNA copies/mL) (Figure 1B). The viral loads gradually increased peaking (8 × 104 RNA copies/mL) around 35 days post-inoculation, at which point the viral loads showed a steady but persistent decline until the end of the first generation. In contrast, the second generation was not detected above the limit of detection until ~21 days post-inoculation and the viral loads peaked (3 × 104 RNA copies/mL) lower than the first generation at around 49 days post-inoculation. Interestingly, the plasma viral loads of the third generation were initially over a log lower than those observed in the first generation. However, the third generation showed drastically less fluctuation than the second generation peaking (3.64 × 104 RNA copies/mL) by 63 days post-inoculation.

Within the first generation of infection, SIVhu was initially detectable in the plasma by the first week and remained within a log of that before peaking (6 × 104 RNA copies/mL) around 63 days post-inoculation (Figure 1C). Following this viral peak, the viral loads rapidly dropped to around the limit of detection until the end of the generation. This demonstrated that SIVhu could readily infect human immune cells leading to productive viremia. After serial passaging, the virus struggled to replicate, and did not become detectable in the second generation until around 49 days post-inoculation. Similarly, the third generation was a continuation of the trend seen in the second generation, with the virus remaining undetected until around 63 days post-inoculation before shortly peaking (1.5 × 105 RNA copies/mL). No positive viral loads were detected in any of the uninfected control mice from these studies (Figure 1).



SIVmac239 and SIVB670 Infection Results in CD4+ T Cell Decline, but SIVhu Infection Does Not

One of the hallmarks of HIV infection in humans as well as hu-mice is the depletion of CD4+ T cell lymphocytes during the course of infection (33, 41, 44, 51, 52). In the first generation, SIVmac239 displayed a slight decline in CD4+ T cell levels within the first 100 days post-inoculation (Figure 2A). This resulted in no real net decrease of CD4+ T cell levels. In contrast, the second generation showed an immediate decline in CD4+ T cell levels through 70 days post-inoculation, while the third generation displayed a rapid decline in CD4+ T cells beginning around 28 days post-inoculation as a result of the rapid increase in plasma viral loads. By the end of the third generation, there was a statistically significant difference in the CD4+ T cell decline when compared to the uninfected control hu-mice similar to HIV-1 infection (two-tailed, Student's t-test, p < 0.01) demonstrating that serially passaging SIVmac239 results in a more rapid CD4+ T cell depletion in the humanized mouse model (33, 41, 44, 51, 52).
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FIGURE 2. CD4+ T cells levels during three generations of serial passage of SIVmac239, SIVB670, and SIVhu in humanized mice. (A) SIVmac239, (B) SIVB670, and (C) SIVhu CD4+ T cell levels over three generations. CD4+ T cell levels were monitored bimonthly using flow cytometry. The percent of CD4+ T cells is presented relative to that of CD45+/CD3+ cell populations. Statistically significant CD4+ T cell depletion was seen in the third generation of SIVmac239 (p < 0.01) and SIVB670 (p < 0.05) infected hu-HSC mice relative to the uninfected control (two-tailed Student's t-test).


The first generation of SIVB670 displayed a drastic decline in CD4+ T cells compared to the controls within 14 days post-inoculation (Figure 2B). In contrast, the CD4+ T cell levels in the second generation remained initially stable through 42 days post-inoculation, followed by a decrease in CD4+ T cell levels. By the third generation, SIVB670 displayed a very consistent and gradual decline in CD4+ T cell levels until 56 days post-inoculation, followed by significantly rapid CD4+ T cell decline relative to the uninfected controls (p < 0.05). This data suggests that SIVB670 showed enhanced CD4+ T cell depletion in the humanized mouse model indicative of increased viral fitness to human immune cells by the third generation.

Flow cytometric analysis showed that there was little to no significant CD4+ T cell decline across any of the three generations of serial passaging among mice infected with SIVhu. In fact, the CD4+ T cell levels remained relatively consistent across each generation (Figure 2C). Altogether, this data demonstrates that the truncated Nef protein in SIVhu may delay viral replication kinetics in human immune cells.



Evolutionary Genetic Adaptations Arise During Sequential Passaging of SIVmac239, SIVB670, and SIVhu

In addition to the in vivo pathogenicity of these viruses, adaptation was assessed by identifying non-synonymous mutations that rose in frequency over time that could change the phenotype of the virus. Therefore, we used Illumina-based deep sequencing on plasma viral RNA from two mice (replicates) per generation collected at early, mid, and late timepoints across three serial passages. Paired end reads of the viruses were mapped to the consensus sequence of the starting viral stock. While there were numerous mutations that arose briefly and disappeared at later timepoints, the following criteria were used to identify truly significant variants: (1) Mutations must be non-synonymous and present in the coding sequence (CDS), (2) The mutations must be present in at least four of the data sets which means each variant is present beyond a single replicate in a single generation, (3) Mutations must increase in viral frequency over the subsequent generations, and (4) The frequency of the mutation in the viral population must average at least 50% at the last sequenced timepoint. Eight mutations were found in SIVmac239, 32 mutations were found in SIVB670, and 11 mutations were found in SIVhu that matched these criteria by the end of the third generation (Figure 3, Tables 1–3).
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FIGURE 3. Single nucleotide polymorphisms showing an increase in population frequency over three serial passages. Viral RNAs isolated from two infected hu-mice per viral strain per generation at early, middle, and late timepoints were sequenced. The non-synonymous mutations identified were present in the CDS, had an average endpoint frequency of at least 50%, and were found in at least four timepoints. (A) SIVmac239, (B) SIVB670, and (C) SIVhu variants are plotted based on their position in the genome along the x-axis. The y-axis location denotes the time of collection weeks post-initial infection. Variant population frequency is denoted by the shading color scale for each point. Week 0 corresponds to the frequency in the viral stock pre-inoculation, with the second and third passages being plotted beginning at week 30 and 60, respectively. For each time point, replicates are offset vertically from each other. Both the residue changes and number for each position are listed above their respective locations.



Table 1. Amino acid substitutions accumulated during three passages of SIVmac239 in hu-mice.

[image: Table 1]

Non-synonymous mutations were identified in SIVmac239 after three generations of passage across a number of genes, with the largest concentration in env and nef (Figure 3A, Table 1). Of these mutations, Env D676E and Nef D258N had individual replicate samples in the third generation that had persistently low frequencies, while all the other identified mutations were near 100% population frequency in both replicates. SIVB670 had by far the largest number of qualifying mutations, with a large number of mutations found in gag, pol, env, and nef (Figure 3B, Table 2). Interestingly, though a number of these mutations did increase to a frequency of nearly 100%, quite a few mutations were still at lower frequencies, albeit they had still increased in frequency relative to the stock virus. SIVhu had fewer qualifying mutations than SIVB670, with a relatively even distribution that was slightly weighted toward the 5′ end of the genome with env and nef having the most mutations (Figure 3C, Table 3). Interestingly, all of the mutations found in env were found to be at 100% frequency in the viral population of both replicates of the third generation. One mutation in particular at residue Gag 216, was present in all three viral strains, though the residue change was L → I in SIVhu and L → V in SIVB670 and SIVmac239, which may suggest some shared function in adaptation.


Table 2. Amino acid substitutions accumulated during three passages of SIVB670 in hu-mice.

[image: Table 2]


Table 3. Amino acid substitutions accumulated during three passages of SIVhu in hu-mice.
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DISCUSSION

Here we described a unique human surrogate experimental setting that permitted the evaluation of in vivo infection features of three different SIVsm-derived viruses, namely SIVmac239, SIVB670, and SIVhu in humanized mice. This system enables the simulation of cross-species viral transmission into the human and viral evolution under this selective pressure. Serial in vivo passaging of these viruses in hu-mice allowed for the identification of the genetic changes that potentially occur during the early stages of viral adaptation to humans. In this study, hu-mice mice were exposed to SIVmac239, SIVhu, and SIVB670 by i/p injection to first ascertain their potential for infection of human immune cells in vivo. Viruses isolated from the subsequent serial passages at different stages of infection were subjected to sequence analysis to identify and ascertain if any common changes could be found among these viruses given their shared ancestry. These studies also recapitulated some key aspects of cross-species transmission that we described previously in humanized mice that centered on SIVcpz and SIVsm to shed light on the origins of HIV-1 and HIV-2 from these respective progenitor viruses (3, 4, 48, 50). Of the key observations from this present study, one was that both SIVmac239 and SIVB670 were readily able to infect hu-mice (Figures 1A,B). Viremia was detected within a week following the initial inoculation and persisted for both the viruses beyond 120 days. Successful sequential serial passaging of these viruses in hu-mice imply that these viruses have the capacity for maintaining human-to-human transmission and can evolve further to increased viral fitness.

CD4+ helper T cell loss was evaluated for these viruses across the three in vivo viral passages because this feature is a central hallmark of immunodeficiency and viral virulence (Figure 2). While the CD4+ T cell levels remained steady during chronic infection in passages 1 and 2 of SIVmac239 and SIVB670, a progressive and more rapid loss of these cells was observed during the 3rd passage indicating increased viral adaptation to these cells (Figures 2A,B). SIVhu also displayed productive infection upon the initial i/p inoculation followed by chronic viremia in during the first passage (Figure 1C). However, the SIVhu viral loads were lower compared to SIVmac239 and SIVB670 and it took longer to establish detectable viremia in the 2nd and 3rd passages. Also, in contrast to SIVmac239 and SIVB670, no discernable CD4+ T cell loss could be detected compared to uninfected control mice across all the 3 passages of SIVhu (Figure 2C). The lower replicative capacity of the SIVhu virus is likely due to the defective nature of this virus isolate harboring a deletion in the nef gene (see below).

Sequential serial passaging of each of these viruses for 3 generations in different cohorts of hu-mice allowed the original virus to adapt to the human immune cell environment in vivo and accumulate genetic mutations potentially conferring fitness (Figure 3, Tables 1–3). Overall, relative to SIVmac239 and SIVhu, SIVB670 accumulated the largest number of non-synonymous mutations with corresponding amino acid changes throughout the viral genome (Figure 3B, Table 2). The majority of these changes were found in the 3′ end of the viral genome similar to that found in previous studies on SIVsm and SIVcpz in hu-mouse studies (3, 37, 48–50). Interestingly, one of the most striking features amongst the three passaged viruses was the mutation at residue 216 in Gag that appeared within all three different strains of viruses in a highly conserved part of the genome (26, 53). This residue is part of the gag gene that encodes the capsid protein and is located within the cyclophilin binding loop. Furthermore, it is possible that this residue is involved in TRIM5α antagonism and escape, which is an important barrier to overcome for successful cross-species transmission (54, 55). The dramatic increases in the frequency of viral populations bearing this mutation further supports its potential role in conferring improved fitness (56–58).

While functional studies are needed to fully understand the biological significance of these mutations, their occurrence in known motifs involved in binding interactions provide some potential clues. For example, the amino acid changes at Gag 465 and 469 in SIVB670 are located within a dileucine-motif shown to be responsible for particle association and uptake of Vpx and Vpr in SIVmac (59, 60). This interaction between the DXAXXLL motif and Vpr allows Vpr to be diverted away from the proteasome-degradative pathway, while deletion of this particular motif was shown to result in a total lack of incorporation of Vpx in SIVmac (60). The fact that this motif altered by the D465E mutation had no marked effect on pathogenicity for SIVB670 is notable. It could be due to the fact that the LXXLF motif at the C terminus of the p6gag region remained intact, and that they share some overlap in functionality (60). Just as compelling is that the Gag N469D mutation brings SIVB670 closer to amino acid sequences found in both SIVsmE041 and SIVmac239, which were already aspartic acid residues at this particular location (53). Very few notable mutations were identified in vif, vpr, and vpx in all three viruses studied. However, the SIVhu Vpr G18R residue change is immediately adjacent to a previously described DCAF-1 binding motif canonically found in both Vpr and Vpx which has been implicated in G2 arrest and SAMHD1 degradation, respectively (29).

Both env and nef genes displayed a large number of mutations in all three viruses that increased in frequency over time and may ultimately have functional implications regarding virus-host restriction factor interactions. The Env V67M mutation identified in SIVmac239 increased from 0% frequency in the starting stock virus to 100% by the end of the third passage. This mutation was previously shown to increase viral infectivity (61). The mechanism for this increased infectivity was not tied to neutralizing antibody escape, but was implicated in conferring macrophage tropism (62). Amino acid changes P128T and S135A of SIVB670 in the Env are located within the V1 hypervariable loop region implicated in neutralizing antibody susceptibility (63, 64). Since proline residues contributing to high degree of conformational rigidity are less frequent in protein binding sites, its substitution for a threonine could suggest a shift in functionality for this region of the protein (65). Other mutations such as Env G430R in SIVhu occurred in the V4 loop and could potentially affect neutralization. Additional mutations that were identified, but did not meet the previously described criteria, such as Env I421K, R425G, and Q428R all occurred in the V4 loop of SIVB670 and could be involved in neutralizing antibody escape due to undergoing variation early in infection (66–68). The R425G substitution, at approximately the equivalent P421 residue in SIVmac239, has been directly implicated in neutralizing antibody escape and increased infectivity when mutated into P421Q in SIVmac239 (61). Env N201S, and R481Q in SIVB670 and T481A in SIVmac239 occur within N-linked glycosylation motifs of the V2 and V5 loops. The effect of N-linked glycosylation motifs in the envelope proteins of HIV and SIV on antibody neutralization have been well-characterized. These motifs allow a glycan shield to form, which protects exposed epitopes from being bound by neutralizing antibodies (69, 70). The Rev-response element (RRE) is a critical binding motif necessary for the shuttling of transcripts from the nucleus to the cytoplasm. It is possible that Env V575L in SIVB670, which falls within the RRE could be advantageously affecting this interaction, given that this mutation increased in frequency to make up nearly 90% of the viral population by the third generation.

While smaller in size than env, the nef gene accumulated a higher number of non-synonymous mutations. However, given that APOBEC3 deaminase activity begins on the 5′ end of the viral genome, it is possible that a restriction factor like APOBEC3 could play a role in the abundance of non-synonymous mutations occurring in nef though this requires further analysis (71). Similarly, to mutations seen in other genes, many of the substitutions in nef occur near previously characterized binding and interaction sites. For example, the Nef residue 93 changes that occur in both SIVhu and SIVB670 occur within a known PACS-1 binding site (72). The Nef Y193C substitution identified in SIVmac239 has a low evolutionary probability (Supplementary Figure 1) (73). This residue is found within a ExxxL (L/M) (di-leucine) motif in the α4 region of Nef, which is implicated as an AP interaction site involved in the downregulation of CD3 and CD4 (74). Additionally, this exact residue has also been implicated in tetherin antagonism (75). At a similar location in the stock viral sequences of SIVsmE041 and SIVB670 this residue is a cysteine. In HIV-2 and SIVmac, it has been shown that the di-leucine motif is flexible enough to form an alpha helix by binding to a hydrophobic crevice between α2 and α3 with Glu 190 and Leu 194 (74). Change in amino acid residue 193 to a cysteine could have a drastic impact on the ability of the di-leucine motif to bind to the hydrophobic crevice. Furthermore, Nef I144M from SIVB670 is located within the α3 region of Nef and is adjacent to a number of residues that have been shown to interact with the amino acid residues of the di-leucine sorting motif (76). However, this substitution is more biochemically favored than the others and may have less of an impact on binding for this region. The Nef Y221N substitution in SIVmac is located at the end of α5 helix and is a highly disfavored residue change based on the PAM1 matrix score (Supplementary Figure 1A). It is also adjacent to residue Y223 and Y226, which are involved in MHC-I downregulation and be functionally disrupted through substitutions (77). In SIVB670 residue Nef Y28H occurs at a conserved N-proximal tyrosine residue that has been found to be part of an adapter protein (AP) binding site that may be involved in mediating endocytosis (72, 78). Nef K30E in SIVhu also occurs at this same AP binding site.

Despite being the only strain of SIV isolated directly from a human subject, SIVhu displayed the lowest overall potential to gain increased fitness to the human among the three viruses tested during the serial passages. While the first generation showed viral loads comparable to the other two viruses, a clear decline in PVL and prolonged delay in establishing detectable viremia during subsequent passages suggests that SIVhu is slow to adapt to human immune cells (Figure 1C). Furthermore, the lack of significant CD4+ T cell decline indicates that SIVhu is not yet capable of producing AIDS-like symptoms in humanized mice after three passages (Figure 2C). However, the increased peaks and general upward trend of the third generation of plasma viral loads suggest that SIVhu is still adapting, albeit slowly. The noted difficulty that SIVhu displays could be at least partially attributed to the documented frameshift deletion in nef that encodes a truncated protein (18). Nef has been shown to be involved in downregulating the CD4 and MHC class I molecules and helps to mitigate cell-mediated cytotoxicity (79–82). Additionally, Nef is involved in counteracting the action of host restriction factors such as tetherin and SERINC3/5 and is therefore critical for the virus to properly function (27, 30, 83). No restoring mutations meeting our selection criteria were present near the frameshift or premature truncation, which indicates that after three generations of serial passaging, the nef gene had not reverted, which is supported by the consistently low plasma viral loads.

In summary, the above data showed for the first time that SIVmac239 and SIVB670 both with origins in NHP macaques can infect hu-mice and that cross-species transmission studies simulating human infection are feasible in this system for future investigations of zoonosis centered on lentiviruses. We also established that SIVmac239 and SIVsm related viruses can cause chronic infection leading to CD4+ T cell loss in hu-mice, thus mimicking key aspects of SIV pathogenesis. This has practical implications as this small animal model will permit novel studies in vivo using these primate lentiviruses that continue to play an important role in HIV pathogenesis and therapeutic studies. With regards to evolution, adaptive changes seen in all three viruses in the hu-mouse point to both unique and consensus changes in the viral genomes. Whether these evolving viruses resemble HIV-2 after prolonged and additional passages in vivo remains to be investigated and is something that we hope to explore in the future.



MATERIALS AND METHODS


Cell Culture

The 293T (ATCC CRL-3216) and the TZM-bl (ARP-8129) reporter cell lines were maintained with DMEM media that contained 1% L-glutamine, 10% heat inactivated fetal bovine serum (HI FBS), and 1% antibiotic-antimycotic mix (Thermo Fisher Scientific, Waltham, MA, United States). CEMx174 (ARP-272) cells were maintained with RPMI media that contained 10% HI FBS and 2 × antibiotic-antimycotic mix (Thermo Fisher Scientific, Waltham, MA, United States). Whole blood filter packs were obtained from the Garth Englund Blood Center of Fort Collins, CO, United States. Mononuclear cells were isolated by Ficoll-Paque density centrifugation. PBMC were maintained in RPMI media with 1 × antibiotic/antimycotic mix (Thermo Fisher Scientific, Waltham, MA, United States), 10% heat-inactivated fetal bovine serum, and 20 ng/mL IL-2 (R&D Systems, Inc., Minneapolis, MN, United States). For viral propagation, PBMC were CD8-depleted by positive selection and stimulated with 100 ng/mL of anti-CD3 and anti-CD28 soluble antibody (Miltenyi Biotec Inc., Auburn, CA, United States) for 48 h.



Generation of Hu-HSC and BLT Mice

All mice used in these studies were cared for in the Colorado State University Painter Animal Center. Fetal liver-derived human CD34+ cells obtained from Advanced Bioscience Resources (ABR, Alameda CA), were isolated, column purified (Miltenyi Biotec, San Diego, CA), cultured and assessed for purity using flow cytometry (3, 4, 39, 48, 84, 85). To create humanized hematopoietic stem cell (hu-HSC) mice, neonatal (1–4 day old) Balb/c Rag1−/−γc−/− or Balb/c Rag2−/−γc−/− mouse pups were sublethally irradiated (350 rads) prior to intrahepatic injection of 0.5–1 × 106 CD34+ cells (3, 34, 86). For humanized bone marrow, liver, thymus (BLT) mice, adult Balb/c Rag1−/−γc−/− or Balb/c Rag2−/−γc−/− mice were surgically engrafted with a combination of human fetal liver and thymic tissue under the kidney capsule. This was followed by a tail-vein injection of autologous CD34+ human hematopoietic stem cells from the same source as the liver and thymic tissue (40, 41, 44). Ten to twelve weeks after engraftment, peripheral blood was collected via tail vein puncture and used to assess human immune cell engraftment. Red blood cells were lysed with the Whole Blood Erythrocyte Lysing Kit (R & D Systems, Minneapolis, MN) according to the manufacturer's instructions. The fractioned white blood cells were stained for flow cytometry using fluorophore conjugated hCD45-FITC, hCD3-PE, and hCD4-PE/Cy5 (BD Pharmingen, San Jose, CA).



SIVmac239, SIVhu, and SIVB670 Viral Stock Preparation and in vivo Infection

The SIVmac239 molecular clone plasmid was transfected into 293T cells, and the viral supernatant was concentrated using ultracentrifugation as described previously (39, 50). A small aliquot from ultracentrifugation was set aside for a functional titer in TZM-bl reporter cells as previously described (50, 87, 88). SIVhu and SIVB670 viral supernatants were obtained from the NIH AIDS Reagent Program and were cultured according to their recommended guidelines (6, 18, 89). Cohorts of hu-HSC and/or BLT mice with high human hematopoietic engraftment levels were inoculated with ~200 μL of viral supernatant via intraperitoneal (i/p) injection with one of the respective progenitor viruses (SIVmac239: 1 × 105.5 TCID50/mL, SIVhu: 2 × 108 TCID50/mL, SIVB670: 5.78 × 107 TCID50/mL).



Virus Propagation and Serial Passaging of SIVmac239, SIVhu, and SIVB670

At 24 weeks post-infection, the viremic mice that showed the highest plasma viral loads were euthanized to propagate the virus from the first passage to the next. Whole blood was collected via cardiac puncture for PBMC and the spleen, lymph nodes and bone marrow were collected as previously described (50). Leukocyte fractions of the cells were collected by Ficoll-Paque density centrifugation and seeded at a density of 2–3 × 106 cells/mL. These cells were then activated for roughly 48 h using 100 ng/mL of anti-hCD3 and anti-hCD28 soluble antibody (Miltenyi Biotec Inc., Auburn, CA). To enhance viral infection of the next cohort of hu-mice, these cells were co-cultured for 48 h with freshly isolated splenocytes obtained from the new hu-mouse cohort used for serial passage. These cultured cells together with culture supernatants containing virus were then intraperitoneally inoculated into the next batch of hu-mice.



Plasma Viral Load Determination by qRT-PCR

During each passage, peripheral blood was collected on a weekly basis to assess plasma viral loads (PVL). Viral RNA from the plasma was extracted with the E.Z.N.A. Viral RNA kit as outlined by the manufacturer's recommendations (OMEGA bio-tek, Norcross, GA). This RNA was then used to determine PVL using qRT-PCR using the iScript One-Step RT-PCR kit with SYBR green (Bio Rad, Hercules, CA). Primers were designed for SIVmac239 based on the ltr sequence (GenBank accession: M33262.1), while SIVhu and SIVB670 used primers designed for a conserved region of the ltr sequence in SIVsmE041 (GenBank accession: HM059825.1). The primers used for PCR were as follows: 1. SIVmac239: forward 5′-GCAGGTAAGTGCAACACAAA-3′ and reverse 5′-CCTGACAAGACGGAGTTTCT-3′, Tm = 54°C and 2. SIVB670 and SIVhu: forward 5′-CCACAAAGGGGATGTTATGGGG-3′ and reverse 5′-AACCTCCCAGGGCTCAATCT-3′, Tm = 60°C. These primers were used with the following cycling reactions for qRT-PCR quantification: 50°C for 10 min, 95°C for 5 min, followed by 40 cycles of 95°C for 15 s and 54 or 60°C for 30 s using a Bio Rad C1000 Thermo Cycler and CFX96 Real-Time System (Bio Rad, Hercules, CA). The standard curve was determined using a series of 10-fold dilutions of viral SIVmac239, and SIVsmE041 ltr at a known concentration. The limit of detection was 1,000 copies/mL.



CD4+ T Cell Level Determination

Peripheral blood was collected bi-monthly to assess human CD4+ T cell engraftment levels using flow cytometry. Briefly, 5 μL of FcγR-block (Jackson ImmunoResearch Laboratories, Inc. West Grove, PA) was added to the blood for 5 min. Each blood sample was then stained with fluorophore conjugated hCD45-FITC, hCD3-PE and hCD4-PE/Cy5 (BD Pharmingen, San Jose, CA) for roughly 30 min. Erythrocytes were lysed with the Whole Blood Erythrocyte Lysing kit based on the manufacturer's guidelines (R&D Systems, Minneapolis, MN). Antibody-stained cells were then fixed in 1% paraformaldehyde/PBS and passed through a 0.45 μm filter. Samples were run on the BD Accuri C6 Flow Cytometer (BD Biosciences, San Jose, CA). CD4+ T cell levels were assessed as a percentage of the CD3+/CD45+ cell population. Flow cytometry data was analyzed using the FlowJo v10.0.7 software package (FlowJo LLC, Ashland, OR). A two-tailed Student's t-test was used to determine CD4+ T cell decline between the uninfected and infected mouse groups as indicated in the figure legend.



Amplicon and Illumina-Based Deep Sequencing Preparation

To identify potential adaptive mutations, viral RNA from two mice per passage at multiple timepoints from across the duration of the passage, i.e., 3, 11, 19, and 23 weeks post-inoculation, etc. as well as the starting stock viruses were used for sequencing. Briefly, cDNA was synthesized from the viral RNA with a SuperScript IV kit according to the manufacturer's guidelines (Invitrogen, Carlsbad, CA). Two multiplexed inter-overlapping primer pools that span the coding region of the viral genomes based on the SIVmac239 reference sequence (GenBank accession: M33262.1) and an independently sequenced SIVhu reference sequence for SIVhu and SIVB670 were designed using Primal Scheme (https://primal.zibraproject.org) (90). These primer pools were then amplified using viral cDNA and Q5 Hot Start High Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA) as described by Quick et al., to produce roughly 400 bp overlapping amplicons of the viral genomes (Supplementary Tables 1, 2). Agencourt AMPure XP (Beckman Coulter Life Sciences, Indianapolis, IN) magnetic beads were used to purify the amplicons, which were further prepped for Illumina-based deep sequencing with the TruSeq Nano DNA HT Library Preparation Kit according to the manufacturer's guidelines (Illumina, San Diego, CA). Sequencing of the amplicon library was performed on a MiSeq Illumina desktop sequencer (Invitrogen, Carlsbad, CA) in the Pathogen Sequencing Services unit at the Wisconsin National Primate Research Center.



Calculation of Non-synonymous Single Nucleotide Polymorphism Frequencies

The deep sequencing reads were prepared for analysis by filtering out low quality reads, and by trimming the ~30 bp primer sequences and adapter sequences off of the reads with cutadapt software v1.9.1 (91). Filtered reads were aligned to the stock virus sequence with bowtie2 software v2.2.5 (92). The resulting BAM format output was used as the input to call variants with lofreq software v2.1.2 (93). Variants identified here had >100 read depth and at least 1% frequency. Genome plots were generated using R and ggplot2 (ISBN: 0387981403). R scripts used to graph the plots can be found at https://github.com/stenglein-lab/viral_variant_explorer.
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In most individuals, EBV maintains a life-long asymptomatic latent infection. However, EBV can induce the formation of B cell lymphomas in immune suppressed individuals including people living with HIV (PLWH). Most individuals who acquire HIV are already infected with EBV as EBV infection is primarily acquired during childhood and adolescence. Although antiretroviral therapy (ART) has substantially reduced the incidence of AIDS-associated malignancies, EBV positive PLWH are at an increased risk of developing lymphomas compared to the general population. The direct effect of HIV co-infection on EBV replication and EBV-induced tumorigenesis has not been experimentally examined. Using a humanized mouse model of EBV infection, we demonstrate that HIV co-infection enhances systemic EBV replication and immune activation. Importantly, EBV-induced tumorigenesis was augmented in EBV/HIV co-infected mice. Collectively, these results demonstrate a direct effect of HIV co-infection on EBV pathogenesis and disease progression and will facilitate future studies to address why the incidence of certain types of EBV-associated malignancies are stable or increasing in ART treated PLWH.
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INTRODUCTION

Epstein-Barr Virus (EBV) is a ubiquitous virus infecting over 90% of adults in developed and developing countries (1). EBV is an oncogenic herpesvirus that primarily infects B cells (2–4). Primary infection is characterized by the rapid proliferation of infected B cells until an effective immune response is elicited and/or EBV-infected B cells differentiate into latently-infected memory-like cells establishing a life-long infection of the B cell compartment (2–4).

In most individuals, EBV maintains a latent infection with intermittent periods of subclinical virus reactivation and shedding (5). However, EBV can induce the formation of B cell lymphomas in immune suppressed individuals including people living with HIV (PLWH) (4, 6, 7). Most individuals who acquire HIV are already infected with EBV as EBV infection is primarily acquired during childhood and adolescence (1). Without any interventions, EBV positive PLWH have over a 60-fold higher risk of developing lymphomas compared to the general population (8). While antiretroviral therapy (ART) use has significantly decreased the incidence of AIDS-associated malignancies in PLWH, the incidence of certain types of EBV-associated cancers has remained elevated in PLWH (9–11). HIV mediated immune dysfunction may contribute to lymphomagenesis (12). A better understanding of how HIV co-infection affects EBV replication and tumorigenesis would facilitate the development and testing of novel interventions to ameliorate EBV-associated pathologies in PLWH.

Here, a humanized mouse model of EBV infection was used to evaluate the effect of HIV co-infection on EBV replication and tumorigenesis in vivo. Results demonstrate that HIV co-infection enhanced systemic EBV replication in vivo resulting in higher levels of virus in the peripheral blood and tissues. HIV co-infection also resulted in an enhancement of EBV-mediated CD8+ T cell activation. Importantly, data directly demonstrated that HIV co-infection augmented EBV-associated tumorigenesis in vivo. These results will facilitate future studies to address how HIV-associated enhancement of EBV replication and EBV mediated immune activation and tumorigenesis is impacted by suppressive ART and why the incidence of certain types of EBV-associated malignancies are stable or increasing in ART treated PLWH.



RESULTS

Humanized mice reconstituted with human B cells and T cells were first exposed to EBV (Supplementary Table 1). To evaluate the effect of HIV co-infection on EBV replication and tumorigenesis in vivo, a subset of mice was subsequently exposed to HIV. EBV infection was assessed in mice by measuring EBV-DNA levels in peripheral blood (cells and plasma) longitudinally and in tissues at necropsy (16 weeks post exposure or earlier if mice experienced 20% weight loss and/or appeared lethargic). HIV infection was monitored over time by measuring peripheral blood plasma HIV-RNA levels. HIV-RNA was detected in the plasma of all mice exposed to HIV and virus replication sustained over time (Supplementary Figure 1A). By six weeks post-exposure, plasma HIV-RNA levels were higher in EBV/HIV co-infected mice (P = 0.0317) compared to mice infected with HIV-only (Supplementary Figure 1A).


Peak EBV Viremia Is Enhanced by HIV Co-infection

EBV-DNA was detected in the peripheral blood of all mice exposed to EBV only and 6/7 mice (86%) exposed to EBV and HIV (Figure 1A). No significant difference in EBV acquisition, as measured by the presence of detectable EBV-DNA in peripheral blood, was observed between groups of mice (P = 0.5007). While cell-free (plasma) and cell-associated EBV-DNA was detected in the peripheral blood of all EBV-positive mice, peak levels of cell-free and cell-associated EBV-DNA were 15-fold and 5-fold higher (P = 0.0082 and P = 0.0350, respectively) in EBV/HIV co-infected mice (Figures 1B–D). These results demonstrate that HIV co-infection enhanced EBV viremia.


[image: Figure 1]
FIGURE 1. HIV co-infection enhances EBV viremia. Humanized mice were inoculated intraperitoneally with EBV B95.8 (n = 14). Following EBV exposure, a group of mice (n = 7) were subsequently inoculated intravenously with HIV-1 LAI. EBV-DNA levels were monitored longitudinally in peripheral blood plasma (cell-free EBV-DNA) and cells (cell-associated EBV-DNA) of mice with real-time PCR. (A) A Kaplan Meier plot depicts the proportion of mice inoculated with EBV (black) or EBV/HIV (red) that became systemically infected with EBV as determined by the presence of EBV-DNA in peripheral blood. The (B) cell-free and (C) cell-associated EBV-DNA levels for individual mice systemically infected with EBV (n = 7 mice, black symbols) or EBV/HIV (n = 6 mice, red symbols) are shown. A dashed line indicates the assay limit of detection. (D) Peak cell-free and cell-associated EBV-DNA levels in the peripheral blood of EBV (n = 7 mice, black circles) and EBV/HIV (n = 6 mice, red squares) infected mice. The mean and standard error mean EBV-DNA levels are shown. Peak EBV-DNA levels between EBV and EBV/HIV infected animals were compared with a two-tailed Mann-Whitney test (*p < 0.05 and **p < 0.01).




Systemic EBV-Induced CD8+ T Cell Activation Is Amplified by HIV Co-infection

EBV infection induces a CD8+ T cell response in peripheral blood that is characterized by the expansion and activation of CD8+ T cells and acquisition of a memory phenotype (13). At necropsy, regardless of HIV co-infection status, CD8+ T cell levels were significantly higher in the peripheral blood of EBV positive mice (baseline: 4.5 ± 0.7% s.e.m.; necropsy: 29.6 ± 6.5% s.e.m.; P = 0.0009) compared to baseline pre-exposure levels (Supplementary Table 2). In addition, the frequencies of memory (baseline: 43.5 ± 6.9% s.e.m.; necropsy: 94.3 ± 2.2% s.e.m.; P < 0.0001) and activated (baseline: 12.9 ± 2.9% s.e.m.; necropsy: 47.1 ± 7.2% s.e.m.; P = 0.0002) CD8+ T cells in peripheral blood were also significantly higher at necropsy compared to baseline pre-exposure levels (Supplementary Table 2). At necropsy, no significant differences in the levels of CD8+ T cells in peripheral blood and tissues were observed between mice infected with EBV only or co-infected with EBV and HIV (Figure 2A; Supplementary Table 2). Notably, the vast majority of CD8+ T cells in EBV positive mice expressed a memory phenotype in peripheral blood and tissues at necropsy (Figure 2B; Supplementary Table 2). However, the levels of activated CD8+ T cells were significantly higher in the peripheral blood (P = 0.0087), spleen (P = 0.0221), liver (P = 0.0140), and lung (P = 0.0047) of EBV positive mice co-infected with HIV (Figure 2C; Supplementary Table 2). In the peripheral blood of mice infected with HIV only, the levels of activated CD8+ T cells only transiently increased peaking at 2 weeks post-exposure indicating that EBV and HIV contribute to the higher levels of CD8+ T cell activation observed in EBV/HIV co-infected mice (Supplementary Figure 1B). Collectively, these results suggest that HIV co-infection enhanced EBV-mediated immune activation.


[image: Figure 2]
FIGURE 2. Systemic EBV-induced CD8+ T cell activation is amplified by HIV co-infection. (A) CD8+ T cell, (B) memory (CD45RAneg) CD8+ T cell and (C) CD8+ T cell activation (HLA-DR+CD38+) levels as determined by flow cytometric analysis in the peripheral blood (PB) and spleen (SPL), lymph node (LN), bone marrow (BM), liver (LIV) and lung (LNG) of EBV (SPL, BM, LIV, LNG: n = 7 mice, PB: n = 6 mice, LN: n = 5 mice, black circles) and EBV/HIV (SPL, BM, LIV, LNG: n = 6 mice, PB: n = 5 mice, LN: n = 4 mice, red squares) infected mice at necropsy. The mean and standard error mean are shown. CD8+ T cell, memory CD8+ T cell, and CD8+ T cell activation levels in the PB and tissues of EBV and EBV/HIV infected animals were compared with a two-tailed Mann-Whitney test (*p < 0.05 and **p < 0.01).




HIV Co-infection Augments Systemic EBV Replication

To evaluate the effect of HIV on systemic EBV replication, EBV-DNA levels were measured in the peripheral blood, spleen, lymph nodes, bone marrow, liver, lung, and brain of EBV and EBV/HIV co-infected mice at necropsy. Significantly higher levels of cell-free and cell-associated EBV-DNA were observed in peripheral blood of EBV/HIV co-infected mice (P = 0.0022). EBV-DNA was detected in 39/41 tissues samples analyzed from mice infected with EBV only and in 42/42 tissue samples analyzed from EBV/HIV co-infected mice (Supplementary Table 3). EBV-DNA levels were significantly higher in the spleen (P = 0.0047), lymph nodes (P = 0.0140), bone marrow (P = 0.0350), liver (P = 0.0082), and lung (P = 0.0221) of EBV/HIV co-infected mice (Figure 3; Supplementary Table 3). Notably, EBV-DNA levels were also 60-fold higher in the brain of EBV/HIV co-infected mice (Figure 3, Supplementary Table 3).


[image: Figure 3]
FIGURE 3. HIV co-infection augments systemic EBV replication. EBV-DNA levels in the peripheral blood (PB, CF, cell-free; CA, cell-associated) and tissues (SPL, spleen; LN, lymph nodes; BM, bone marrow; LIV, liver; LNG, lung and brain) of EBV (n = 7 mice, black circles) and EBV/HIV (n = 6 mice, red squares) infected mice at necropsy. The mean and standard error mean EBV-DNA levels are shown. EBV-DNA levels between EBV and EBV/HIV infected animals were compared with a two-tailed Mann-Whitney test (*p < 0.05 and **p < 0.01).




HIV Co-infection Augments EBV-Induced Tumorigenesis in vivo

The presence of tumors in EBV and EBV/HIV infected mice was also analyzed at necropsy. HIV co-infection enhanced EBV-induced tumorigenesis in vivo. Macroscopic tumors were readily observed in 7/7 EBV/HIV co-infected mice (Figure 4A; Supplementary Table 3). In contrast, only 4/7 mice infected with EBV only had macroscopic tumors (Figure 4A; Supplementary Table 3). Tumors were located in a greater number of distinct anatomical sites per mouse in EBV/HIV co-infected mice compared to mice infected with EBV only (P = 0.0023) (Figure 4B). Tumors were identified in one or two different tissues in mice infected with EBV only. In contrast, tumors were identified in up to five different tissues per mouse in mice co-infected with EBV and HIV (Figure 4B). In mice infected with EBV only tumors were only observed on the spleen and/or liver (Figures 4C,D; Supplementary Table 3). However, in EBV/HIV co-infected mice tumors could be observed on the spleen, liver, kidney, gastrointestinal tract, and/or salivary glands (Figures 4C–E; Supplementary Table 3). An analysis of viral gene expression in tumor samples collected from mice demonstrated that all tumors analyzed from EBV infected mice regardless of HIV co-infection status expressed LMP1 and EBNA2 (Figure 4F). This is characteristic of type III latency gene expression. Although HIV co-infection enhanced systemic EBV replication and EBV-induced tumorigenesis, no significant difference in survival (P = 0.8372) was observed between mice infected with EBV only or co-infected with EBV and HIV (Supplementary Figure 2).


[image: Figure 4]
FIGURE 4. HIV co-infection augments EBV-induced tumorigenesis in vivo. The presence of macroscopic tumors in the organs of EBV (n = 7 mice) and EBV/HIV (n = 6 mice) infected animals were noted at necropsy. (A) Tumor incidence in EBV and EBV/HIV infected mice (white: no tumors detected, black: tumors detected). (B) The number of different tissues with macroscopic tumors for each EBV (black circles) and EBV/HIV (red squares) infected mouse. The mean and standard error mean are shown. The number of tumor sites detected in EBV and EBV/HIV infected mice was compared with a two-tailed Mann-Whitney test (**p < 0.01). (C) Tumor incidence in the spleen (SPL), liver (LIV), right kidney (R.KID), left kidney (L.KID), gut and salivary glands (SAL) of EBV and EBV/HIV infected mice (white: no tumors detected, black: tumors detected). (D) Representative images of the spleen, liver, and kidney harvested from EBV and EBV/HIV infected mice. (E) Images of tumors detected in the salivary glands and gut (noted with an arrow) of EBV/HIV infected mice. (F) LMP1 and EBNA2 mRNA levels in tumors isolated from the spleen (SPL), liver (LIV), kidney (KID), gut and salivary glands (SAL) of EBV and EBV/HIV infected mice. Relative LMP1 (blue bars) and EBNA2 (black bars) mRNA levels were quantified using β-actin as an internal reference.





DISCUSSION

Using a humanized mouse model of EBV infection (14–17), we directly demonstrated that HIV co-infection enhances systemic EBV replication, immune activation, and EBV-induced tumorigenesis in vivo. These data are consistent with studies reporting increased detection of EBV-DNA in the peripheral blood and saliva and the increased incidence of certain types of EBV-associated cancers in PLWH without any interventions (6–8, 18–21). In mice infected with EBV only, macroscopic tumors were only observed on the spleen and liver. In EBV/HIV co-infected animals, tumors were observed on the liver, spleen, kidneys, gastrointestinal tract, and salivary glands. These results suggest that HIV co-infection facilitates the spread of EBV-associated lymphomas and/or the simultaneous development of tumors at multiple different sites. Similar results were recently observed by another laboratory in humanized mice during a study focused on evaluating the effect of EBV infection on the cellular tropism of HIV (22). Several types of EBV positive lymphomas on extra nodal sites have been observed in PLWH including Hodgkin's lymphoma and diffuse large B cell lymphomas (6, 8). While we did not define the type of malignancies present, expression of EBV latency genes LMP1 and EBNA2 were detected in all tumors analyzed from humanized mice albeit at different levels. Co-expression of LMP1 and EBNA2 are indicative of type III latency (e.g. immunoblastic diffuse large B cell lymphomas) (4, 6).

Suppressive antiretroviral therapy (ART) reduces the incidence of AIDS-associated malignancies in PLWH (9, 10). The effect of ART on EBV reactivation and replication is less clear. For example, one study reported that incidence of EBV reactivation (as measured by the detection of EBV-DNA in saliva) was higher in PLWH compared to HIV negative controls regardless of ART use. However, the incidence of EBV reactivation was reduced in PLWH (ART +/–) with high CD4+ T cell counts (23). Despite ART, the incidence of Hodgkin's lymphoma in PLWH has not decreased (9, 11). Most Hodgkin's lymphomas in PLWH are associated with EBV (7). While ART efficiently suppresses systemic HIV replication in PLWH, systemic immune activation and dysfunction persist presumably in part due to residual HIV replication and gut dysbiosis (24). Chronic immune activation and dysfunction in ART-suppressed PLWH may impair the formation of a robust immune response allowing for the formation of EBV-associated malignancies. Humanized mice could be used in the future to directly evaluate the effect of ART on systemic EBV replication and EBV-associated tumor formation and correlations between markers of chronic immune activation (e.g. LPS, sCD14, CRP, neopterin, TNFα, IL-6, IL-10, IFNγ, etc.) and EBV-associated disease.

Most PLWH acquire EBV infection prior HIV infection (1). Therefore, our study focused on the effect of HIV co-infection on EBV pathogenesis. However, EBV may influence the course of HIV infection. Here, we observed higher levels of HIV-RNA in the plasma of EBV/HIV co-infected mice compared to mice infected with HIV only by six weeks post-exposure. Even in healthy individuals, EBV periodically reactivates in the body which could stimulate local immune activation, potentially enhancing HIV replication (5). Studies in PLWH have attempted to evaluate associations between herpesvirus shedding (as determined by detectable virus in peripheral blood, throat washes, urine, stool, and/or semen) and HIV viral loads, however, given the high prevalence of other herpesviruses in PLWH, it is difficult to directly determine the effect of EBV on HIV replication and pathogenesis (25, 26). Humanized mice could serve as a model to directly evaluate the effect of EBV infection on HIV replication, pathogenesis and latency in vivo.

Limitations to our study include no uninfected control animals to serve as a comparison for the changes in the CD8+ T cell compartment observed in EBV-infected mice. However, the effect of EBV infection on the CD8+ T cell compartment including expansion, activation, and acquisition of a memory phenotype, has been well-documented in humans and in multiple humanized mouse models when compared to baseline levels and/or uninfected controls (13–15, 27–30). Furthermore, it has been shown that while the levels of human hematopoietic cells (hCD45+) in the peripheral blood of mice is stable between 16 and 32 weeks post engraftment, the percentage of T cells that are CD8+ decreases over time which is the opposite of what was observed in EBV-infected humanized mice (31). In addition, the short lifespan of humanized mice compared to humans requires experimental timelines to be condensed. Despite the shortened timeline between EBV and HIV exposures, our experimental data supports the clinical observation that the incidence of EBV-associated malignancies is higher in PLWH compared to the general population (6–8). In addition, while we anticipate that infection with a CCR5 or CXCR4 tropic strain of HIV would enhance EBV-associated tumorigenesis, a CXCR4 strain of HIV was chosen for this study to accelerate the development of HIV-associated pathogenesis.

In summary, we have implemented a model that permits the analysis of the effect of HIV infection on EBV. Our results demonstrate that HIV co-infection enhances EBV replication and the formation of EBV-associated malignancies. This work will facilitate future studies using humanized mouse models to address why the incidence of certain types of EBV-associated malignancies are stable or increasing in ART treated PLWH in contrast to the decline observed for many types of AIDS-associated malignancies.



MATERIALS AND METHODS


Preparation of Humanized Mice

Humanized mice were constructed by transplanting 12–15-week-old female and male irradiated (200 rads) NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG; The Jackson Laboratory) with 2–3.5 x 105 human CD34+ hematopoietic stem cells intravenously. Reconstitution of animals with human hematopoietic cells was monitored longitudinally with flow cytometry as previously described (14). Animals were maintained by the Division of Comparative Medicine at the University of North Carolina-Chapel Hill.



Production of Virus and Infection of Humanized Mice

Infectious EBV was reactivated by transfection of BZLF1 and gp110 into 293 cells harboring a B95.8 EBV bacmid (32). Cell supernatant fluid was passed through a 0.4 uM filter and concentrated with an Amicon ultra 100-kDa-molecular-mass-cutoff filter (Millipore). EBV stocks were titered on Raji cells as previously described (33). Stocks of HIV-1LAI were generated by transient transfection of 293T cells and titered on TZM-BL indicator cells as previously described (34–40). Mice (16–24 weeks post-transplant) were exposed to 1–1.2 x 105 green Raji units (GRU) EBV via intraperitoneal injection. On the same day and following EBV exposure, a group of mice was also exposed intravenously to 3 x 104 TCIU HIV-1LAI via tail vein injection.



Analysis of HIV Infection

HIV-RNA levels were measured longitudinally in the peripheral blood plasma of mice using real-time PCR as previously described (34–40).



Analysis of EBV Infection

EBV-DNA levels were measured longitudinally in peripheral blood and in tissues at necropsy using a real-time PCR assay as previously described (14). Flow cytometry was used to evaluate levels of CD8+ T cells, memory (CD45RAneg) CD8+ T cells and CD8+ T cell activation (HLA-DR+CD38+) in peripheral blood and tissues as previously described (14). Live cell gates were determined by forward and side scatter. Plasma was collected from peripheral blood following centrifugation (375 x g, 5 min). Cells were isolated from the peripheral blood, spleens, lymph nodes, bone marrow, livers, lungs and brains collected from mice for analysis by real-time PCR and flow cytometry as previously described (34–40). Liver, lung, and brain mononuclear cells were purified with a Percoll gradient. Mice were euthanized at 16 weeks post-exposure or earlier if they experienced 20% weight loss and/or appeared lethargic and a necropsy performed to assess the presence of tumors. Tumors were harvested, snap-frozen and stored at −80C for subsequent nucleic acid extraction and gene expression analysis. Tissue and tumor images were taken with an iSight color camera and the brightness adjusted in Adobe Photoshop CS6.



EBV Gene Expression Analysis

RNA was isolated from 100 mg of tissue from tumor samples using the TRIzol reagent (Invitrogen) according to manufacturer's instructions. Total RNA quantity and quality was determined using a Nanodrop 1000 (ThermoScientific). Total RNA (1 ug) was converted to cDNA using the iScript cDNA kit (BioRad) and random primers according to manufacturer's guidelines. qPCR was performed using iTaq Universal SYBR Green Supermix (BioRad) and the QuantStudio6 Real-Time PCR system (Applied Biosystems) under standard conditions. Samples were monitored for LMP1, EBNA2 and B-actin with the following primers: LMP1, 5′-AATTTGCACGGACAGGCATT-3′; (forward) and 5′-AAGGCCAAAAGCTGCCAGAT-3′ (reverse); EBNA2, 5′-GCTTAGCCAGTAACCCAGCACT-3′ (forward) and 5′-TGCTTAGAAGGTTGTTGGCATG-3′ (reverse), B-Actin, 5′-GTCTGCCTTGGTAGTGGATAATG-3′ (forward) and 5′-TCGAGGACGCCCTATCATGG-3′ (reverse). Relative levels of LMP1 and EBNA2 were quantified using β-actin as an internal reference.



Statistical Analyses

Statistical analyses were performed in Prism, version 6 (Graph Pad). A Log-rank Mantel-Cox test was used to compare the rates of EBV-DNA detection in the peripheral blood and survival between EBV and EBV/HIV exposed mice. A two-tailed Mann-Whitney U test was used to compare the peak peripheral blood cell-associated and cell-free HIV-DNA levels, tissue EBV-DNA levels, levels of CD8+ T cells, memory CD8+ T cells, and CD8+ T cell activation in peripheral blood and tissues, and the number of tumor sites per mouse between EBV and EBV/HIV exposed mice. A two-tailed Mann-Whitney U test was also used to compare CD8+ T cells, memory CD8+ T cells, and CD8+ T cell activation levels in the peripheral blood of EBV infected mice (regardless of HIV co-infection status) at baseline and at necropsy.
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The host innate immune response is the first line of defense against human immunodeficiency virus (HIV) infection. The type I interferon (IFN) response is a robust anti-viral response that induces the transcription of several IFN-stimulated genes (ISGs). However, the effects of ISGs, particularly on the HIV-1 Gag protein, remain largely unknown. Hence, we screened ISG-encoded proteins by bioluminescence resonance energy transfer to identify the crucial host effectors that suppressed Gag function. Consequently, we identified the transmembrane protein MAL as a Gag-interacting ISG product. In fact, ectopic expression of MAL substantially inhibited the production of HIV-1 particles, leading to the translocation, accumulation, and eventual lysosomal degradation of Gag in the host endosomal compartments. Owing to the conserved N-terminal region of MAL, which specifically interacts with HIV-1 Gag, this particular antiviral function of MAL targeting Gag is also conserved among orthologs of various animal species. Notably, the antiviral activity of MAL was partially antagonized by the viral accessory protein Nef, as it interfered with the interaction between MAL and Gag. Therefore, this study reveals a previously unidentified antiviral function of MAL and its viral counteraction. It also sheds new light on therapeutic strategies against HIV-1 infection based on the intrinsic antiviral immunity of host cells.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) is the causative agent of acquired immunodeficiency syndrome (AIDS). Its genome comprises nine genes: three structural genes (gag, pol, and env), two regulatory genes (rev and tat), and four accessory genes (nef, vpu, vif, and vpr) (1). The Gag structural protein is synthesized as a precursor polyprotein (Pr55Gag) consisting of four major domains: matrix (MA), capsid (CA), nucleocapsid (NC), and p6, and two spacer sequences: SP1 and SP2. During late HIV-1 replication, the Gag protein is transported to the plasma membrane (PM) where it is assembled and multimerized for viral budding (2, 3). The MA domain of the Gag polyprotein helps transport it to the PM by interacting with anionic membrane lipids, such as phosphatidylinositol 4,5-bisphosphate (PIP2) (4, 5).

In the infected cells, HIV-1 targets various host factors to promote the production of progeny virions. On the other hand, host cells express antiviral factors that inhibit key steps of viral replication (6). Interferons (IFNs) are antiviral signaling proteins that are secreted by an infected cell during viral infection. They induce the expression of an array of antiviral proteins in both the infected and the surrounding non-infected cells. Furthermore, IFNs are classified into three categories: types I, II, and III. Notably, type I and type III IFNs are involved in establishing an antiviral tissue environment (7). These IFNs inhibit HIV replication at various stages of the viral life cycle by promoting the expression of IFN-stimulated gene (ISG) products. For example, the ISG-encoded proteins APOBEC3G and BST2/tetherin abrogate HIV replication by targeting reverse transcription of the HIV genome and the release of the virus, respectively (8). However, HIV has evolved and acquired accessory proteins, such as Vif and Vpu, to counter the function of the antiviral ISG products (9, 10). Indeed, these ISG products are specifically targeted for degradation by the host ubiquitin-proteasomal pathway or lysosome pathway, sustaining viral replication.

Previously studies have shown that several host proteins induced by type I and type III IFNs suppress the production of viral particles (11, 12). However, which ISG product targets the translocation of Pr55Gag to the PM and its multimerization for the production and assembly of viral particles during HIV-1 biogenesis is not fully clarified. We therefore screened for intracellular protein-protein interactions by generating a library of ISGs using NanoLuciferase (NanoLuc)-based bioluminescence resonance energy transfer (NanoBRET). In this study, we utilized the NanoBRET technology to identify putative host proteins that bind to Gag and potently restrict HIV replication. Consequently, we identified the tetraspanin membrane protein MAL as a novel ISG product that targets Gag and exhibits anti-HIV activities. Additionally, we found that the HIV accessory protein Nef antagonizes the antiviral function of MAL, sustaining viral replication.



Materials And Methods


Cells and Plasmids

We cultured HEK293 cells (ATCC, #CRL-1573) in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum (FBS). Additionally, we cultured PC3 (ATCC, #CRL-1435) and CEM cells in RPMI supplemented with 10% FBS. The human codon-optimized HIV-1NL4-3 Gag and Nef, and non-human MAL cDNAs were synthesized and subcloned into pEGFP- or pcDNA-based vectors. Mutants were generated by PCR-based mutagenesis procedures. The HIV-1 molecular clone pNL4-3, pNL4-3/Gag-EGFP, pNL4-3/Fyn10WT and pNL4-3/Fyn10ΔMA have been described previously (13, 14). We obtained the pNL4-3 plasmid defective in nef from the NIH HIV reagent program (catalogue number ARP-12755). Expression vectors encoding HaloTag-conjugated ISG-encoded proteins were collected by Kazusa Genome Technologies (Chiba, Japan) and purchased from Promega. Plasmids encoding GFP-tagged LC3 and RhoB were obtained from Addgene (catalogue number #11546) and Takara-Bio (catalogue number #632490), respectively. NCBI accession numbers of MAL genes are: Homo sapiens (AB529205), Macaca mulatta (XM_015112833), Mus musculus (NM_010762), Gallus gallus (NM_001199391), and Danio rerio (NM_001017686).



NanoBRET

We transfected HEK293 cells in 96-well white plates with vectors encoding the HaloTag-fused ISG-encoded protein (100 ng) and NanoLuc-fused Gag or Nef (1 ng). The NanoBRET activity was measured at 48 h post-transfection using the NanoBRET Nano-Glo Detection System (Promega). First, cells were co-transfected with C-terminal NanoLuciferase (NL)-conjugated Gag and N-terminal HaloTag (HT)-fused ISG expression vectors. Subsequently, the HT-618 ligand and furimazine substrate were added. If two proteins were within 200 nm of each other, NanoBRET signals were detected. The NanoBRET signals of the interaction between Gag-NL and Gag-HT was used as a positive control.



HIV-1 Production Assay

HEK293 or PC3 cells seeded in 12-well plates were co-transfected with pNL4-3 and either an ISG-encoded protein expression vector or an empty vector using Effectene (Qiagen) for HEK293 cells or Lipofectamine 3000 (Thermo) for PC3 cells. In experiments with siRNA, cells were transfected with 20 pmol of siRNA using Lipofectamine RNAiMAX (Thermo) one day prior to transfection with pNL4-3. Two days post-transfection, cell lysates and supernatants were harvested and subjected to immunoblotting. In some experiments, 10 µM MG132 (Merck #474790) or 100 µM chloroquine (Cayman Chemical #14194) were added 16 h before cells were harvested. The p24 antigen levels in the supernatants were measured using an ELISA kit (Zepto Metrix). siRNAs were purchased from Qiagen (catalogue number #SI03650318 for the negative control and #SI00627214 and #SI00627228 for MAL).



HIV-1 Multicycle Assay

Replication-competent HIV-1 stocks were produced by transient transfection of HEK293 cells with the pNL4-3 or pNL4-3ΔNef plasmids. Culture supernatants containing HIV-1were collected 48 h after transfection and filtered through a 0.45 µm Millex-HV filter (Merck).

CEM cells (106 cells) were transfected with 50 pmol of siRNAs using a 4D-Nucleofector (Lonza) with electroporation program CL-120, following the manufacturer’s instructions. At 24 h post-transfection, the CEM cells were infected with 25 ng of the HIV-1 p24 antigen. The cells were then centrifuged for 90 min at 800 x g with 5 µg/ml polybrene, and subsequently washed three times with PBS to remove the added viruses. Thereafter, we periodically collected the nascent virions that were produced by the infected cells and measured the p24 levels as described in section 2.3.



Immunoprecipitation

HEK293 cells seeded in six-well plates were transfected with Gag-FLAG-encoding vector and the HT-tagged protein expression plasmid with or without the Nef expression plasmid (500 ng each). At 48 h post-transfection, the cells were lysed with an HBST buffer (10 mM HEPES pH 7.4, 150 mM NaCl, and 0.5% Triton-X-100) containing a protease inhibitor cocktail (Merck #11697498001). The cell lysates were immunoprecipitated using an anti-FLAG EZview Red Affinity Gel (Merck #F2426) for 16 h, and the bound proteins were analyzed by immunoblotting as follows. Samples dissolved in SDS loading buffer were loaded and electrophoresed using 10% polyacrylamide gels, and the separated proteins were blotted onto PVDF membranes (Merck). Subsequently, the membranes were probed with primary antibodies and horseradish peroxidase-conjugated secondary antibodies (Cytiva). The detected proteins were visualized using a FluorChem imaging system (Alpha Innotech) or LuminoGraph imaging system (Atto). Protein bands were analyzed using ImageJ software (NIH). Primary antibodies used in this study included the following: HaloTag (Promega #G9211), FLAG (Merck #F3165), GFP (MBL #598), vinculin (Merck #V9131), p24 (NIH HIV reagent program #ARP-3537), and Nef (Thermo #MA1-71501).



Immunofluorescence

For the immunofluorescence assay, HepG2 cells were seeded onto glass cover slips one day before transfection. At 24 or 48 h post-transfection, the cells were fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100. Thereafter, the cells were stained with anti-HaloTag (Promega #G9281) and Alexa Fluor594-conjugated secondary antibody (Thermo #A48284).




Results


Identification of Gag-Binding Proteins That Inhibit HIV-1 Production

We prepared a human cDNA library comprising 723 ISG products based on the Interferome database (http://www.interferome.org/). While preparing this library, we only selected the ISG products whose expression was induced more than 1.5-fold following treatment with type I or III IFNs (15). Subsequently, to identify the ISG products that interacted with Gag, we performed a high-throughput screening of the library by co-expressing the C-terminus of the NanoLuc-conjugated HIV-1 Gag protein with each of the 723 ISG products in HEK293 cells. Moreover, we analyzed the protein–protein interactions by NanoBRET. In the first screening, we selected 62 ISGs as potential candidates whose products bind to the Gag protein (Figure 1A). Since Gag is the major structural protein required for viral particle formation, we investigated whether these candidates hindered viral particle production. To this end, we performed a second screening wherein we co-transfected HEK293 cells with the candidate ISG products and pNL4-3 and estimated the Gag p24 antigen levels in the culture supernatant by ELISA. We found that five ISG-encoded proteins (MAL, ZNF36L2, ZNF36, TCIRG1, and BCMP1) significantly inhibited the production of HIV-1 particles without causing apparent cytotoxicity (Figure 1B). Indeed, they inhibited viral particle production more prominently than the known antiviral factor IFITM2, which also targets Gag (16). Moreover, a single round of infection using VSVg-pseudotyped reporter viruses revealed that these proteins did not interfere with the early stages of the HIV life cycle (from cell entry to reporter gene expression; Supplementary Figure S1). Therefore, we selected these five candidate proteins for further in-depth functional analyses.




Figure 1 | Identification of Gag-binding proteins that inhibit HIV-1 production. (A) NanoBRET-based screening identified 723 Gag-interacting proteins encoded by interferon-stimulated genes (ISGs) in HEK293 cells. (B) HIV particle production assay. HEK293 cells were co-transfected with the HIV molecular clone pNL4-3 and ISG-encoded protein expression vectors. Two days post-transfection, viral p24 antigen levels in the culture supernatants were measured by ELISA.





MAL Inhibits Gag Protein Assembly at the Plasma Membrane

Our immunoprecipitation analysis validated the interactions between the candidate proteins and Gag, as all the candidate proteins co-immunoprecipitated with Gag (Figure 2A and Supplementary Figure S2A). We also found that these proteins decreased viral particle production in a dose-dependent manner; this decrease was accompanied by a massive reduction in intracellular Gag levels (Figure 2B). Since, the Gag protein accumulates, assembles, and multimerizes on the PM prior to HIV-1 particle formation, we examined its localization upon overexpressing the five candidate proteins with Gag-GFP. Notably, Gag was localized on the PM in cells that overexpressed ZNF36, TCIRG1, BCMP1, and ZNF36L2 (Supplementary Figure S2B). However, Gag was mostly located in the cytoplasmic puncta and hardly localized to the PM in cells overexpressing MAL (Figure 3A and Supplementary Figure S3). Since MAL primarily localizes to the PM and endosomes (17), we hypothesized that Gag accumulated in the endosomal puncta in the MAL-overexpressing cells. Consistent with this hypothesis, we discovered that Gag was co-localized with the endosomal marker RhoB, but not with the autophagosomal marker LC3 (Figure 3B). Furthermore, we found that chloroquine (a lysosome inhibitor) and not MG132 (a proteasome inhibitor) inhibited MAL-mediated Gag degradation (Figure 3C). Thus, we deduced that MAL hindered the translocation of Gag to the PM by sequestering it to endosomal compartments, eventually leading to its lysosomal degradation.




Figure 2 | Characterization of Gag-binding proteins. (A) Immunoprecipitation of HEK293 cells with Gag-FLAG and indicated HaloTag (HT)- interferon-stimulated gene (ISG)-encoded protein expression vectors. Cell lysates were precipitated with anti-FLAG, followed by immunoblotting. Asterisks on the blot indicate TCIRG1 expression. Longer exposure blot of input sample is shown in Supplementary Figure S2A. (B) HIV particle production assay. HEK293 cells were co-transfected with the HIV molecular clone pNL4-3 and the indicated ISG-encoded protein expression vectors. Two days post-transfection, cell lysates (Cells) and the culture supernatants (Virions) were subjected to immunoblotting. Viral p24 antigen in the culture supernatants was measured by ELISA.






Figure 3 | MAL inhibits translocation of Gag to the plasma membrane. (A) Confocal microscopy images of HepG2 cells expressing pNL4-3/Gag-EGFP and HaloTag (HT)-conjugated MAL proteins. The third image in this panel is the expanded view. Note that other viral proteins except Pol were expressed in this experiment. Scale bar, 10µm. Low magnification images, including other cells, are shown in Supplementary Figure S3. The graph on the right shows the percentage of cells in which Gag-GFP localized at the PM or in cytoplasmic puncta (n > 20 cells). (B) Confocal micrographs showing HepG2 cells expressing HT-MAL and either GFP-LC3 (autophagosomal marker) or GFP-Rho3 (endosomal marker). Nuclei were stained with DAPI. Scale bar, 10µm. The graph on the right shows the percentage of cells in which MAL localized to LC3- or RhoB-positive structures (n > 20 cells). (C) Lysosomal inhibitor blocks MAL-mediated Gag degradation. HEK293 cells were co-transfected with pNL4-3 and the MAL expression vectors. Two days post-transfection, cell lysates were subjected to immunoblotting. The compounds indicated in the figure were added 16 h before the cells were harvested.





Antiviral Effect of Endogenous MAL Against HIV-1

We next examined the effect of endogenous expression of MAL on HIV-1 production in PC3 cells, which are known to functionally express MAL (18). We treated the cells with two different MAL-targeting siRNAs, which had 90% knockdown efficiencies, and then transfected them with pNL4-3 (Figure 4A and Supplementary Figure S4). Compared with the control cell supernatants, the MAL-knockdown cell supernatants had a 3- to 4-fold increase in p24 levels, reflecting increased HIV-1 production (Figure 4B). To further investigate the function of MAL in multi-round HIV-1 infection, we transduced CEM cells with MAL-targeting siRNA and infected them with replication-competent HIV-1. Subsequent calculation of p24 levels revealed that viral infection was significantly enhanced in MAL-silenced CEM cells compared to those in control cells (Figures 4C, D). We confirmed an incremental increase in cellular Pr55Gag in cells with MAL knockdown (Figures 4B, D). Together, these results indicate that endogenous MAL negatively regulates HIV-1 replication by degrading Pr55Gag.




Figure 4 | Endogenous MAL expression inhibits HIV-1 production. (A, B) PC3 cells transduced with control-(Ctrl) or MAL-targeting siRNAs (siMAL-I and siMAL-II) were transfected with pNL4-3. MAL knockdown was confirmed by RT-PCR (A). Following transfection, cell lysates (Cells) and the culture supernatants (Virions) were subjected to immunoblotting and p24 levels were measured by ELISA (B). (C, D) CEM T cells transduced with indicated siRNAs were infected with HIV-1. MAL knockdown was confirmed by RT-PCR (C). The supernatants were harvested at 3 and 4 days post-infection and p24 levels were measured by ELISA. At 4 days post-infection, cell lysates and the culture supernatants (virions) were subjected to immunoblotting (D).





The Gag MA Domain Is a Key Target of MAL-Mediated Inhibition

Since the MA and NC domains of the Gag protein are specifically involved in localizing Gag to the PM (3), we next mapped the MAL-binding sites on Pr55Gag using several domain mutants. Our immunoprecipitation analysis revealed that the polyprotein mutant lacking the MA domain, but not the NC domain, exhibited reduced binding to MAL (Figure 5A). This suggested that the MA domain is responsible for the interaction of Gag with MAL. Since MAL has four transmembrane domains, we generated MAL mutants lacking either the N-terminus or the C-terminus for further immunoprecipitation analysis. Consequently, we observed that Gag could interact with the MAL mutant that lacked the C-terminal region (Figure 5B). Consistently, the MA domain of Gag interacted with the N-terminal half of MAL, indicating that Gag binds to the N-terminal domain of MAL. To investigate whether this interaction is a prerequisite for the anti-HIV activity of MAL, we examined its inhibitory effect on Gag mutants lacking the MA domain. To this end, we co-transfected cells with GFP-MAL and pNL4-3 encoding either wild-type Gag or MA-deleted Gag with the Fyn peptide (Fyn10WT or Fyn10ΔMA), which can associate with the PM (5). Subsequent immunoblotting analysis revealed that the amount of MA-deleted Gag was not reduced in the cells, whereas that of the wild-type Gag was prominently reduced under identical conditions (Figure 5C). These results suggested that MAL inhibits Gag via the MA domain. We further found that both Gag mutants, which lack PM-targeting activity due to the absence of a myristoyl group (G2A) or highly basic domain (6A2T), had low binding activity to MAL (Supplementary Figures S5A, B). Together, these results suggest that the PM targeting of Gag is necessary for MAL interaction.




Figure 5 | The matrix domain of Gag is a major target for MAL-mediated inhibition. (A) MAL binds to the MA domain of Gag. Immunoprecipitation assays of HEK293 cells expressing the specified Gag-FLAG mutants and HaloTag (HT)-MAL. Cell lysates were precipitated with anti-FLAG antibodies, followed by immunoblotting. WT, wild-type; Δ, gene deletion. (B) N-terminus of MAL binds to Gag. Immunoprecipitation assays of HEK293 cells expressing the indicated HT-MAL mutants and Gag-FLAG. Cell lysates were precipitated with anti-FLAG antibodies, followed by immunoblotting. (C) MA-deleted Gag is resistant to MAL. HEK293 cells were co-transfected with pNL4-3/Fyn(10)full MA or pNL4-3/Fyn(10)ΔMA and GFP-MAL. Two days post-transfection, cell lysates were subjected to immunoblotting. (D) Antiviral activity of MAL is conserved across animal species. Sequence alignment of MAL across the specified animal species (top). The symbols below the alignment show the conserved residues (*), conservative substitutions (:) and semi-conservative substitutions (.). HEK293 cells were co-transfected with the HIV molecular clone pNL4-3 and the specified MAL expression vectors. Two days post-transfection, cell lysates (Cells) and the culture supernatants (Virions) were subjected to immunoblotting (bottom left). p24 antigen levels in the culture supernatants were also measured by ELISA (bottom right).



Since the N-terminus of MAL is conserved among animal species (Figure 5D), we analyzed whether the inhibitory function of MAL is also conserved across the orthologs of other animal species, including Macaca mulatta (rhesus monkey), Mus musculus (mouse), Gallus gallus (chicken), and Danio rerio (zebrafish). Our results revealed that all orthologs could reduce intracellular Gag levels (Figure 5D), suggesting that the antiviral function of MAL has been conserved during evolution.



Nef Partially Overcomes the Antiviral Activity of MAL

As our above results suggested that HIV-1 can replicate to an extent even in MAL-expressing T cells (Figure 4D), we hypothesized that HIV-1 can possibly counteract the antiviral activity of endogenous MAL. A previous study reported that the HIV-1 accessory protein Nef induces MAL-dependent massive secretion of exosomal markers, inducing the efficient fusion of the endosomes with the PM (19). Thus, we examined whether Nef could regulate the antiviral effect of MAL using wild-type HIV-1 and HIV-1 lacking the Nef, Vpu, and Env proteins, which might bind to the host membrane proteins. Our results demonstrated that the antiviral activity of MAL was enhanced in HIV-1 lacking Nef, but not in HIV-1 lacking Vpu and Env (Figure 6A). In MAL-expressing cells, the levels of Pr55Gag in the ΔNef virus were reduced compared to that of the WT virus (Figure 6B). In PC3 cells, the production of ΔNef virus was lower than that of the WT virus, but this reduction was not observed in MAL-depleted PC3 cells (Figure 6C). Consistent with this, intracellular Pr55Gag levels of ΔNef virus were recovered by MAL knockdown (Figure 6D). Moreover, multi-round HIV-1 infection analysis revealed that reduced ΔNef virus replication was also recovered by MAL knockdown (Figure 6E). Together, these results suggest that Nef may rescue MAL-mediated Gag degradation, promoting HIV production.




Figure 6 | Nef partially overcomes the antiviral activity of MAL. (A, B) HEK293 cells were transfected with the HIV-1 molecular clone pNL4-3 lacking nef, vpu, or env, and the GFP-MAL expression vector. Two days post-transfection, p24 levels in the supernatants were assessed by ELISA (A). Cell lysates were subjected to immunoblotting (B). Bar graph shows the relative Pr55Gag levels normalized to vinculin levels as determined by densitometry. WT, wild-type; Δ, gene deletion. (C, D) PC3 cells transduced with control-(Ctrl) or MAL-targeting siRNA (siMAL-II) were transfected with pNL4-3 or pNL4-3ΔNef. Cell lysates (Cells) and supernatants (Virions) were subjected to immunoblotting and p24 levels were measured by ELISA. (E) CEM T cells transduced with Ctrl or siMAL-II were infected with HIV-1 or Nef-deficient HIV-1. The supernatants were harvested at 3 and 4 days post-infection and p24 levels were measured by ELISA. (F) Nef associates with MAL. HEK293 cells were co-transfected with C-terminal NanoLuciferase (NL)-conjugated Nef and HaloTag (HT)-MAL expression vectors. Two days post-transfection, NanoBRET signals from cells were measured. WT, wild-type; GA, G2A mutation; PA, P72,75A mutation. (G) Nef inhibits the Gag-MAL interaction. Immunoprecipitation assays of HEK293 cells expressing Gag-FLAG and HT-MAL in the presence or absence of Nef. Cell lysates were precipitated with anti-FLAG antibodies, followed by immunoblotting analysis. Precipitated MAL levels (relative) were also shown, determined by densitometry. (H) Nef inhibits the internalization of MAL. Confocal microscopy images of HepG2 cells expressing GFP-MAL and Nef-FLAG. Note that no other viral proteins were expressed in this experiment. Nuclei were stained with DAPI. Arrows indicate internalized MAL. Scale bar, 10µm. Low magnification images, including other cells, are shown in Supplementary Figure S6. The graph on the right shows the percentage of cells in which GFP-MAL localized at the PM or in cytoplasmic puncta (n > 20 cells).



In fact, we detected a proximal interaction between Nef and MAL using NanoBRET (Figure 6F), suggesting that they are in close proximation in living cells. Interestingly, Nef mutants devoid of their membrane-targeting ability (G2A mutants) exhibited reduced NanoBRET signals. In contrast, Nef mutants lacking the PxxP motifs, which are important for binding of Nef to Src kinases (20), could still bind to MAL (Figure 6F). These results suggested that Nef was adjacent to MAL at the host PM. Notably, our immunoprecipitation analysis revealed that Nef interfered with the binding between MAL and Gag (Figure 6G), implying that Nef impedes the antiviral function of MAL against Gag. The immunofluorescence analysis also showed that in the absence of Nef, MAL was present in both the PM and intracellular endosomes. However, in the presence of Nef, MAL was primarily localized to the PM without localizing to the endosomes (Figure 6H and Supplementary Figure S6). These results suggest that Nef attenuates the antiviral activity of MAL by interfering with its localization to the PM and the endosomes, inhibiting accumulation of Gag in the endosomal compartments.




Discussion

In this study, we identified several novel Gag-binding ISG-products that negatively regulate HIV-1 particle production. We revealed that MAL has an anti-HIV function, as it sequesters Gag into the endosomal components. We also found that the viral accessory protein Nef antagonizes the antiviral function of MAL by interfering with the binding between MAL and Gag (Figure 7).




Figure 7 | Model illustrating MAL-induced Gag degradation. MAL targets the matrix domain of the HIV-1 Gag protein and induces its degradation via the endolysosomal pathway. The viral protein Nef inhibits this interaction, overcoming the antiviral activity of MAL.



MAL is a 17 kDa membrane protein consisting of four transmembrane domains. It was first identified in human T lymphocytes (21). Moreover, it localizes to lipid raft microdomains of the PM, endosomes, and trans-Golgi networks (17), and is expressed in human T cells, epithelial cells, and myelin-forming cells (22). In T cells, MAL is involved in transporting proteins to the cell membrane, the secretion of exosomes or multivesicular bodies (MVBs), and in organizing immune synapses (23–25). Although the role of MAL in HIV-1 replication has not been reported to date, a previous study did report its involvement in the viral propagation of HSV-1 (26). Here, we demonstrate that MAL also targets the HIV-1 protein Gag and interferes with its transport to the PM, where HIV-1 particles are formed.

Although previous studies have shown that translocation of Gag to the PM and sorting of endosomes is crucial for efficient viral production, the precise molecular mechanisms underlying the intracellular dynamics of Gag remain unclear. The Gag protein is transported to the PM via N-terminal myristoylation and the basic patch on the MA domain (27, 28). However, the role of endosomes or MVBs in active transportation has not been well characterized. Indeed, the MA domain contains a myristoyl group that enables the stable binding of Gag to PIP2 on the PM and is involved in its stable localization to the PM (4, 5, 29). This localization is necessary and sufficient to trigger viral assembly. Our results revealed that MAL promotes the localization of Gag to intracellular endosomal vesicles rather than the PM via interacting with the MA domain; however, the detailed molecular mechanism underlying this phenomenon remains elusive.

We also found that Nef antagonizes the antiviral function and interaction of MAL with Gag. Previous studies have demonstrated that Nef stabilizes the localization of Gag to the PM; nevertheless, the underlying mechanism is as yet unknown (30, 31). In this study, we found that Nef possibly stabilizes the localization of Gag to the PM by antagonizing the antiviral function of endogenous MAL. Consistently, we also observed that despite endogenous MAL exhibiting antiviral activity, a low level of virus particles was still produced. These results suggest that the stoichiometric relationship between Nef and MAL can determine the efficiency of viral replication.

Multiple studies have reported the functional interactions between HIV-1 Nef and MAL. Indeed, Nef promotes the secretion of exosomes and microvesicles, which is mediated by MAL (32–34). Consistently, the activity of Nef is inhibited upon knockdown of MAL (19). In our current study, we revealed an additional function of MAL in inhibiting HIV-1 particle production via sequestrating Gag to endosomal compartments. It is possible that Nef directs the function of MAL for exosome secretion rather than HIV-1 inhibition, sustaining HIV-1 particle production. This interesting hypothesis needs to be addressed in the future.

Our immunoprecipitation data reveal that Nef physically associates with MAL, blocking its binding to Gag. However, other mechanism(s) of its action on Gag need to be further explored. For example, Nef is known to alter the lipid content and protein properties of the PM (35, 36). Likewise, it is possible that Nef also alters the content, properties, and structure of MAL in the PM.

Owing to our analysis of the MAL orthologs in different species, we verified the antiviral effects of MAL derived from zebrafish; the MAL amino acid sequence of zebrafish has approximately 50% homology to that of human MAL. Thus, we deduced that a conserved region of these sequences is possibly crucial for HIV-1 inhibition. In this regard, we discovered that the N-terminus of the MAL protein is conserved among different animal species and is important for its binding to Gag. Nevertheless, the functional significance of the N-terminus of MAL binding to the Gag MA domain and sequestering Gag to the endosomal compartments is still undetermined. Although we found that the membrane binding activity of the MA domain is required for the interaction between Gag and MAL, it is interesting that the anti-retroviral function of MAL is conserved across multiple animal species.

In summary, our results demonstrate that MAL is an anti-HIV factor that targets Gag. It also facilitates the internalization and degradation of Gag-expressing viral particles. However, its antiviral effect is antagonized by the viral protein Nef. Thus, our findings shed new light on the molecular mechanisms underlying the HIV-1 degradation pathway in the innate immune system. Importantly, MAL and other molecules of this pathway are potential novel therapeutic targets for AIDS and related disorders.
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Studies of retroviruses have led to many extraordinary discoveries that have advanced our understanding of not only human diseases, but also molecular biology as a whole. The most recognizable human retrovirus, human immunodeficiency virus type 1 (HIV-1), is the causative agent of the global AIDS epidemic and has been extensively studied. Other human retroviruses, such as human immunodeficiency virus type 2 (HIV-2) and human T-cell leukemia virus type 1 (HTLV-1), have received less attention, and many of the assumptions about the replication and biology of these viruses are based on knowledge of HIV-1. Existing comparative studies on human retroviruses, however, have revealed that key differences between these viruses exist that affect evolution, diversification, and potentially pathogenicity. In this review, we examine current insights on disparities in the replication of pathogenic human retroviruses, with a particular focus on the determinants of structural and genetic diversity amongst HIVs and HTLV.
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Pathogenic Human Retroviruses


Human Immunodeficiency Viruses

Human immunodeficiency virus (HIV) is the etiologic agent of acquired immunodeficiency syndrome (AIDS) (1, 2). Nearly 40 years after its discovery, HIV remains a chronic global public health concern. Since its emergence in the human population, HIV has infected approximately 75 million people and is responsible for the deaths of almost 32 million individuals (3). As of 2018, an estimated 38 million people are infected with HIV around the world  (4). Despite advancements in the understanding of viral transmission and antiviral drug development, approximately 1.7 million new infections and 770,000 HIV-related deaths still occur annually (4).

Most HIV infections are caused by HIV type 1 (HIV-1), which is the primary driver of the pandemic. A much smaller subset of HIV infections are caused by HIV type 2 (HIV-2), which accounts for only about 1 to 2 million infections and is almost exclusively geographically constrained to West Africa (5). Both HIV-1 and HIV-2 belong to the Retroviridae family of viruses. Retroviruses are a unique class of viruses that challenge the central dogma of biology, such that their RNA genomes are first reverse transcribed into DNA. The DNA copy of the viral genome is then integrated into the host DNA, which contributes to lifelong, persistent infections. Messenger RNA (mRNA) and viral genomic RNA (vRNA) are both transcribed from the integrated genome, which allows for sustained propagation of viral progeny so long as the host cell survives.

Both HIV-1 and HIV-2 infect immune cells that express the CD4 molecule on their surface, namely CD4+ T cells and macrophages. During the acute stage, which represents the first weeks of infection, CD4+ T cells are robustly depleted from the lymphoid system. This is driven by both direct targeting of virally-infected cells as well as the activation-induced death of bystander T cells (6). Infected individuals may experience mononucleosis-like symptoms, such as fever, headache, and muscle pains. These symptoms may be so mild that many individuals do not realize they are infected. The acute stage of infection is followed by a long period of clinical latency, known as the asymptomatic phase, which typically lasts about 6 to 8 years (7). During this time, the concentration of CD4+ T cell continues to decline and viremia increases. When CD4+ T cell counts drop below 500 cells/µL, patients enter the symptomatic phase of infection, at which point viremia rapidly increases and progression to AIDS (defined as CD4+ T cell concentration <200 cells/µL) typically occurs within a couple of years (7). Left untreated, 52% of patients will die within 2 years of progression to AIDS and 82% will die within 6 years (8).

Compared with HIV-1, HIV-2 exhibits a significantly attenuated disease phenotype, characterized by lower viral loads within individuals, lower rates of both vertical and sexual transmissibility, and a slower progression to AIDS (9–14). In areas where HIV-2 has historically been endemic, rates of HIV-2 infection are decreasing while the prevalence of HIV-1 is on the rise (15–17). For example, in Guinea-Bissau, the prevalence of HIV-1 rose from 0.5% in 1990 to 3.6% in 2007, whereas HIV-2 prevalence dropped from 8.3% to 4.7% in the same timeframe (17). Even in the absence of antiretrovirals, the prognosis for HIV-2-infected individuals is better than for HIV-1-infected individuals. A study of women with HIV-1 and HIV-2 infections from 1985 to 1993 found that the 5-year AIDS-free survival rate for HIV-1-infected women was 67% compared with 100% for HIV-2-infected women (14).

The reason for the attenuated disease progression of HIV-2 compared with HIV-1 remains unclear. Humanized mice studies in HIV-2 are lacking, and no head-to-head comparisons have been done, but preliminary studies suggest that viral loads in HIV-2-infected humanized mice are an order of magnitude lower than those of HIV-1-infected humanized mice during the first several months of infection (18, 19). Studies of HIV-1 elite controllers and long-term non-progressors (i.e., those individuals who maintain high CD4+ T-cell counts in the absence of treatment) have found that these patients have lower levels of proviral DNA and smaller pools of latently infected cells compared with viremic individuals (20–22). However, results comparing HIV-1 and HIV-2 long-term non-progressors have been conflicting. One study found that differences in proviral loads between HIV-1- and HIV-2-infected individuals may explain disparities in viremia and disease progression (23). However, another group demonstrated that low plasma viral load was independent of proviral load in HIV-2-infected individuals, which were comparable with proviral loads for HIV-1-infected individuals at similar disease states (24).



Human T-Cell Leukemia Virus Type 1

Human T cell leukemia virus type 1 (HTLV-1) represents the other major pathogenic human retrovirus. HTLV-1 was the first human retrovirus discovered, laying the groundwork for much of the work that has been done to understand HIV-1 infection (25, 26). HTLV-1 is in the deltaretrovirus genus, whereas HIV-1 and HIV-2 are in the lentivirus genus. Like HIV-1 and HIV-2, HTLV-1 predominantly infects CD4+ T cells, but also infects a wide variety of other immune cells, endothelial cells, myeloid cells, and fibroblasts (27–31). Although HTLV-1 is also characterized by relatively low rates of transmission between individuals, an estimated 5 to 10 million people are infected worldwide, and the seroprevalence may reach as high as 40% in endemic regions such as Japan, the Caribbean, central Africa, Brazil, parts of the Middle East, and the Pacific Islands, including Australia (32, 33).

While most HTLV-1 infections remain asymptomatic, there is a 0.25% to 3% lifetime risk for pathogenicity for infected individuals (32). In these individuals, the disease may manifest as a lymphoproliferative adult T cell leukemia/lymphoma (ATL) or as a collection of neurological disorders, namely HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) (25, 34–36). HTLV-1 is also associated with a number of other inflammatory disorders, including bronchiectasis. A recent study found that in Indigenous adults in central Australia, HTLV-1 proviral loads are 8-fold higher in patients with bronchiectasis compared with healthy controls, and patients with an HTLV-1 proviral load greater than 1000 copies per 100,000 peripheral blood leukocytes were over 12-times more likely to develop bronchiectasis (37).

Compared with HIV-1, both HIV-2 and HTLV-1 have been significantly understudied. A search of the online PubMed database performed December 2021 yields over 100,000 results using the search terms “HIV-1” or “human immunodeficiency virus type-1”, compared with approximately 6,300 results for “HIV-2” or “human immunodeficiency virus type-2” and 6,600 to 8,500 results for “HTLV-1” or “human T cell leukemia virus type-1”. Although the viruses share many similarities, it is important to consider both HIV-2 and HTLV-1 independently, as there are key differences that distinguish these viruses from HIV-1 that have important implications for replication, disease pathogenesis, and treatment.




The Retroviral Lifecycle


HIV-1, HIV-2, and HTLV-1 Genomes

At the most basic level, retroviral genomes consist of at least 3 core genes which are encoded in a 5’-gag-pol-env-3’ structure. The proteins encoded by these genes facilitate the fundamental steps in viral replication: attachment/entry, genome replication, particle assembly, and egress. All 3 major human retroviruses also encode a set of auxiliary genes, known as accessory genes, which are dispensable for replication in certain in vitro cell culture systems (Figure 1). The proteins encoded by these genes play a variety of important roles within the host system and help facilitate transmission and replication. Two identical copies of the single-stranded RNA genome are packaged into viral particles and serve as the templates for the generation of a single proviral genome, which is integrated into the host DNA.




Figure 1 | Schematic representation of the typical structure of the HIV-1, HIV-2, and HTLV-1 proviral genomes. All retroviruses encode a core set of genes in a 5’-gag-pol-env-3’ structure flanked by long-terminal repeats (LTRs) that facilitate replication and integration within the genome. HIV-1, HIV-2, and HTLV-1 also encode a unique set of accessory genes, shown in pink, lime green, and yellow, that help facilitate genomic replication and immune evasion and counteract cellular defense mechanisms against the virus.



The HIV-1 genome is approximately 9,200 to 9,600 nucleotides and is flanked at both ends by long terminal repeat (LTR) sequences. There are 9 protein-coding viral genes encoded by overlapping reading frames: gag, pol, vif, vpr, tat, rev, vpu, env, and nef. The RNA genome also contains a number of highly structured elements that regulate replication, including the 5’ trans-activation response (TAR) element, primer binding site (PBS), dimerization initiation sequence (DIS), and the Rev response element (RRE) (38).

The HIV-2 genome is structurally very similar to the HIV-1 genome and is approximately 9,800 nucleotides in length. The most prominent difference between them is the absence of vpu, which is replaced instead with vpx. At the sequence level, however, HIV-1 and HIV-2 are highly divergent. The viruses emerged in the human population via distinct zoonotic transmissions of simian immunodeficiency viruses (SIVs) from either chimpanzees or gorillas (HIV-1) or sooty mangabeys (HIV-2) (39). As result, HIV-1 and HIV-2 share approximately 60% identity at the amino acid level and just 48% identity at the nucleotide level (40).

The HTLV-1 genome is approximately 9,000 nucleotides in length and, similarly to HIV-1 and HIV-2, is flanked by LTR sequences. In addition to the 3 core genes, HTLV-1 also contains a regulatory pX region, which encodes the viral accessory proteins Tax-1, Rex, p8/p12, p13, p30, and HBZ (encoded in the antisense direction) (41). Several of these unique accessory factors, namely Tax and HBZ, have been implicated in oncogenesis and serve to partly explain the distinct disease pathogeneses of HTLV-1 from HIVs (42). HTLV-1 is genetically distinct from both HIV-1 and HIV-2 and is the result of multiple zoonotic transmissions of simian T-lymphotropic virus type 1 (STLV-1) from apes to humans. Whereas this transmission is thought to have occurred relatively recently for HIV-1 and HIV-2, likely sometime between 1920 and 1940 (43, 44), HTLV-1 is thought to be a much older human pathogen, with some transmission events estimated to have occurred as early as the Paleolithic period (45, 46). Indeed, preserved HTLV-1 proviral DNA has been identified in 1500-year-old Andean mummies (47). Even in the most conserved structural regions of the genome, such as the capsid (CA) domain of the Gag protein, HTLV-1 shares only about 50% amino acid identity with HIV-1 (48).



Attachment, Fusion, and Entry

Viral entry into target cells is facilitated by the envelope glycoprotein (Env) on the surface of the viral particle (Figure 2A) . Env is initially translated as a polyprotein precursor which is subsequently cleaved into the surface protein (SU) and a transmembrane protein (TM), the latter of which is anchored within the lipid membrane of the viral envelope. The mature Env protein consists of a trimer of the SU-TM heterodimers that is heavily glycosylated during protein trafficking to the plasma membrane of the host cell (49–51). The SU protein binds to a series of receptors on the host cell which facilitate viral uptake. For both HIV-1 and HIV-2, the primary cellular receptor is CD4. CD4 is abundantly expressed on the surface of CD4+ T cells but is also expressed on a number of other immune cell types, including hematopoietic progenitor cells (52). Subsequent interaction with a coreceptor on the cell surface, namely one of the chemokine receptors CCR5 or CXCR4, triggers a conformational change within Env which results in the fusion of the viral and cellular membranes mediated by the TM protein. The process is similar for HTLV-1, except that HTLV-1 SU first interacts with heparin sulfate proteoglycans (HSPGs), followed by neuropilin-1 (NRP-1), and finally glucose transporter 1 (GLUT1). Binding to NRP-1 induces a conformational change within SU which allows for interaction with GLUT1 which subsequently facilitates fusion of the viral and cellular membranes (53).




Figure 2 | The lifecycle of human retroviruses. The major steps of the retroviral lifecycle are shown. Viral proteins are colored according to those used in the genomic structure diagram in Figure 1. (A) The retroviral lifecycle begins when the envelope proteins of a mature, infectious virion attach to the appropriate receptor (for HIV-1, CD4) and co-receptor (CCR5 or CXRC4) on the surface of the cell, which facilitates viral membrane fusion with the plasma membrane. Following release into the cytoplasm (B), the intact (or near intact) capsid core is trafficked to nuclear pore complexes (NPCs) on the nuclear envelope. During or shortly after nuclear import (C), capsid uncoating and reverse transcription occur (D) (see Figure 3 for more details on reverse transcription). The double-stranded DNA product is subsequently integrated into the host genome by integrase (E). Host machinery transcribes the proviral genome (F) into both the viral genomic RNA (vRNA) and mRNA, which templates the translation of viral proteins both in the cytosol and on the surface of the ER, with co-translational insertion of the transmembrane Env protein occurring in the ER (G). A milieu of viral and host proteins traffics along with vRNA to the plasma membrane where they are packaged into nascent budding particles (H). Following the budding (I) and release of the particle from the plasma membrane (J), the viral protease cleaves Gag resulting in the formation of a mature, infectious particle (K).





Reverse Transcription and Integration

Following membrane fusion, the viral capsid core is released into the cytoplasm of the cell along with a host of viral and cellular proteins, including reverse transcriptase (RT), integrase (IN), and cellular proviral and restriction factors (Figure 2B). The early stages of genomic replication within the cell have remained a topic of debate. Reverse transcription is intimately linked to the dissociation of the capsid core structure, known as uncoating, and perturbation of uncoating kinetics can disrupt reverse transcription events (54–58). While it was historically believed that capsid core uncoating and reverse transcription occurred in the cytoplasm, recent evidence suggests that capsid cores remain largely intact until they reach nuclear pore complexes (NPCs) on the nuclear envelope (59–63). Recent reports suggest that these cores are subsequently trafficked through the NPC in an intact state, and that both uncoating and reverse transcription occur in the nucleus (59–61). Others, however, suggest that capsid remodeling or partial uncoating occur at the NPC, and that the early formation of viral DNA products occurs at or near the nuclear envelope (Figures 2C, D) (62, 63). Such studies, which have reshaped our understanding of the timing of capsid uncoating and reverse transcription, have been aided by advancements in molecular imaging techniques. Further improvements in live cell imaging microscopy will allow for deeper insights into the relationship between uncoating and reverse transcription, as well as the timing of these processes.

The details of reverse transcription are shown in Figure 3. Cellular tRNAs serve as the primer for initiation of reverse transcription (tRNALys3 for HIV-1 and HIV-2, tRNAPro for HTLV-1), which bind to the PBS at the 5’ end of the RNA genome (64). From this primer, the RT enzyme begins synthesis of the negative-sense strand of single-stranded DNA (-ssDNA) in a 5’-to-3’ direction. As RT proceeds with DNA synthesis, the RNase H domain of the enzyme degrades the RNA genome behind it. RT proceeds through the unique 5’ (U5) and repeated (R) regions of the 5’ leader sequence of the RNA genome, at which point the first strand transfer occurs. The R region is thusly named as it is repeated at both ends of the genome, allowing for binding of the newly synthesized ssDNA to the 3’ end of the genome. DNA elongation continues through the unique 3’ (U3) region, generating the first of the LTRs. As synthesis of the -ssDNA continues, RNase H continues to degrade the viral RNA genome, until it reaches the centrally located polypurine tract (PPT). This portion of the RNA is resistant to RNase H cleavage and serves as the template for generation of the positive-sense single-stranded DNA (+ssDNA). As synthesis of the -ssDNA continues, +ssDNA elongation proceeds to the 3’ end of the genome through U3, R, and U5. The second strand transfer occurs, in which the PBS from both ssDNA molecules hybridize. Both strands are allowed to complete synthesis using one another as templates and the dsDNA genome is completed.




Figure 3 | Reverse transcription. The virally encoded reverse transcriptase (RT) converts the viral genomic RNA (vRNA) into double-stranded DNA. As replication occurs, the RNaseH activity of RT degrades the vRNA template (dashed lines). Following completion of plus-strand synthesis, the double-stranded DNA product is integrated into the host genome by integrase to form a transcriptionally active provirus (not shown).



Within the nucleus, the dsDNA product exists as a ribonucleotide complex made up of viral and cellular proteins, known as the pre-integration complex (PIC). Included within the PIC is IN, which acts to catalyze the integration of the viral dsDNA into the host genome, forming a completed provirus (Figure 2E). Integration of retroviral genomes occurs in a semi-random fashion. Research suggests that both HIV-1 and HIV-2 preferentially integrate within or adjacent to protein-coding regions and in CpG-rich regions (65–70). One study found that during in vitro infection of peripheral blood mononuclear cells, 82% of HIV-2 integrations occurred within annotated genes (68). On the other hand, HTLV-1 does not exhibit a preference for integration within open reading frames (71, 72). According to one analysis of integration sites in cells from HTLV-1-infected individuals, HTLV-1 proviruses integrate within gene transcriptional units at a frequency similar to what is expected based on random chance (71). Although specific genomic hotspots have not been identified, research suggests that HTLV-1 may preferentially integrate at palindromic targets near transcription start sites (72).

Retroviral transcription from integrated proviruses is driven by promoter and enhancer elements within the LTR (73, 74). A number of structures and sequences are included within the LTRs that promote viral gene transcription, including the TATA box, the 5’ trans-activating response (TAR) element, and a collection of host transcription factor binding sites. Together, these factors recruit the cellular RNA polymerase II, which catalyzes the transcription of viral mRNAs as well as genomic RNA starting at the U3 region of the LTR (73). Because HIV-1 and HIV-2 integrate near or within transcriptionally active regions of the genome, enhancement of transcription from the proviral LTRs can also affect the gene expression profile of infected cells (75). Additionally, some of the cellular factors recruited to the proviral LTR, including NF-κB and CBF-1, also recruit histone deacetylases (HDACs) that suppress viral gene transcription and help establish viral latency (76–78).



Assembly, Budding, and Maturation

Viral particle assembly occurs as the vRNA and transcribed proteins (Figure 2G), including Gag, Gag-Pol, Env, and a collection of accessory proteins (Figure 2F), traffic to the plasma membrane (Figure 2H). A key step in this process is the oligomerization of Gag proteins, which promotes the formation of the immature Gag lattice of the viral particle. For HIV-1, Gag oligomerization is driven by interactions between the C-terminal domains within the CA region of different Gag proteins (79). In contrast, HTLV-1 Gag oligomerization is driven by a variety of Gag-Gag interactions across the full length of the protein, including in the N-terminal domain of CA as well as in the matrix (MA) and nucleocapsid (NC) domains (80, 81). In the case of HIV-1 infection, Gag oligomers form primarily in the cytoplasm before trafficking to the plasma membrane (82). HTLV-1 Gag is instead thought to traffic to the plasma membrane as a monomer before oligomerizing on the inner leaflet of the plasma membrane (82). The MA domain of Gag is responsible for the membrane-binding activity of the protein, which anchors the protein within lipid rafts at the plasma membrane (83–87). For both HIV-1 and HTLV-1, electrostatic interactions between the highly basic region of MA and phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] are key regulators of membrane binding, though recent research suggests that co-translational myristoylation of the G2 position in MA is the primary driver of HTLV-1 Gag membrane binding (88, 89).

Although NC is thought to be the main driver of Gag vRNA-binding activity, MA can bind to vRNA as well (90–93). It is currently unknown whether HIV-1 and HTLV-1 Gag proteins bind to vRNA within the cytoplasm of the cell and traffic to the membrane together, or whether vRNA reaches sites of particle assembly via transient diffusion (94–96). Preliminary evidence from in vitro biophysical studies suggests that ribonucleoprotein complexes, including Gag-RNA complexes, may be partially excluded from the plasma membrane-adjacent space via the actin cortex, which may act as a steric hinderance to particle assembly (97). Although the biological implications of these observations remain to be elucidated, these results suggest that the actin cortex may serve as a physical determinant of particle assembly sites on the plasma membrane.

The curvature of the Gag lattice at the plasma membrane causes the formation of a roughly spherical particle, the budding and release of which is catalyzed by host proteins including the ESCRT machinery (98–102). During or shortly after virus particle release, the viral PR cleaves Gag, triggering the maturation of the immature virus particle (Figures 2I–K). The mature particle contains MA embedded along the inner surface of the viral envelope; a CA core surrounding the viral genomic RNA, which is studded with NC, RT, and IN proteins; and a myriad of host and viral accessory proteins within the tegument of the particle. The maturation process is the final step in the development of an infectious viral particle that contains all the necessary factors to infect a naïve target cell (95, 103).




Morphological Diversity in Human Retrovirus Particles

Mature HIV-1 and HIV-2 particles exhibit an iconic conical capsid core structure (104, 105). Lentiviral core structure is unique among retroviruses, though, and the Retroviridae family exhibits a great deal of structural diversity, both among mature and immature particles (106, 107). Similar to other retroviruses, including murine leukemia virus (MLV), Rous sarcoma virus (RSV), and foamy viruses, HTLV-1 mature particles have been found to be roughly polygonal in nature (108–111). However, in analyses of HTLV-1 mature core morphology using chronically infected T cell lines, populations of particles with distinct morphologies have been identified (111, 112). In these analyses, particles with a distinct core-like structure accounted for just 10% to 15% of particles observed, and an additional 5% to 20% contained what were termed “partially mature” capsid cores, in which the capsid structure appeared incomplete. Still another 60% to 70% exhibited uniform electron density within the viral particle, with no discernable core-like structure observed (111, 112). The large proportion of HTLV-1 particles lacking CA organization and containing partially mature CA cores provides a plausible hypothesis to explain the decreased transmissibility and infectivity of HTLV-1 particles in a cell-free environment, though further research is needed to define this relationship.

Significant structural diversity has also been observed in immature particle structure across different human and animal retroviral species. In a comprehensive analysis of the structure of immature retroviral particles, it was determined that immature HTLV-1 particles are distinct among all retroviruses, characterized by discontinuous Gag lattices and flat regions of multimerized CA that appear disconnected from the plasma membrane (106, 113). The retroviral Gag lattice is the most prominent feature in both mature and immature particles, and the complex arrangement of these lattices is dictated by intermolecular protein interactions located primarily within the CA domain (79–81). While the structural determinants of HIV-1 Gag oligomerization have been extensively studied in authentic particles (114–116), virus-like particles (117–119), and in vitro assemblies of purified CA proteins (120), high resolution of the structure of the HTLV-1 has been limited to nuclear magnetic resonance (NMR) studies of the HTLV-1 CA domain (121). Comparative studies probing residues within CA have identified many of the key interaction interfaces required for maintaining replication and morphology of HIV-1 (122, 123), HIV-2 (124), and HTLV-1 (81), including those that dictate the formation of structural features such as the six-helix bundle of CA-SP1 and the two- and three-fold CA interfaces. Recent determination of the structure of the HIV-2 immature lattice demonstrates a similar hexameric organization to that of HIV-1 (125), further emphasizing the unique nature of HTLV-1 among human retroviruses.

Understanding structural diversity, and its impact on infectivity, in retroviruses is important, as form dictates function. As Moshe Safdie wrote in his 1970 novel Beyond Habitat, “nature makes form, and form is a by-product of evolution.” Using point mutations introduced into the HIV-1 CA protein that either increase or decrease the stability of the CA core structure, research has demonstrated that core stability and disassembly are finely tuned processes, and that structural abnormalities that disrupt their kinetics in either direction inhibit viral replication (56, 58). This is likely due to the observation that CA core uncoating is connected to reverse transcription kinetics; consequently, disruption of core disassembly may perturb replication of the viral genome (126, 127). There is therefore a need to better understand the structural diversity within retroviruses, and particularly within HTLV-1, and how this relates to viral replication and infectivity. In addition, more quantitative analyses identifying the differences in viral and host protein incorporation into particles, properties of Gag oligomerization, and maturation dynamics are critical to support the next generation of comparative studies of human retroviral particles.



Genetic Diversity in Human Retroviruses

A high rate of viral evolution is a hallmark feature of HIV-1 that drives the rapid diversification of viral genomes, both within and between hosts. The genetic diversity of HIV-1 within a single infected individual is comparable with the genetic diversity observed in influenza sequences circulating around the globe within a given year (128). The genetic diversity of the virus has led to the classification of HIV-1 into groups, subtypes, and sub-subtypes (Figure 4A). HIV-1 can be classified as group M, N, O, or P; group M consists of subtypes A, B, C, D, F, G, H, J, and K, and subtypes A and F can be further classified into sub-subtypes A1, A2, A3, A4, F1, and F2 (129). The genetic variability between subtypes generally ranges from about 25% to 35%, and within subtype variability can be as high as 20% (130). The various HIV-1 groups are thought to have originated via distinct zoonotic transmission events, with the further diversification of HIV-1 group M driven by a high rate of viral mutation.




Figure 4 | Classification of HIV-1, HIV-2 and HTLV-1. (A) Classification of HIV-1 and HIV-2 groups, subtypes, and sub-subtypes. (B) Classification of HTLV-1 subtypes and subgroups.



The genetic diversity of HIV-1 has important consequences for the clinical progression of disease. A diverse pool of viral genomes promotes immune evasion, cell tropism changes, and the emergence of antiretroviral drug resistance (131). The rapid evolution of HIV-1 has necessitated a shift in the HIV-1 treatment paradigm towards combination active antiretroviral therapy (cART, or simply ART), which uses a customized combination of different classes of antiretrovirals to suppress HIV replication. The use of ART has significantly increased the proportion of people living with HIV who remain progression-free and can delay the progression to AIDS by 85% and the risk for AIDS-related death by 98% (132, 133). However, resistance to ART has already started emerging globally. In 2019, the World Health Organization reported that more than 10% of adults infected with HIV in 12 countries in Africa, Asia, and Central and South America have developed drug resistance to efavirenz and nevirapine, two non-nucleoside analog reverse transcriptase inhibitors that form the backbone of many ART regimens. In sub-Saharan Africa, the prevalence of ART resistance is especially high, with approximately 50% of newly diagnosed infants within the region being infected with a strain of HIV that is resistant to one or both of these drugs (134).

Like HIV-1, HIV-2 is further characterized into groups A through H (Figure 4A). Preliminary research suggested that the genetic diversity between these groups may reach as high as 25% (135), but these data are nearly 3 decades old and do not reflect the potential genetic diversity in newly identified HIV-2 groups. In addition to the sparsity of research, a clear understanding of HIV-2 diversification has been confounded by conflicting results from in vivo studies of HIV-2 evolution. In a 2007 study of env gene evolution among 8 HIV-2-infected individuals from Senegal over approximately 10 years, HIV-2 evolution was found to be significantly slower than that of HIV-1 sequences over a similar time period (136). In contrast, a similar study published in 2010, which compared HIV-1 and HIV-2 env sequence evolution among 22 Swedish and Portuguese patients, reported significantly faster rates of genetic evolution for HIV-2 compared with HIV-1 over up to 13 years of follow up (137). In a more recent study exploring the selective pressure of the immune system on HIV-1 and HIV-2, HIV-2 was found to be under greater purifying selection than HIV-1, suggestive of stronger constraints on viral evolution (138). The discrepancies in results may be related to the regions of the env gene sequenced, as HIV-2 evolution has been found to vary significantly across various regions of env (139). Similarly incongruent results have been observed in in vitro studies of HIV-1 and HIV-2 RT fidelity and kinetics (140, 141). However, single-cycle replication studies suggest that HIV-2 accumulates significantly fewer mutations during a single round of replication than does HIV-1 (142, 143).

HTLV-1 is divided into 7 subtypes (1a through 1g), of which subtype 1a is further characterized into subgroups A through E (Figure 4B). The diversity between these subtypes is considerably lower than is observed for HIV-1 or HIV-2, with one study estimating less than 1% genetic divergence between isolates of HTLV-1 subtypes (144). This diversity represents the result of thousands of years of evolution within the human population, underscoring the extremely low rate of HTLV-1 evolution (45–47). Studies estimate that substitutions accumulate within the HTLV-1 genome at a frequency of approximately 1% per thousand years (145, 146).

Research on the determinants of viral mutagenesis and evolution suggest that the diversification of retroviruses is driven by a complex interplay of internal and external factors. For example, while the error rate of HTLV-1 RT has been found to be several orders of magnitude lower than that of HIV-1 RT (147, 148), studies analyzing virus replication suggest that the substitution rate of HTLV-1 is comparable with those observed in HIV-1 and HIV-2 (137, 139, 149, 150). These results suggest that human retroviral evolution is driven by multiple factors beyond intrinsic replication errors alone. Indeed, retroviral evolution is thought to be driven by a combination of viral mutation, the pace of viral replication, the longevity of infection, and the size of the replicating viral population (131). The relative contribution of these factors has been found to vary considerable between retroviruses. For example, while HTLV-1 diversification is thought to be driven primarily by clonal expansion of infected cells (33), a high viral mutation rate and rapid replication of the virus are thought to be key contributors to viral evolution of HIV-1. Historical studies have estimated that the HIV-1 mutation rate is between 1.4 and 3.4 x 10-5 mutations per base pair (mut/bp), although more recent studies have estimated that the mutation rate may be closer to 4.1 x 10-3 mut/bp per cell in vivo (151–155).

The occurrence of multiple zoonotic transmission events of SIVs are also thought to contribute to the genetic diversity of HIV-1 and HIV-2. While most strains of HIV-1 exhibit the highest level of similarity to SIVs from chimpanzees, group O viruses are more closely related to SIVs isolated from gorillas, indicating distinct transmission events that have contributed to the pool of circulating HIV-1. Additionally, phylogenetic analyses demonstrate that HIV-2 isolates are genetically interspersed with SIV strains from sooty mangabey monkeys, suggesting multiple cross-species transmissions (156). Zoonotic transmission events are undoubtedly an important earlier driver of the genetic diversity of human retroviruses, as adaptive mutations have been found to coincide with cross-species transmission events (157).



Molecular Determinants of Retroviral Mutagenesis


Reverse Transcriptase

The error-prone RT encoded by the virus is thought to be the primary driver of HIV-1 mutagenesis (158). In vitro studies suggest that the error rate of the HIV-1 group M RT (subtype B) is approximately 0.6 to 2.0 x 10-4 mut/bp, nearly 100- to 1000-times greater than cellular DNA polymerases (148). The extremely high error rates associated with HIV-1 and other retroviral polymerases are due in part to a lack of intrinsic proofreading ability, which corrects up to 99% of mistakes encoded by cellular DNA polymerases (159). Instead, polymerase errors become fixed within the retroviral genome and contribute to viral diversification.

A variety of intrinsic and extrinsic factors can modulate the fidelity of retroviral polymerases. Mutations within the pol gene that encode for drug resistance-associated mutations, for example, can significantly increase or decrease the fidelity of RT. The M184V mutation in HIV-1, which confers resistance to the nucleoside analogue reverse transcriptase inhibitors (NRTIs) lamivudine (3TC) and emtricitabine (FTC), is associated with a 20% reduction in the relative HIV-1 mutant frequency (160). In contrast, the K65R mutation, which confers resistance to the NRTIs 3TC, abacavir (ABC), and tenofovir disoproxil fumarate (TDF) in both HIV-1 and HIV-2, increases the mutant frequency of HIV-2 by approximately 10% compared with WT (141, 161). Small molecules and NRTIs themselves can also affect viral mutagenesis and can be used to increase the viral mutation rate above a theoretical error threshold to promote viral population collapse (a novel therapeutic strategy known as lethal mutagenesis) (160, 162–165). Retroviral polymerases are also prone to “slipping” and “jumping”, which often occur at runs of repeated nucleotides and can result in deletions and frameshift mutations (166).

The fidelity of retroviral polymerases can also be affected by cellular concentrations of deoxynucleoside triphosphates (dNTPs), which are needed for generation of viral genomic DNA products (167). The mutation rate of HIV-1 has been found to differ by up to 30% between macrophages and T cells, which have drastically different dNTP concentrations based on their dividing status (168). In the absence of dNTPs, ribonucleotides are frequently incorporated during HIV-1 replication in macrophages, which can result in viral mutation if unrepaired (169). Indeed, recent research suggests that perturbations of dNTP pools within macrophages results in a 20% to 30% increase in the viral mutant frequency (170). However, the misincorporation of ribonucleotides during retroviral replication in macrophages is reduced following expression of the HIV-2/SIV accessory protein viral protein X (Vpx) (171). Vpx counteracts the cellular HIV-restriction factor SAMHD1 (sterile alpha motif and HD domain-containing protein 1), which acts as a deoxynucleoside triphosphohydrolase in non-dividing myeloid-lineage cells and depletes cellular dNTP pools (172). Collectively, these results suggest that depletion of dNTPs within macrophages by SAMHD1 contributes to HIV mutagenesis, but direct evidence of this effect remains to be observed. However, in further support of this activity, SAMHD1 expression is associated with perturbations in dNTP levels similar to those observed with the ribonucleoside reductase inhibitors, which have been shown to increase the HIV-1 mutagenic properties of nucleoside analogs (173–175).

The retroviral polymerase, RT, is also highly prone to recombination, which further promotes diversification. Retroviruses, including HIV-1, HIV-2, and HTLV-1, are considered pseudodiploid, meaning that viral particles each contain two complete copies of the viral genomic RNA. During replication of the viral genome and synthesis of the DNA provirus, template switching may occur, in which the viral RT enzyme “jumps” between RNA copies to complete reverse transcription (176). When identical copies of the RNA genome are packaged, no effect is observed. However, mutations can arise when genetically distinct copies of the RNA genome are packaged, either as a result of superinfection (infection of the host cell with more than one virus) or, much less frequently, errors resulting from host DNA polymerases (176). Recombination itself can also lead to mutations. One study demonstrated that 15% to 20% of all mutations that occur during reverse transcription in cell culture are associated with recombination events (177).

In endemic regions where individuals may be repeatedly exposed to HIV, recombination can occur between HIV subtypes within the context of host superinfection, resulting in the formation of recombinant forms of the virus (178). As of June 2021, 102 circulating recombinant forms (CRFs) of HIV-1 have been identified in the Los Alamos National Laboratory HIV sequence database (179). Recombination between subtypes of HIV-2, however, is much less common, and only one HIV-2 CRF has been identified to date (179, 180). Recombination between HTLV-1 strains has been observed similarly infrequently (33, 181).

Recombination is an essential process in retroviral replication and occurs frequently during the course of infection. Early in vitro studies estimated that over 20% of proviruses within a population are the result of recombination events after as little as 15 days (182). Blocking recombination results in a reduction in HIV-1 viral titers and significant deletions within genomes that are able to propagate, indicating that recombination is essential for maintaining genomic integrity (183). Studies of HIV-1 suggest that retroviral recombination is dependent on regions of high sequence similarity between templates as well as RNA secondary structures (40, 184–186). Low levels of cellular dNTP pools may also promote recombination, as macrophages have been found to have recombination rates up to 4-fold higher than observed in T cells, and HIV-1 template switching in macrophages is reduced to T cell levels following degradation of SAMHD1 via Vpx (168, 187).



APOBEC3 Proteins

Host cellular factors, including the APOBEC3 (apolipoprotein B mRNA editing-enzyme catalytic polypeptide-like 3; A3) family of restriction factors, also contribute to viral mutagenesis (Figure 5). These proteins are a family of cytosine deaminases that catalyze the deamination of cytosine (C) to uracil (U) within ssDNA substrates (188, 189). During reverse transcription, these C-to-U mutations template the improper insertion of adenine (A) in place of guanine (G) in the complimentary DNA strand, effectively catalyzing G-to-A mutations within the positive-sense DNA strand (188, 190). Of the 7 APOBEC3 proteins encoded within the human genome (A3A-D, A3F-H), A3D, A3F, A3G, and A3H (haplotypes II, V, and VII) have been shown to restrict HIV-1 infection via the introduction of G-to-A mutations during reverse transcription (191–195). Editing by APOBEC3 proteins is dependent on both DNA structure and sequence, with A3G preferentially targeting cytosines within a 5’-CC-3’ (5’-GG-3’) context and all other A3 proteins more potently mutagenizing cytosines within a 5’-TC-3’ (5’-GA-3’) context (189, 196–200). APOBEC3 proteins, particularly A3G, can introduce several G-to-A mutations within an HIV-1 genome during a single round of replication, a phenomenon termed hypermutation. One study found that up to 10% of plus-strand guanines in the HIV-1 viral genome were converted to adenines by A3G during a single round of replication; some individual base pairs were especially prone to mutagenesis, being changed to adenines at frequencies ranging from 33% to 100% (196). APOBEC3-induced G-to-A mutations are often lethal, as a G-to-A transition within a 5’-TGG-3’ context results in the generation of any one of the 3 translational stop codons (TAG, TAA, or TGA). In an analysis of the HIV-1 gag gene, it was found that over 80% of proviruses contained stop codons introduced by A3G editing within a cell culture system (196).




Figure 5 | Mutagenesis by APOBEC3 proteins results in G-to-A transition mutations in HIV-1 proviruses. Four APOBEC3 proteins (A3D, A3F, A3G, and A3H) are known to restrict HIV-1 infection by catalyzing the deamination of cytosine in single-stranded DNA (ssDNA) into a uracil (red) during reverse transcription. This templates the improver insertion of an adenine (orange) in place of a guanine, resulting in a G-to-A mutation in the positive-sense DNA strand of the resulting provirus. These mutations preferentially occur in a 5’-GG-3’ or 5’-GA-3’ dinucleotide context. APOBEC3 activity is inhibited by the viral accessory protein Vif (shown in pink box), which targets APOBEC3 proteins for degradation by the proteasome. Vif suppression of APOBEC3 activity is incomplete, though, and sublethal levels of G-to-A mutations can be observed in HIV-1 proviruses.



HIV-1 escapes restriction by APOBEC3 proteins via expression of the Vif (viral infectivity factor) protein. In viral producer cells, Vif interacts with the cellular cofactor CBF-β to catalyze the formation of an active E3 ubiquitin ligase complex, comprised of CUL5, ELOB, ELOC, and RBX1, to promote the ubiquitination and subsequent proteasomal degradation of APOBEC3 proteins (188, 201–205). In the absence of Vif, APOBEC3 proteins are packaged into budding particles along with viral proteins and genomic RNA. Following infection of a target cell, they exert their antiviral activity by deaminating cytosines within the nascent ssDNA. Targeting of the APOBEC3 proteins for degradation within the producer cell by Vif prevents their incorporation into viral particles and allows the virus to circumvent APOBEC3-mediated restriction.

However, even in the presence of Vif expression, sublethal levels of G-to-A mutations are observed within the HIV-1 genome, indicating that suppression of APOBEC3-mediated restriction is incomplete (142, 143, 158, 206, 207). These mutations have important implications within the context of viral infection, and have been linked to changes in coreceptor usage, immune evasion, and the failure of ART (208–214). One study found that incomplete neutralization of A3G and A3F was associated with a significant increase in the presence of CXCR4-tropic viruses in the population, a shift that has previously been found to correlate with cell tropism changes, disease progression, and a more rapid decline in CD4+ T cell counts in HIV-1 infected individuals (209, 215). In a study of 88 Indian HIV-1-positive patients (87 infected with subtype C, 1 infected with a recombinant A1C strain), 11.4% exhibited evidence of A3G-mediated hypermutation within proviral sequences, and patients failing ART were nearly 5-times more likely to exhibit evidence of lethal G-to-A hypermutation than treatment naïve patients (214). Collectively with other in vitro and in vivo studies, these results suggest that, despite their relatively minor contribution to the HIV-1 mutation rate (158), G-to-A mutations resulting from sublethal APOBEC3-mediated mutagenesis are important drivers of HIV-1 diversification and evolution.

The restrictive activity of APOBEC3 proteins against other human retroviruses has remained largely uncharacterized relative to HIV-1. Studies on the anti-HIV-2 activity of APOBEC3 proteins have largely been conducted in a piecewise fashion, primarily as an evolutionary comparator with HIV-1 and SIV (216–218). However, one study demonstrated that HIV-1 and HIV-2 Vif proteins interact with A3G and A3F via disparate moieties in both the Vif and APOBEC3 proteins (218). Additionally, our group has demonstrated that HIV-2 is characterized by a relative lack of G-to-A mutations, and specifically hypermutations, relative to HIV-1 (142, 143). Consistent with these observations, restriction of HIV-2 was found to be mediated by a smaller subset of APOBEC3 proteins than HIV-1 (A3F, A3G, and A3H), with only A3F and A3G serving as potent mutagens of HIV-2 (219). Collectively, these results indicate that APOBEC3-mediated restriction of HIV-2 is distinct from that of HIV-1.

The effects of APOBEC3 proteins on HTLV-1 have been studied, but with somewhat inconclusive results. In a single cell culture study, A3A and A3B were found to restrict HTLV-1 infection in a deaminase-dependent manner (220). A3G and A3H (haplotype II) have also been found to restrict HTLV-1 infection in vitro, though these proteins are thought to act in a deaminase-independent manner and the exact mechanisms remain to be established (220, 221). However, two studies independently examined proviral sequences obtained from the blood of HTLV-1-infected individuals to determine the effects of APOBEC3 editing in vivo. While one study found no evidence of G-to-A hypermutation within HTLV-1 proviruses (222), the other reported extensive editing of proviral sequences within dinucleotide contexts suggestive of APOBEC3-mediated mutagenesis (220). A more recent study examining the evolutionary footprint of APOBEC3 proteins within the genome of human viruses found that the HBZ-encoding region of the HTLV-1 genome is relatively depleted of 5’-NTC-3’ codons, indicative of historic APOBEC3-mediated editing throughout the evolution of the virus (223). More research is needed to fully understand the effects of the HTLV-1-restrictive activity of APOBEC3, but studies have been confounded by difficulties propagating the virus in cell culture (224–226).



ADAR Proteins

Host ADAR (adenosine deaminases acting on RNA) proteins have also been implicated as potential sources of mutation during HIV-1 replication (Figure 6A). ADAR proteins are RNA-editing enzymes that catalyze the deamination of adenosine into the purine nucleoside inosine (I) in double-stranded RNA structures (227, 228). During splicing and translation events, cellular machinery treat inosine as guanosine, resulting in changes to both splicing patterns and protein amino acid sequences (228–230). This also results in the introduction of A-to-G mutations in proviral DNA when these editing events occur during reverse transcription (154, 231). A-to-G, and U-to-C, hypermutation have been observed in many negative-sense RNA viruses but are observed relatively infrequently in retroviruses such as HIV-1 and HIV-2 (142, 154, 207, 232, 233).




Figure 6 | Potential effects of ADAR activity during HIV-1, HIV-2, and HTLV-1 infection. (A) Adenosine deamination reactions by ADAR proteins during retroviral replication are thought to induce A-to-I mutations within structured RNA elements from both the incoming vRNA genome and transcribed mRNA products. When these mutations occur during reverse transcription, it may lead to the introduction of A-to-G mutations in the integrated provirus. (B) Proposed RNA editing-dependent enzymatic activities of ADAR during retroviral infection have reported pro- and antiviral effects on protein synthesis, viral gene expression and replication, rates of protein synthesis, and RNA-splicing. (C) Proposed RNA editing-independent effects include inhibition of PKR.



Research on the effects of ADAR editing on HIV-1 infectivity has yielded conflicting results (Figure 6B). Several studies have demonstrated that ADAR1 and ADAR2, the two ADAR proteins expressed throughout the body, serve as proviral factors for HIV-1 (and HTLV-1) infection (234–238). Studies of ADAR1 overexpression in HIV-1 producer cells have demonstrated that editing by ADAR1 in the 5’UTR, as well as the env, rev, and tat genes, results in enhanced expression of the viral genome and increased protein production (234, 236). Experimental evidence using both HIV-1 and HTLV-1 suggest that the proviral activity of ADAR1 is also mediated by ADAR1-induced inhibition of PKR (protein kinase RNA activated), an antiviral protein that inhibits translational initiation of viral RNAs (Figure 6C) (235, 238). However, although ADAR1 has been shown to facilitate HIV-1 replication in CD4+ T cells (238), it has been found to inhibit HIV-1 replication in human alveolar macrophages (233). In these cells, overexpression of ADAR1 inhibited viral replication, but did not affect transcription of viral genes, suggesting the antiviral activity may be regulated post-transcriptionally (233). This hypothesis is supported by evidence from a variety of cell lines (293T, HeLa, Jurkat T, and primary CD4+ T cells), which found that ADAR1-induced A-to-G mutations in highly structured regions of the genome (i.e., rev, env, and the RRE) inhibited viral protein synthesis, but not viral RNA synthesis (239). The conflicting results observed in existing studies, as well as the lack of research on the effects of ADAR1 and ADAR2 on HIV-2 replication, highlight the need for further research on the cellular sources of genetic diversity within human retroviruses, and their effects on viral replication.




Conclusion

Much of our current knowledge on the biology of human retroviruses is based on studies of HIV-1, the most prominent and deadly of the human pathogenic Retroviridae. However, comparative studies demonstrate key genetic, morphological, and physiologic differences between HIV-1 and other retroviruses including HIV-2 and HTLV-1. Historically, assumptions about these viruses, particularly HIV-2, have been made based on what is known about HIV-1. Indeed, even clinical guidelines for the treatment of HIV-2-infected individuals are based on extrapolation of data from the treatment of HIV-1, as clinical trials and formal studies in HIV-2 patients are lacking (240). As indicated in this review, the available research demonstrates that significant diversity exists among human retroviruses, and each should be studied independently for a complete understanding of their biology, including the cellular and molecular determinants of replication and mutagenesis. Comparative analysis among the human retroviruses can be powerful in understanding their replication, evolution, persistence, and pathogenicity.
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HIV-1 accessory proteins Nef and Vpu enhance viral pathogenesis through partially overlapping immune evasion activities. Attenuated Nef or Vpu functions have been reported in individuals who display slower disease progression, but few studies have assessed the relative impact of these proteins in non-B HIV-1 subtypes or examined paired proteins from the same individuals. Here, we examined the sequence and function of matched Nef and Vpu clones isolated from 29 long-term survivors (LTS) from Rwanda living with HIV-1 subtype A and compared our results to those of 104 Nef and 62 Vpu clones isolated from individuals living with chronic untreated HIV-1 subtype A from the same geographic area. Nef and vpu coding regions were amplified from plasma HIV RNA and cloned. The function of one intact, phylogenetically-validated Nef and Vpu clone per individual was then quantified by flow cytometry following transient expression in an immortalized CD4+ T-cell line. We measured the ability of each Nef clone to downregulate CD4 and HLA class I, and of each Vpu clone to downregulate CD4 and Tetherin, from the cell surface. Results were normalized to reference clones (Nef-SF2 and Vpu-NL4.3). We observed that Nef-mediated CD4 and HLA downregulation functions were lower in LTS compared to the control cohort (Mann-Whitney p=0.03 and p<0.0001, respectively). Moreover, we found a positive correlation between Nef-mediated CD4 downregulation function and plasma viral load in LTS and controls (Spearman ρ= 0.59, p=0.03 and ρ=0.30, p=0.005, respectively). In contrast, Vpu-mediated functions were similar between groups and did not correlate with clinical markers. Further analyses identified polymorphisms at Nef codon 184 and Vpu codons 60-62 that were associated with function, which were confirmed through mutagenesis. Overall, our results support attenuated function of Nef, but not Vpu, as a contributor to slower disease progression in this cohort of long-term survivors with HIV-1 subtype A.




Keywords: HIV non-progressors, viral accessory proteins, immune evasion, pathogenesis, downregulation, CD4, tetherin, HLA



Introduction

The rate of disease progression following human immunodeficiency virus type 1 (HIV-1) infection can vary widely (1). In the absence of combination antiretroviral therapy (cART), symptoms of acquired immunodeficiency syndrome (AIDS) may appear within as little as one year or as long as ten years (or more) after infection (2, 3). Such heterogeneity has prompted studies of people living with HIV (PLWH) who display extreme protective phenotypes, as defined by prolonged maintenance of favorable clinical measures such as high CD4+ T cell counts and low plasma HIV-1 viral loads (pVL) in the absence of therapy (4, 5). The small subset of PLWH who remain healthy for many years in the absence of cART are variously known as long-term non-progressors, elite controllers, elite suppressors or long-term survivors (LTS), with somewhat overlapping definitions based on the specific classification criteria used (5).

Both host and viral genetic factors are associated with HIV non-progressor phenotypes (6). Host factors include polymorphisms in cellular genes required for HIV-1 replication such as the viral co-receptor CCR5 (7) as well as natural variation in immune genes including the Human Leukocyte Antigens (HLA) (8). Stochastic differences in the host immune response to infection such as the development of higher avidity and more cross-reactive antiviral T cells have also been described (9). Viral genetic variation influences HIV-1 set point viral load (10) and mutations that attenuate viral replication and pathogenesis contribute specifically: deletions or polymorphisms that impair the function of viral structural proteins such as Gag or Env, as well as those affecting accessory proteins such as Nef, Vpu or Vpr can influence disease outcome (11).

HIV-1 Nef and Vpu enhance viral pathogenicity through partially overlapping immune evasion functions (12–14). Both proteins downregulate the viral entry receptor CD4 from the cell surface, thereby shielding the infected cell from elimination by antibody-dependent cellular cytotoxicity (ADCC), which requires Env on the cell surface to be in its CD4-bound confirmation (15–17). Nef also prevents antigen presentation by internalizing HLA class I, while Vpu enhances virion release and protects infected cells from ADCC by internalizing Tetherin (12, 18, 19). Studies of humans and non-human primates have demonstrated that impairment of Nef or Vpu is associated with slower disease progression (20–22). Additionally, attenuated Nef or Vpu function has been reported in some non-progressors (23–26). Most studies however have focused only on HIV-1 subtype B and few reports have assessed both Nef and Vpu function in the same individuals. The relative roles of Nef and Vpu in the context of non-progression thus remain incompletely understood, particularly in the context of non-B subtypes.

In the present study, we analysed the sequence and in vitro function of autologous Nef and Vpu clones isolated from 29 LTS from Rwanda with chronic HIV-1 subtype A infection. Data were compared to an existing panel of 104 Nef and 62 Vpu clones isolated from individuals from the same geographic area with chronic HIV-1 subtype A infection. Our results indicate that impaired function of Nef, but not Vpu, is associated with slower disease progression in this cohort of African LTS.



Materials and Methods


Study Participants and Ethics Approvals

LTS plasma samples were obtained from a longitudinal cohort of PLWH from Rwanda, which was established in 1986 by Projet San Francisco and the Centre for Family Health Research. Control plasma samples were obtained from participants of the Heterosexual Transmission [HT] study in Kigali, Rwanda. Previously-generated Vpu (27) and Nef (28) clones from participants of the Uganda AIDS Rural Treatment Outcomes [UARTO] study in Mbarara, Uganda were also included as controls. All participants provided written informed consent prior to enrolment. The present study was approved by the Rwanda National Ethics committee, the Emory University Institutional Review Board, and the Simon Fraser University Research Ethics Board.



Amplification and Sequencing of Nef and Vpu

HIV-1 RNA was extracted from plasma using the NucliSENS EasyMag system (bioMérieux). The nef and vpu coding regions were amplified by reverse transcription-polymerase chain reaction (RT-PCR) using the Superscript III one-step RT-PCR system with Platinum Taq HiFi (Invitrogen) as described previously for Nef (28, 29) and Vpu (27). First-round amplicons were subjected to a nested second-round PCR reaction using the Expand High-Fidelity Plus PCR system (Roche) and primers containing AscI and SacII restriction enzyme sites to facilitate cloning. First-round nef primers, designed to accommodate HIV-1 subtype diversity, were: forward 5’- TAGCAGTAGCTGRGKGRACAGATAG-3’ (HXB2 nt 8683-8707); reverse 5’-TACAGGCAAAAAGCAGCTGCTTATATGYAG- 3’ (HXB2 nt 9536-9507). Second-round nef primers were: forward 5’-AGAGCACCGGCGCGCCTCCACATACCTASAAGAATMAGACARG- 3’, (HXB2 nt 8746-8772 in bold text; AscI restriction site is underlined); reverse 5’- GCCTCCGCGGATCGATCAGGCCACRCCTCCCTGGAAASKCCC- 3’, (HXB2 nt 9474-9449, in bold text; SacII restriction site is underlined). First-round vpu primers were: forward, 5′-TTGGGTGYCRRCAYAGCAGRATAGG-3′ (HXB2 nt 5780-5804); reverse, 5′-ATRTGCTTTVGCATCTGATGCACARAATA-3′ (HXB2 nt 6407-6379). Second-round vpu primers were: forward, 5′-AGAGGGCGCGCCATCAARHTYCTVTAYCAAAGCAGTAAGTA-3′; (HXB2 nt 6024-6052 in bold; AscI restriction site is underlined); reverse 5′-GCCTCCGCGGATCGATGGTACCCCATARTAGACHGTRACCCA-3′ (HXB2 nt 6352-6327 in bold; SacII restriction site is underlined). Amplicons were Sanger sequenced on a 3730xl automated Genetic Analyzer (Applied Biosystems Inc.). Chromatograms were assembled using Sequencher v5.0.1 software (GeneCodes).



Nef and Vpu Cloning

Nef and vpu amplicons were cloned into eukaryotic expression vectors as described (28, 30). Briefly, second-round products were purified using the E.Z.N.A Cycle Pure kit (Omega Bio-tek). Each nef or vpu amplicon was then cloned into a modified version of pSELECT-GFPzeo (In vivoGen) that contained 5’ AscI and 3’ SacII sites, where expression is driven by a composite hEF1-HTLV promoter. pSELECT-GFPzeo also features an independent CMV/HTLV promoter driving the expression of GFP. The pSELECT-GFPzeo vector used for vpu cloning was further modified to include the HIV-1 Rev Responsive Element (RRE) sequence downstream of the multiple cloning site to enhance Vpu expression (pSELECT-RRE-GFP). Following ligation, DNA products were transformed into E. cloni 10G chemically competent cells (Lucigen) and plated on Luria-Bertani (LB) agar containing Zeocin. Colonies were isolated, grown in LB medium containing Zeocin, and plasmid DNA was purified using the E.Z.N.A Plasmid DNA Mini kit (Omega Bio-tek). Plasmid clones were validated by Sanger sequencing. Following phylogenetic authentication (see below), one intact nef and one intact vpu clone per participant was selected for in vitro functional analysis (Supplementary Figure 1).



Phylogenetic Analysis and Subtype Determination

Alignments of intact clonal sequences and their original bulk plasma sequences were generated using HIV Align (www.hiv.lanl.gov/content/sequence/VIRALIGN/viralign.html) (31) and manually edited using Aliview (32). Maximum likelihood phylogenetic trees were inferred using using PhyML (33) and visualized using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) (34). HIV subtype classification was performed using the Recombinant Identification Program (RIP) (www.hiv.lanl.gov/content/sequence/RIP/RIP.html) (35), using a window size of 100 and confidence threshold of 95%.



Flow Cytometry

To examine Nef function, 2.0 μg of pSELECT-Nef-GFP was transfected into 1 x 106 CEM T cells resuspended in 50 μl Opti-MEM-I medium (Life Technologies) by electroporation using a Bio-Rad GenePulser MxCell instrument (single 25-ms square-wave pulse at 250 V, 2,000 μF, infinite Ω). All electroporations were performed in a 96-well plate (Bio-Rad cat #1652681). To examine Vpu function, 1.5 μg of pSELECT-Vpu-RRE-GFP plus 2.0 μg of pSELECT-Rev was transfected into 0.5 x 106 CEM cells using the same protocol. Transfected cells were resuspended in 400 μl RPMI 1640 medium, supplemented with 2 mM l-glutamine, 1,000 U/ml penicillin and 1 mg/ml streptomycin (all from Sigma-Aldrich) plus 10% fetal bovine serum (Life Technologies) and incubated for 24 h at 37°C with 5% CO2. For Nef, 0.25 x 106 cells were stained with allophycocyanin (APC) labeled anti-human CD4 (clone RPA-T4; BD Biosciences) and phycoerythrin (PE) labeled anti-human HLA-A*02 (clone BB7.2; BioLegend) antibodies. For Vpu, 0.25 x 106 cells were stained with allophycocyanin (APC) labeled anti-human CD4 (clone RPA-T4; BD Biosciences) and phycoerythrin (PE) labeled anti-human CD317/BST2/tetherin (clone RS38E; BioLegend) antibodies. Stained cells were incubated at 4°C for 30 min, washed twice using phosphate-buffered saline (PBS) solution (Sigma-Aldrich), then resuspended in 250 μl PBS and analyzed on a CytoFlex S flow cytometer (Beckman Coulter). Data were analyzed using FlowJo 10.8.1 software (BD Biosciences). Sample gating was standardized using CEM cells transfected with positive (SF2 strain Nef; NL4.3 strain Vpu) and negative controls (empty plasmids).

To quantify the relative function of each LTS-derived Nef or Vpu clone, the difference in median fluorescence intensity (MFI) of each antibody label was calculated between the GFP-positive (i.e., Nef/Vpu-transfected) and GFP-negative (i.e., untransfected) cell gates. These values were then normalized to those of the positive control, which was examined in parallel, using the following formula: [(MFINeg−MFIclone)]/[(MFINeg−MFIcontrol)]. A value of <1.0 indicates a relative function that is less than that of the positive control (SF2 for Nef or NL4.3 for Vpu), whereas a value of >1.0 indicates a relative function greater than that of the relevant control. Each Nef and Vpu clone was tested in at least three independent experiments, and results are reported as the mean.



Mutagenesis

Participant-derived Nef or Vpu clones were subjected to site-directed mutagenesis to evaluate the impact of specific polymorphisms on protein function. Individual mutations were introduced into the parental gene sequence, which was then codon optimized (Codon Optimization tool; Integrated DNA Technologies) and synthesized commercially (eBlocks; Integrated DNA Technologies). Products were cloned into pSELECT-GFPzeo, sequence-validated and assessed for function as described. Codon optimized parental clones were used as controls. Each mutant clone was tested at least three times in independent experiments, and representative results are shown.



Statistical Analysis

Statistical analyses were performed using Prism v9.0 (GraphPad). The Mann-Whitney U-test was used to compare Nef and Vpu functions in LTS and controls. It was also used to assess the relationship between population-level Nef and Vpu amino acid variation and protein function on a codon-by-codon basis, where multiple comparisons were addressed using a q-value approach (36). Fisher’s exact test was used to compare Nef and Vpu amino acid frequencies at specific residues between groups. Spearman’s correlation was used to analyze the relationship between Nef and Vpu functions within the same participant, as well as between protein functions and the participant’s clinical parameters (CD4+ T-cell count and pVL). An unpaired t-test was used to compare the function of the mutant to that of the parental clone.



Data Availability

Nef and vpu sequences from LTS and a subset of Nef controls have been submitted to GenBank accession numbers ON044919-ON044988. Control nef sequences with accession numbers KC906733-KC907077 (28) and control vpu sequences with accession numbers MT116441-MT116772 (27) were deposited in GenBank previously. All clone sequences are provided in the Supplementary Data File; Tables S1 and S2. Full results of sequence-function analyses are provided in the Supplementary Data File; Tables S3–S6.




Results


LTS and Control Study Participants

Our research group has promoted couples-based HIV counseling and testing in Rwanda since the mid-1980s (37). In 1994 however, the genocide against the Tutsi in Rwanda interrupted this work for nearly 6 years. Upon re-initiating the project, we identified 103 former clients who had been diagnosed with HIV-1 in 1986 and who had lived for more than a decade without access to cART. While their extended longevity fulfills a core criterion used to define the non-progressor phenotype, no other clinical information is available prior to the year 2000. To reflect this limitation, we refer to these individuals as long-term survivors (LTS). Since relatively few studies of HIV-1 non-progressors have been conducted in Africa, we were interested to explore the potential role of viral accessory protein function in this unique group. Plasma samples of varying quantity and quality, collected between 2000-2003, were available from 103 LTS, from which we were able to amplify paired nef and vpu sequences from 34 participants (Figure 1). As the majority of these clones (n=30 for nef and N=29 for vpu) were subtype A, we focused our subsequent functional analyses on the 29 LTS with subtype A nef and vpu sequences. These 29 LTS had remained healthy for a median [IQR] of 19.3 [15.9-24.6] years without cART (Table 1). As a comparator group, we used data from 166 clones (104 Nef and 62 Vpu) isolated from the plasma of 143 participants with chronic untreated HIV-1 subtype A infection (27, 28). Of these, 20 participants were enrolled in the Rwandan Heterosexual Transmission [HT] prospective study in Kigali, Rwanda from 2005-2009, and 123 participants were enrolled in the Uganda AIDS Rural Treatment Outcomes [UARTO] cohort in Mbarara, Uganda from 2002-2009 (Table 1).




Figure 1 | Nef and Vpu phylogenies from the survivor cohort. (A) Unrooted phylogeny inferred from an alignment comprising 34 nef sequences from Rwandan long-term survivors (LTS) along with HIV-1 subtype A, B, C and D reference sequences. The scale, shown below the phylogeny, is measured in estimated nucleotide substitutions per site. (B) A corresponding phylogeny for 34 vpu sequences. The arrow points to a vpu sequence with a branch length too short to see.




Table 1 | Characteristics of Rwandan long-term survivors and controls.





Phylogenetic Analysis of Nef and Vpu From LTS and Chronic Controls

Given the temporal and geographic variation between the LTS and control nef and vpu sequences, we first investigated these sequences for evidence of genetic clustering that could influence results interpretation. Maximum-likelihood phylogenies inferred from LTS and chronic nef and vpu sequence alignments however showed that LTS sequences interspersed relatively evenly among the chronic comparison sequences, with no overt segregation, supporting the latter as reasonable controls (Figures 2A, B). Some differences nevertheless existed between LTS and control consensus amino acid sequences, which differed at four of Nef’s 206 codons (56, 85, 133 and 184) and three of Vpu’s 81 codons (2, 32, and 44) (Figures 2C, D).




Figure 2 | Phylogenetic trees of subtype A sequences from survivors and controls. (A) Phylogeny inferred from alignments of HIV-1 subtype A nef sequences from LTS and control participants, along with HIV-1 subtype (A–D) reference sequences. Sequences are colored by cohort (LTS in pink, controls in black). The tree is midpoint-rooted. Scale in estimated nucleotide substitutions per site. (B) Corresponding phylogeny for HIV-1 subtype A vpu sequences. (C) nef consensus sequences from LTS and control cohorts aligned to HXB2 subtype B reference. Residue numbering is based on HXB2. (D) vpu consensus sequences from LTS and control cohorts aligned to HXB2 subtype B reference. Residues 60-62 (DTE) shown in orange were present in the native subtype A sequences, but missing in HXB2. Likewise, HXB2 contains an insertion at residues 65-68, which were excluded from numbering. As such, the residue numbering for Vpu is based on the participant consensus.





Nef Function Is Reduced in LTS Clones

To assess whether Nef function is impaired in LTS, we examined Nef-mediated downregulation of CD4 and HLA class I using an established reporter cell assay where Nef clones are transfected into an immortalized CD4+ T-cell line that also expresses HLA-A*02 (representative raw data and normalized protein functions shown in Figure 3A). Each LTS Nef clone was examined in at least three independent experiments, with results reported as the mean of these measurements, while results for each Nef control clone is reported as the mean of two independent experiments (Supplementary Figure 2). Note that downregulation data for the 104 chronic Nef clones was obtained as part of our previously published study (28). To confirm the reproducibility of these historical data in the present context, we retested 25 chronic Nef clones from the previous dataset along with LTS clones and confirmed a high degree of correlation with no bias in the difference between historic and re-tested measures (Supplementary Figure 3).




Figure 3 | Nef-mediated CD4 and HLA downregulation function in survivors and controls. (A) Representative flow cytometry plots showing downregulation of CD4 (top) or HLA (bottom) following transfection of negative control (pSelect empty vector), positive control (SF2 Nef), a representative functional clone and a representative poorly-functional clone. Gray shading denotes the GFP-positive (Nef-expressing) gate that was used for quantification. Median fluorescence intensity (MFI) of receptor expression is indicated at the bottom of each gate, and the SF2-normalized downregulation function value (calculated as described in the Methods) is indicated in the top right of each plot. (B) Nef mediated CD4 downregulation functions of LTS and controls. Red box and whiskers denote the median and interquartile range, with values indicated on the plot. P-value is calculated using the Mann-Whitney U-test. (C) Comparison of Nef mediated HLA downregulation function among LTS and controls. (D) Relationship between Nef-mediated CD4 and HLA downregulation functions in individual and combined cohorts, assessed using Spearman’s correlation.



Overall, Nef-mediated CD4 downregulation function was modestly lower among the 29 LTS clones compared to the 104 chronic clones: the normalized median activity of LTS clones was 0.96 (interquartile range [IQR] 0.89-0.99], while the median activity of chronic clones was 0.98 [IQR 0.94-1.0] (Mann-Whitney p=0.03; Figure 3B). Nef-mediated HLA class I downregulation was substantially lower among LTS clones: the normalized median activity of LTS clones was 0.63 [IQR 0.39-0.70], while the median activity of chronic clones was 0.83 [0.74-0.89] (Mann Whitney p<0.0001; Figure 3C). Moreover, and consistent with some prior studies, we found a weak positive correlation between these two Nef functions in the combined LTS and control data (ρ=0.38, p<0.0001), as well as within the control group (ρ=0.33, p=0.0007) (Figure 3D).



Vpu Function Is Similar in LTS and Chronic Controls

To examine possible impairments in Vpu function in LTS, we used an established reporter cell assay where each Vpu clone was co-transfected with Rev into an immortalized CD4+T-cell line, and its ability to downregulate CD4 and Tetherin was measured by flow cytometry (representative raw data and normalized protein functions shown in Figure 4A). Both functions are reported as the mean of three independent replicate measurements (Supplementary Figure 4). Normalized Vpu function among the 29 LTS clones was compared to that of 62 Vpu clones previously isolated from individuals with chronic HIV-1 Subtype A infection (27).




Figure 4 | Vpu-mediated CD4 and Tetherin downregulation function in survivors and controls. (A) Representative flow cytometry plots showing downregulation of CD4 (top) or tetherin (bottom) following transfection of negative control (pSelect empty vector), positive control (NL4.3 Vpu), a representative functional clone and a representative poorly-functional clone. Gray shading at the left of each plot denotes the GFP-negative (untransfected) gate used for quantification, whereas grey shading at the right denotes the corresponding GFP-high (Vpu-expressing) gate. Median fluorescence intensity (MFI) of receptor expression is indicated at the bottom of each gate, and the NL4.3-normalized downregulation function (calculated as described in the Methods) is indicated in the top right of each plot. (B) Vpu mediated CD4 downregulation functions of LTS and controls. Red box and whiskers denote the median and interquartile range, with values indicated on the plot. P-value is calculated using the Mann-Whitney U-test. (C) Comparison of Vpu mediated Tetherin downregulation function among LTS and controls. (D) Relationship between Vpu-mediated CD4 and Tetherin downregulation functions in individual and combined cohorts, assessed using Spearman’s correlation.



Overall, the median Vpu-mediated CD4 downregulation function of the LTS clones was 0.89 [IQR 0.74-1.04], compared to 0.97 [IQR 0.83-1.17] in the chronic clones; however, this activity was variable within groups and the difference was not statistically significant (p=0.13) (Figure 4B). Similarly, median Tetherin downregulation function was 0.93 [IQR 0.78-1.0] in LTS clones, compared to 0.91 [IQR 0.84-0.97] in the control clones (p=0.72) (Figure 4C). We observed a positive correlation between these Vpu functions in our combined data from LTS and chronic clones (ρ=0.5, p<0.0001), as well as within the control group (ρ=0.6, p<0.0001) (Figure 4D).



No Relationship Between Nef and Vpu Function in Paired LTS Clones

Given their complementary immune evasion activities, within-host Nef and Vpu proteins could in theory compensate for impaired function in the other protein (12, 38, 39), in which case the function of within-host nef and vpu sequences would correlate inversely. Our analysis of paired Nef and Vpu clones from 29 LTS provided an opportunity to assess this. We observed no significant association between within-host Nef and Vpu functions however (Figure 5), suggesting that the activities of these viral proteins were largely independent.




Figure 5 | Relationship between within-host Nef and Vpu functions in the survivor cohort. Relationships are assessed using Spearman’s correlation.





Associations Between Nef and Vpu Functions, and HIV Clinical Parameters

The downregulation functions of Nef and Vpu enhance viral pathogenicity (14, 18, 22), and attenuated Nef and Vpu functions have previously been associated with slower disease progression (24, 26). We therefore analyzed the relationship between each Nef or Vpu function and clinical HIV-1 markers (CD4 cell count and plasma viral load (pVL)) (Figure 6). In combined data from LTS and control clones, Nef-mediated CD4 downregulation function correlated inversely with CD4 T cell count (ρ= –0.24, p=0.01) (Figure 6A) and positively with pVL (ρ=0.4, p=0.0001) (Figure 6C). The positive correlation between Nef-mediated CD4 downregulation function and pVL was also statistically significant when LTS and controls were analyzed separately (ρ= 0.59, p=0.03 and ρ= 0.3, p=0.005, respectively) (Figure 6C). In combined data from LTS and control clones, Nef-mediated HLA downregulation function also correlated positively with pVL (ρ=0.25, p=0.01) (Figure 6D); however, no association was observed between Nef-mediated HLA downregulation and CD4 cell count (Figure 6B). Similar associations between Nef function and clinical markers were typically not observed when LTS clones were analyzed alone, which may be due to limited statistical power, relatively lower function and/or less variable clinical phenotypes within this group. In contrast, no significant associations were found between Vpu function and HIV-1 clinical markers (Figures 6E-H). Overall, these observations support the notion that impaired Nef function is associated with slower disease progression.




Figure 6 | Relationship between Nef and Vpu functions and HIV clinical parameters (CD4 and pVL). Relationships were assessed within survivors, within controls, and in combined cohorts, using Spearman’s correlation.





Nef and Vpu Sequence Polymorphisms Associated With Function

As previous studies have identified naturally occurring nef and vpu polymorphisms associated with downregulation function (27, 40, 41), we examined this question using linked sequence-function data from LTS and control participants. When aligning subtype A study sequences, we noted that Vpu residues 60-62 (typically DAE, DTE, or DTD), which were present in all of our sequences as well as most sequences from other subtypes published in the Los Alamos National Laboratory (LANL) HIV Sequence Database, were absent in the subtype B HXB2 reference sequence that is used to define the standard HIV-1 numbering convention. These residues were also absent in the NL4.3 Vpu clone that was used as a reference for functional assays. Furthermore, we noted that Vpu residues VEMG were duplicated in HXB2 and NL4.3 (at codons 65-68 and 69-72, respectively), whereas this did not occur in our native subtype A sequences (or those of other subtypes, based on LANL). To ensure that our sequence-function analysis of Vpu reflected natural sequence variation in subtype A, we kept residues 60-62 in our alignment and removed the duplicate VEMG motif at residues 65-68. The full Nef and Vpu alignments used in these analyses are provided in Supplementary Data File; Tables S1 and S2. The full results of our sequence-function analysis are shown in Supplementary Data File; Tables S3–S6; here, multiple comparisons were addressed using a false-discovery rate (q-value) approach (36).

Using a predefined significance threshold of p<0.05 and q<0.4, and a median functional difference of ≥ 5% between sequences having or lacking the amino acid of interest, we identified polymorphisms at 15 Nef codons that were associated with its HLA downregulation function (namely at residues 3, 9, 11, 14, 40, 56, 89, 105, 155, 157, 161, 184, 191, 196 and 206) (Supplementary Data File; Table S4). We also identified polymorphisms at seven of Vpu’s codons that were associated with its CD4 downregulation function: 2, 3, 5, 7, 45, 60 and 68 (Supplementary Data File; Table S5); as well as polymorphisms at nine of Vpu’s codons that were associated with its Tetherin downregulation function: 2, 26, 30, 58, 62, 68, 69, 70, 77 (Supplementary Data File; Table S6). We did not identify any residues associated with Nef-mediated CD4 downregulation function that met these criteria (Supplementary Data File; Table S3).

Three of these polymorphisms occurred at codons where the population consensus differed between cohorts (Nef residues 56 and 184; Vpu residue 2; see Figures 2C, D). However, the distribution of residues Nef 56V/A and Vpu 2T/L did not differ significantly between cohorts (Fisher’s exact test, p=0.2 for Nef and p=0.16 for Vpu), so we did not pursue these further. Of the identified associations, we selected polymorphisms at Nef 184E, as well as Vpu 60D and Vpu 62E for in vitro validation. Nef 184E, a minority variant at this residue, was present in five (of 29; 17.2%) LTS clones compared to two (of 104; 1.9%) control clones (Fisher’s exact test, p=0.006), and was associated with impaired HLA downregulation function. Vpu 60D/E and 62D/E were of interest since they were located within the motif absent in HXB2 and NL4.3, and because the D60E substitution, an uncommon variant at this position, was associated with the single largest negative effect on Vpu-mediated CD4 downregulation function (-44%) in our study (Supplementary Data File; Table S5). To test the impact of Nef 184E, we synthesized codon-optimized clones based on isolate KC906874 from the control cohort, that encoded the parental 184R or the mutant R184E. We then compared the abilities of these clones to downregulate CD4 and HLA using our reporter cell assay in at least three replicate experiments. In agreement with our expectations, the R184E substitution significantly reduced Nef’s ability to downregulate HLA (p=0.006) (Figure 7A). We also observed that this mutation impaired CD4 downregulation compared to the parental clone (p=0.04) (Figure 7B).




Figure 7 | Verification of residues associated with Nef and Vpu functions (A) Nef-mediated HLA downregulation function of the parental (PAR) clone expressing R184, and the mutant harboring R184E. Results are expressed as mean of 3 replicate measurements with error bars denoting the median and interquartile range. (B) Same as A, but for Nef-mediated CD4 downregulation function (C) Vpu-mediated CD4 downregulation function of the parental (PAR) clone expressing D60 and E62, along with mutants harboring the 60-62 deletion, D60E or E62D substitutions (D) Same as C, but for Vpu-mediated Tetherin downregulation function.



Next, to test the impact of polymorphisms at Vpu codons 60 and 62, we synthesized codon-optimized clones based on isolate MT116708 from the control cohort that encoded the parental sequence, which featured D60 and E62. We also synthesized mutants encoding D60E or E62D, as well as a mutant that lacked residues 60-62 (consistent with NL4.3/HXB2). The relative abilities of each clone to downregulate CD4 and Tetherin were then assessed using our reporter cell assay in at least three replicate experiments. We observed that deletion of residues 60-62, located in the second alpha-helix of Vpu, abrogated CD4 downregulation function (p<0.0001) but reduced Tetherin downregulation function only modestly (p=0.07) (Figures 7C, D). In addition, consistent with our expectations, we found that D60E reduced CD4 downregulation function (p=0.0008), while E62D had no effect (p=0.73) (Figure 7C). Neither D60E nor E62D significantly altered Tetherin downregulation function compared to the parental clone (p=0.70 and p=0.86, respectively) (Figure 7D), though the modest enhancement by E62D was in line with our sequence/function analyses. Together, these observations indicate that Nef polymorphism 184E may attenuate function in an HIV-1 subtype A context. In addition, these findings suggest a potential role for Vpu residue 60 in modulating CD4 downregulation function in this subtype.




Conclusion and Discussion

We investigated the sequence and function of HIV-1 accessory proteins Nef and Vpu in a unique cohort of 29 LTS individuals from Rwanda, who had survived with HIV-1 subtype A infection for a median of 19.3 years without antiretroviral treatment. LTS-derived clones did not display obvious genetic defects or deletions in Nef or Vpu that would be expected to affect their function. Furthermore, the sequences of LTS clones intermingled on a phylogenetic tree with those of 104 Nef and 62 Vpu clones from cART-naïve individuals living with HIV-1 subtype A from the same geographic region, suggesting that the LTS phenotype was not attributable to infection with a shared attenuated HIV-1 strain.

Overall, we observed that LTS Nef clones displayed significantly lower abilities to downregulate CD4 and HLA class I compared to control Nef clones. In contrast, both LTS and control Vpu clones downregulated CD4 and Tetherin to a similar degree. We also observed consistent positive correlations between Nef-mediated CD4 downregulation function in vitro and CD4 cell count as well as plasma viral load in vivo, while no similar correlation with HIV-1 clinical markers was found for Vpu. Together, these results suggest that impaired function of Nef, but not Vpu, contributes to slower progression in the LTS group; an observation that is consistent with prior studies from our group and others that found reduced Nef function in HIV-1 elite controllers and long-term non-progressors (24, 26, 42, 43).

In a linked sequence-function analysis of Nef, we identified polymorphisms at 15 Nef codons that were associated with differences in HLA downregulation, while no residues were associated with CD4 downregulation using pre-defined thresholds for significance. Of these, Nef 184E was found in a higher proportion of LTS clones (17.2%) versus control clones (1.9%), and introducing it into a participant Nef clone significantly reduced HLA and CD4 downregulation function, supporting the importance of this naturally arising polymorphism in modulating Nef function in HIV-1 subtype A. In a similar analysis of Vpu, we identified polymorphisms at seven and nine of Vpu’s codons that were associated with differences in CD4 and Tetherin downregulation, respectively. Of these, Vpu D60 and E62 were selected for further testing. Introducing D60E into a participant Vpu clone significantly reduced its ability to downregulate CD4 but not Tetherin, while introducing E62D did not affect downregulation of either protein. Notably, deletion of Vpu residues 60-62, which are present in most circulating HIV-1 sequences but absent in HXB2 and NL4.3, resulted in a near complete loss of CD4 downregulation activity, while Tetherin downregulation was largely unaffected. It is intriguing that NL4.3 Vpu remains highly functional despite lacking residues 60-62. We attribute this outcome to an unusual insertion that occurs at residues 65-68 only in the HXB2/NL4.3 lineage, which may compensate deletion of 60-62 by stabilizing alpha-helix 2, but additional studies will be needed to test this hypothesis. Even though Vpu function was not clearly associated with the LTS phenotype in our study, these findings nevertheless highlight polymorphic residues in Vpu that may contribute to modulation of CD4 downregulation function in HIV-1 subtype A, as well as other subtypes.

This retrospective study was restricted to individuals with a rare phenotype for whom viable specimens were available, which limited our statistical power to identify associations between sequence, function, and clinical markers of viral pathogenesis. The analyses of viral polymorphisms associated with protein function should be interpreted with caution, since observations based on individual clones may not be generalizable. In particular, the dataset did not allow us to perform an in-depth analysis of secondary mutations that might modulate the impact of Nef or Vpu polymorphisms; thus, additional studies of residues that covary with Nef 184E or Vpu 60D/62E could enhance efforts to identify functionally important motifs in these proteins. Furthermore, the lack of an association between Vpu and clinical markers should consider the relatively small size of the LTS group. Nevertheless, our final analysis of paired Nef and Vpu clones from 29 LTS is among the largest studies to examine HIV-1 accessory protein function in non-progressors. In addition, our assessment of LTS living with HIV-1 subtype A infection extends prior studies that looked only at subtype B. Given our focus on these two accessory proteins, we cannot rule out possible contributions of other viral genes to the LTS phenotype. Furthermore, we have not examined potential host genetic or immunological factors that may also result in relative control of HIV-1. Future studies will be needed to address these important issues, as well as investigate potential links between Nef function and reservoir size in long-term survivors living with non-B subtypes (44). Despite these limitations, our findings clearly indicate that impaired Nef function is associated with long-term survival in the context of HIV-1 subtype A.



Implications

Understanding the host and viral factors that contribute to control of HIV-1 infection can improve our knowledge of the biology of viral pathogenesis and may also provide new insights to inform the design of vaccines or therapies to prevent, treat or possibly cure HIV. The results of this study indicate that impaired Nef function contributes to slower disease progression in African long-term survivors living with untreated HIV-1 subtype A infection. This observation is consistent with prior studies in the context of subtype B infection, and further supports ongoing efforts to target Nef using novel antiviral therapies. Moreover, our analyses identified natural polymorphisms that impair Nef and Vpu function, which may highlight critical motifs on these proteins that can serve as new targets for therapeutic development.
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The persistence of latent, replication-competent HIV-1 proviruses in resting CD4+ T cells, and other cellular reservoirs, represents a major barrier to a cure. This reservoir is impervious to the immune system and to antiretroviral therapy, but has the potential to produce infectious rebound virus if antiretroviral therapy is interrupted. There are multiple ongoing efforts to identify and/or develop novel therapeutic strategies to eliminate or silence this latent reservoir of HIV-1 infection. One of these strategies is termed “block and lock”. The “block” refers to a therapeutic agent’s capacity to inhibit (or “block”) transcription of HIV-1 proviruses, while the “lock” refers to its capacity to induce permanent silencing of the proviruses, typically via repressive epigenetic modifications. The “block and lock” approach elicits a functional, rather than sterilizing, cure for HIV-1 infection. This review article focuses on therapeutic approaches (i.e., small molecules, nucleic acids and recombinant proteins) that have been identified to block and, in some cases, lock HIV-1 in the latent state. We also touch on critical research that needs to be accomplished to advance this approach into humans.
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Introduction

HIV-1 is a single-stranded positive-sense enveloped RNA retrovirus that causes acquired immunodeficiency syndrome (AIDS), a condition affecting ~ 36 million people worldwide. Antiretroviral therapy (ART) effectively restricts virus replication, and people living with HIV-1 infection on ART lead relatively healthy lives, as virus replication is suppressed to under the limit of detection of clinically used assays (currently, 20 HIV-1 RNA copies/ml of plasma). ART, however, is not curative and low-levels of persistent viremia can be detected by ultra-sensitive assays in the majority of infected individuals (1). Though the source of this viremia is likely to be variable and multi-faceted across each individual, in virologically suppressed individuals it is unclear if there is ongoing viral replication (2) and most replication-competent HIV-1 proviral DNA is found in resting CD4+ T cells (3). Other cell types such as hematopoietic stem cells, macrophages, and monocytes have been shown to possess proviral DNA, though they are not considered a major constituent of the reservoir (4–6). The reservoir of latent HIV-1 that resides in resting CD4+ T cells is thought to constitute the major hurdle to a HIV-1 cure (3) since it is unrecognized by the immune system, unaffected by ART, may produce infectious virus particles, and can contribute to either ongoing viremia during ART or HIV-1 viral rebound if treatment is paused.

Therapeutic approaches to eradicate the reservoir of latent HIV-1 infection in resting CD4+ T cells include (1): transplantation of hematopoietic stem cells engineered to lack the viral co-receptor CCR5 (2); gene editing to cleave the HIV-1 genome; and (3) a “shock and kill” approach that reverses latency thus rendering the infected cells vulnerable to immune clearance mechanisms, including therapeutic or immunomodulatory enhancement strategies (7–10). There are, however, limitations associated with each of these approaches, including scalability (particularly for hematopoietic stem cell treatment), the ability to deliver gene editing vehicles to all cells constituting the reservoir in vivo, and difficulties associated with the viral latency reversal in all, and not just a subset, of infected cells. As an alternative, the “block and lock” strategy involves long-term silencing of HIV-1 proviruses to prevent viral rebound following therapy cessation (11–13). The “block” refers to therapeutic agents, or latency promoting agents (LPAs), that inhibit (or “block”) the transcription of latent HIV-1 proviruses. LPAs can specifically target viral proteins (i.e., Tat or integrase) and, in addition to their “blocking” phenotype, they may also elicit antiviral activity (i.e., inhibit ongoing HIV-1 replication). Alternatively, LPAs could target host proteins and elicit only a “blocking” phenotype. The “lock” refers to the agent’s ability to induce permanent silencing of HIV-1 proviruses, typically via repressive epigenetic modifications. This approach elicits a functional, rather than sterilizing, cure. In this review, we discuss recent reports that encompass the block and lock strategy.



Viral and Cellular Factors That Regulate HIV-1 Transcription

The gene expression of HIV-1 is regulated by viral proteins and host factors. The HIV-1-encoded regulatory protein, trans-activator of transcription (Tat), vastly enhances viral transcription efficiency (14). Tat binds to the trans-activation response (TAR) RNA region that is situated at the 5′ end of HIV-1 transcripts and recruits the RNA polymerase II (Pol) II positive transcription elongation factor p-TEFb (15–17). p-TEFb is a cyclin dependent kinase that consists of cyclin-dependent kinase 9 (CDK9) and cyclin T1. In metabolically active cells, CDK9 and cyclin T1 are secluded in the 7SK ribonucleoprotein (RNP) RNA-protein complex. CDK9 and cyclin T1 are liberated from the 7SK RNP and bind to TAR RNA in complex with Tat and organize the assembly of a super elongation complex (SEC) along with several additional proteins. p-TEFb phosphorylates the 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole sensitivity inducing factor (DSIF) and negative elongation factor (NELF), and importantly the carboxyl terminal domain of the large subunit of RNA Pol II which promotes the transition into the productive synthesis of mRNAs through transcriptional elongation. Of note, CDK9 and cyclin T1 function is decreased in resting CD4+ T cells that harbor HIV-1 proviral DNA. As such therapeutic strategies that further negatively regulate Tat and/or p-TEFb activity would act as potent block and lock agents. HIV-1 transcription is mediated by the 5’-long terminal repeat (LTR) and is often restricted in vivo. Specifically, the binding sites in the LTR for several transcription factors includes nuclear factor kappa B (NF-κB), nuclear factor of activated T cell (NFAT), signal transducer and activator of transcription 5 (STAT5), activator protein 1 (AP-1) and Sp1. In resting CD4+ T cells, many of these viral transcription factors are sequestered, thereby fostering HIV-1 latency (18). Three precisely positioned nucleosomes within the 5′-LTR, namely Nuc-0, Nuc-1, and Nuc-2, also regulate HIV-1 transcription. In particular,the repressive Nuc-1 is positioned immediately downstream of the transcription start site (TSS) and represses viral transcription.

HIV-1 latency is established and regulated through a multitude of host and viral epigenetic and genetic mechanisms. Active viral transcription is mediated by Tat and the multiple activating co-factor complexes, whereas viral latency is promoted by epigenetic regulators that promote nucleosome occupancy at the 5’ HIV-1 LTR promoter region. The class I histone deacetylases (HDACs), HDAC-1, -2 and -3, play a major role in the repressive heterochromatin environment that enforces HIV-1 latency (19–22). Following T cell activation, histone acetylation surrounding Nuc-1 increases significantly, concomitant with removal of the HDACs. Many other histone-modifying enzymes are recruited to the 5’-LTR by host cell transcription factors as well as Tat, of which may also be subject to post-translational modification by various factors. The mammalian SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodeling complex, the ATP-dependent BRG1/BRM associated factor (BAF), also contributes to HIV-1 transcriptional repression (23). In latent cells containing proviral DNA, BAF complexes promote nucleosome density immediately downstream of the HIV-1 TSS. The polybromo-associated BAF (PBAF) complex, which is closely related to BAF and possess several of the same subunits, substitutes BAF and induces removal of the repressive Nuc-1, leading to HIV-1 transcription activation and reversing latency. All of the viral proteins and host factors involved in the foundation and maintenance of HIV-1 latency represent viable targets for the development of block and lock cure strategies.

The preservation of cell identity as well as cellular lineage commitment relies on the combination of many factors including signaling pathways, transcription factors, and the genetic/epigenetic machinery. These regulatory factors have many intersections and they modulate the pattern of gene expression. Thus, it is not surprising that these cellular signaling pathways also play a critical role in the conservation of proviral latency and, as described below, several studies have reported that inhibition or activation of key proteins in these pathways can elicit a block and lock effect.

Below, we highlight several small molecules that have been reported to inhibit the reversal of HIV-1 latency and induce a block and lock phenotype. The structures of these small molecules are illustrated in Figure 1. Figure 2 provides a graphical illustration of the molecular mechanisms involved in suppressing viral latency.




Figure 1 | Chemical structures of small molecules that elicit a block and lock phenotype. The molecule’s target is noted in parentheses.






Figure 2 | Block and lock approach as a functional cure for HIV-1 infection. The block and lock approach involves long-term durable silencing of viral gene expression. Small molecule can elicit this phenotype by affecting multiple different host and viral proteins and pathways, as illustrated here. This Figure was created using BioRender.com.





Small Molecules That Target HIV-1 Proteins


Didehydro-Cortistatin A (dCA)

dCA is a synthetic analog derived from cortistatin A, which is naturally produced steroidal alkaloid from Corticium simplex. dCA has been shown to bind to the basic domain of Tat and is a potent inhibitor of viral transcription (24). dCA blocks HIV-1 reactivation from latency in primary CD4+ T cells from HIV-1 patients and in several other cellular models of latency (25). Importantly, dCA mediated inhibition of Tat promotes a repressive heterochromatin environment at the HIV-1 promoter, marked by decreased histone H3 lysine 27 (H3K27) acetylation levels at Nuc-1 and limited PBAF recruitment (26). In an in vivo murine model of HIV-1 infection, dCA reduced the viral mRNA burden in mouse tissues, and both reduced and delayed HIV-1 rebound following the cessation of ART (27). HIV-1 resistance to dCA is associated with mutations in the LTR that augment the basal levels of HIV-1 transcription by 10- to 30-fold, and with mutations in the viral accessory proteins Nef and Vpr that increase NF-κB nuclear translocation, which promotes transcription from the HIV-1 promoter (28). Collectively, these studies demonstrate a proof-of-concept that latency promoting agents can be used to suppress ongoing transcriptional events under ART, and can significantly delay and/or reduce viral rebound levels in upon treatment interruption.



Allosteric Integrase Inhibitors (ALLINIs)

HIV-1 preferentially integrates into actively transcribed gene-dense regions. This selectivity is driven by direct interaction between HIV-1 integrase and the lens epithelium–derived growth factor (LEDGF/p75), a host protein that acts as a transcriptional coactivator, binding various proteins to active transcription units through recognition of the trimethylated histone H3 at lysine 36 (H3K36me3) (29). ALLINIs, also referred to as LEDGINs, non-catalytic-site integrase inhibitors (NCINI) or multimeric integrase inhibitors (MINI), bind to HIV-1 integrase at the integrase- LEDGF/p75 interaction site, perturb the viral-host protein interaction, and inhibit HIV-1 integration (30, 31). As expected by an HIV-1 integrase inhibitor, the ALLINI CX14442 was found to reduce the number of integrated proviruses. However, CX14442 also retargeted the site of residual HIV-1 integration away from active chromatin (32). Specifically, proviruses were integrating into less-gene-dense regions with a more repressive epigenetic environment, and were shifted away from H3K36me3, which lowered HIV-1 transcription. Similar results were noted with GS-9822, also an ALLINI, in that residual provirus was both more latent and refractory to reactivation, and were integrated away from genes and gene-dense chromatin, resulting in a more repressive heterochromatin environment (33). Collectively, these studies suggest that if HIV-1-infected individuals are treated early with ART regimens that include an ALLINI, the replication-competent viral reservoir in resting CD4+ T cells will be transcriptionally impaired, thus mimicking a “locked” phenotype.




Small Molecules That Target Epigenetic Proteins


Inhibitors of the Facilitates Chromatin Transcription (FACT) Complex

The FACT proteins suppressor of Ty 16 homolog (SUPT16H) and structure specific recognition protein 1 (SSRP1) represses HIV-1 transcription and induce viral latency (34). Depletion of SUPT16H or SSRP1 protein in cell line models of HIV-1 latency, increases transcriptional initiation and transcriptional elongation and is able to reverse latent HIV-1. Similar observations were reported with a primary CD4+ T cell model of HIV-1 latency. Curaxin 100 (CBL0100) is a small molecule that targets the FACT complex and was found to inhibit both HIV-1 reactivation and replication in in vitro and ex vivo models of virus latency (35). From a mechanistic perspective, CBL0100 targeted HIV-1 transcriptional elongation and decreased the occupancy of FACT and Pol II at the HIV-1 LTR promoter region. Recently, another small molecule, Q308, was also found to inhibit HIV-1 gene transcription mediated by Tat and selectively decreases FACT expression levels (36).



Inhibitors of Bromodomain Containing 4 (BRD4)

A family of proteins called the bromodomain and extraterminal (BET) proteins are host epigenetic factors marked by 2 N-terminal bromodomains that recognize acetylated histones in chromatin. BRD4, a member of this family, plays a crucial role in HIV-1 transcriptional regulation (37). Specifically, BRD4 competes with Tat for host p-TEFb/CDK9 which results in HIV-1 transcription elongation. The pan-BET inhibitor JQ1, which non-selectively targets both N-terminal bromodomains of all BET proteins, disables the interaction between BRD4 and Tat and reactivates latent HIV-1 infection (38–40). Niu et al. identified ZL0580, a small molecule, that selectively binds to BD1 domain of BRD4. ZL0580 enforced HIV-1 latency in both in vitro and ex vivo cell models of latency by preventing the transactivation of Tat as well as transcription elongation and also induced repressive heterochromatin structure at the HIV-1 LTR promoter (41). Combinatorial treatment of CD4+ T cells derived from aviremic HIV-infected individuals with both ZL0580 and ART demonstrated that ZL0580 promoted suppression of HIV-1and led to a delay in viral rebound after interruption of ART.



Inhibitors of the Lysine Demethylases 6A and 6B

H3K27 tri-methylation (H3K27me3) and DNA methylation are correlated with suppression of viral reactivation at the HIV-1 LTR, whereas H3K4 tri-methylation (H3K4me3) is associated with HIV-1 expression (42). Ethyl 3-((6-(4,5-dihydro-1H-benzo[d]azepin-3(2H)-yl)-2-(pyridin-2-yl)pyrimidin-4-yl)amino)propanoate (GSK-J4) is a strong inhibitor of UTX/KDM6A and JMJD3/KDM6B—both of which are the H3K27me3/me2-demethylases. In HIV-1 latently infected cells from patients, GSK-J4 was able to inhibit latent HIV-1 reactivation and promoted methylation of DNAat certain the 5’-LTR region of latent HIV-1 by facilitating engagement of DNA methyltransferase 3 alpha to HIV-1 LTR (43). However, silencing of HIV-1 through epigenetic mechanisms required continuous addition of GSK-J4 and the effect was lost quickly after drug removal. DNA methylation additionally was shortly lost after drug removal, which suggests active and fast demethylation of the DNA in the HIV-1 promoter region. As such, inhibitors of lysine methylases could be used in therapeutic approaches to induce the “block” but not “lock” phenotype.



Proteasomal Degradation of the Xeroderma Pigmentosum Type B (XPB) Subunit of the Transcription Factor IIH (TFIIH)

The transcription factor TFIIH enhances transcription initiation by inducing the DNA strands to open up near the transcription start site and phosphorylating and activating the carboxyl terminal domain of RNA Pol II. The aldosterone, spironolactone, mediates the proteasomal degradation of the XPB subunit of TFIIH as well as represses acute HIV-1 infection in vitro (44). While spironolactone readily inhibits HIV-1 transcription by decreasing Pol II recruitment to the HIV-1 genome, perpetual pretreatment with the drug was not able to maintain sustained epigenetic suppression of HIV-1 upon interruption of the drug, since the virus is reactivated when XPB reemerges. However, spironolactone by itself without ART was found to maintain transcriptional silencing of HIV-1.



Inhibitors of Heat Shock Protein 90 (Hsp90)

Heat shock induces overexpression of Hsp90 and leads to the activation of inducible cellular transcription factors. Specifically, heat shock facilitates HIV-1 transcription through activation of Hsp90 activity, which induces HIV-1-specific essential host cell transcription factors (NF-κB, NFAT, and STAT5), while inhibition of Hsp90 significantly reduces their gene expression (45). Of note, the Hsp90 inhibitors tanespimycin (17-(allylamino)-17-demethoxygeldanamycin) and luminespib (5-[2,4-dihydroxy-5-(propan-2-yl)phenyl]-N-ethyl-4-{4-[(morpholin-4-yl)methyl]phenyl}-1,2-oxazole-3-carboxamide) were found to prevent HIV-1 expression for up to 11 weeks in HIV-1-infected humanized NOD scid IL-2Rγ−/− bone marrow-liver-thymus mice after treatment interruption (46). These data suggest that supplementing ART with Hsp90 inhibitors could possibly prevent rebound viremia from persistent HIV reservoirs.




Small Molecules That Target Cell Signaling Pathways


Janus Kinase 2 (Jak)-STAT Inhibitors

The replication-competent latent HIV-1 reservoir resides within memory CD4+ T cells — central, transitional, and effector — all of which must be exposed to the γ-C receptor cytokines (IL-2, IL-7 and IL-15) for their long-term persistence (47). STAT-5 phosphorylation (pSTAT5) is induced following the exposure of the respective γ-C receptor cytokines cytokines with their respective receptors which facilitates anti-apoptotic signaling and increased T cell division. Given that there are several binding sites for pSTAT5 within the HIV-1 LTR, IL-2, IL-7 and IL-15 have been shown to enhance viral expression from infected cells. Ruxolitinib and tofacitinib are two FDA-approved Jak inhibitors that were both shown to block reactivation of latent proviruses in a primary CD4+ T cell model of HIV-1 latency (48). pSTAT5 has also been shown to strongly correlate with high levels of integrated viral DNA, and Jak inhibitors can decrease the amount of CD4+ T cells harboring integrated viral DNA (49). Other Jak inhibitors, including baricitinib and filgotinib, also inhibit virus production from latently infected cells, STAT5 phosphorylation and homeostatic proliferation (50, 51). Recently, an AIDS Clinical Trial Group multi-site Phase 2a study (A5336) has evaluated ruxolitinib, which has shown remarkable efficacy and safety in virally suppressed patients living with HIV-1, including a notable reduction in key markers associated with viral persistence (52). Collectively, these studies suggest that Jak inhibitors are a therapeutic strategy to block key events of T cell activation that modulate HIV-1 persistence.



Mammalian Target of Rapamycin (mTOR) Inhibitors

A genome-wide short hairpin (sh) RNA screen identified that the mTOR complex regulates HIV-1 latency (53). Knockdown of the mTOR complex or small molecule inhibition of mTOR activity suppressed latency reversal in several HIV-1 latency models and in patient cells from HIV-infected individuals. This inhibition was due in part to diminished phosphorylation of CDK9. While this study suggests that inhibition of mTOR may have therapeutic potential, other studies have reported that inhibition of mTOR had minimal effects on HIV-1 latency reversal (54, 55).



Activation of Kelch-Like ECH-Associated Protein 1 (Keap1) - Nuclear Factor Erythroid-2-Related Factor 2 (Nrf2) Pathway by Hydrogen Sulfide (H2S)

Reactivation of latent HIV-1 is associated with decreased expression of the H2S producing enzyme cystathionine-γ-lyase and downregulation of endogenous H2S (56). Chemical complementation of cystathionine-γ-lyase activity with a slow-releasing H2S donor, morpholin-4-ium 4-methoxyphenyl(morpholino) phosphinodithioate (GYY4137), was found to suppress HIV-1 gene expression by promoting the Keap1-Nrf2 pathway, blocking NF-κB, and engaging the epigenetic silencer, Yin Yang 1 (YY1), to the HIV-1 promoter (56). Combinatorial treatment of GYY4137 and ART prevented viral rebound in latently infected CD4+ T cells from ART-suppressed patients and demonstrated no adverse effect on proviral content or CD4+ T cell subsets, showing that the reduction in viral rebound is due to inhibition of transcription and not due to a reduction of a select group of infected cells.



Inhibitors of P21 (RAC1) Activated Kinases (PAKs)

Our laboratory utilized the 24ST1NLESG cell line model of HIV-1 latency to high-throughput screen a structurally diverse library cell permeable, medically active kinase inhibitors, which targets a comprehensive array of signaling pathways, to identify small molecule inhibitors of HIV-1 latency reversal (55). The screen was carried with or without co-treatment of three latency-reversing agents—prostratin, JQ-1, and panobinostat— each of which having distinct mechanisms of action. We found 12 kinase inhibitors that inhibited HIV-1 latency reversal regardless of the latency reversal agent used in the screen. Of these, PF-3758309, a pan-PAK inhibitor, was identified to be the most potent. The 50% inhibitory concentrations (IC50) in the 24ST1NLESG cells ranged from 0.1 to 1 nM (selectivity indices, >3,300), and for PF-3758309 was also shown to inhibit HIV-1 reversal from latency in CD4+ T cells isolated from HIV-1-infected donors. More recently, we have shown that PAK1 and PAK2 are abundantly expressed in resting CD4+ T cells, and that knockdown of PAK1 and PAK2 in 24ST1NLESG cells inhibits HIV-1 reactivation, mostly likely by decreasing NF-κB expression (unpublished data).




Small Molecules Without Defined Mechanisms of Action Found in High Throughput Screens

Levosimendan, an FDA-approved drug to currently treat heart failure, was found as an inhibitor of HIV-1 latency reversal via screening of a compound library containing FDA-approved molecules (57). Levosimendan was found to exhibit potent inhibition of HIV-1 latency reversal in several cell lines of latency by affecting the HIV-1 LTR-Tat transcriptional axis, and in primary CD4+ T cells also inhibited both HIV-1 latency reversal and acute replication.

Lu et al. used time-lapse fluorescence microscopy to measure HIV-1 gene-expression dynamics and identify latency promoting agents that would be otherwise disregarded when screening solely for mean gene expression (58). Following a screen of 1,806 compounds they identified NSC 401005, NSC 400938, PX12, and tiopronin, all of which are functionally and structurally similar to inhibitors of thioredoxin reductase, an enzyme whose function is to maintain redox balance in host cells. These molecules reduced reversal of HIV-1 latency in both Jurkat and primary cell models.



Block and Lock Approaches Using Nucleic Acids


Short Hairpin (sh)/Small Interfering (si) RNA

The siRNA molecule siPromA targets the multiple NF-κB sites in the HIV-1 LTR promoter to elicit silencing of viral transcription through repressive epigenetic marks (59). si143, which also targets the HIV-1 5’-LTR, similarly induces transcriptional gene silencing (59). Further studies showed that cells expressing PromA, 143, or both, demonstrated significant resistance to viral reactivation that was correlated with significant changes in the levels of H3K27me3, Argonaute RISC Component 1 (AGO1) and HDAC1 in the LTR, which are associated with reduced HIV-1 reactivation (60). LTR362 is an RNA sequence that also targets the multiple NF-κB binding sites in the HIV-1 LTR and has overlap with the siPromA sequence (61). In a humanized mouse model of HIV-1 infection, LTR362 in combination with a HIV-1 glycoprotein 120 (gp120) aptamer and two RNAs targeting the viral mRNAs of Tat and rev inhibited viral reactivation and raised CD4+ T cell counts relative to controls. However, LTR362 did not appear to facilitate epigenetic silencing of the 5′-LTR, with inhibition against HIV-1 infection being related to the post-transcriptional regulation of rev and Tat.



Long Non-Coding (lnc) RNA

Saayman et al., identified a lncRNA that induced HIV-1 gene silencing in vitro through the recruitment of a chromatin-remodeling complex, involving DNA methyltransferase 3 alpha (DNMT3a), enhancer of zeste homolog 2 (EZH2), and HDAC1 to the HIV-1 LTR promoter (62). Li et al., identified a lncRNA termed NRON that suppressed virus transcription by promoting Tat degradation (63).



Repurposed Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR Associated Protein 9 (Cas9)

Olson et al., sought to silence HIV-1 proviruses by constructing a nuclease-deficient disabled Cas9 (dCas9) linked to the transcriptional repressor domain derived from Kruppel-associated box (KRAB) (64). They found that dCas9-KRAB along with unique guide RNAs (gRNAs) inhibit HIV-1 transcription and expression of latent HIV-1 proviruses, and that this suppression is associated with chromatin changes, including reduced H3 histone acetylation and increased histone H3 lysine 9 trimethylation, epigenetic marks that are correlated with suppression of transcription. Collectively, these studies suggest that genomic approaches could form part of a “toolkit” for block-and-lock strategies.



7SK Oligonucleotide Mimetics

Yamayoshi et al., developed oligonucleotides that mimic the function of 7SK and showed them to be potent inhibitors of HIV-1 LTR specific transcription (65). Interestingly, the inhibitory effects were shown to be increased by co-transfection with plasmids expressing Tat. Taken together, these data suggest that 7SK mimics may have a potential to be a therapeutic strategy for HIV-1 block and lock strategies.




Block and Lock Approaches Using Recombinant Proteins


NullBasic

NullBasic is a 101 amino acid transdominant Tat mutant with an modified basic domain in amino acid positions 49-57, that includes the TAR-binding region, which inhibits viral gene expression via competition with HIV-1 Tat, but also through blocking Rev-mediated transport of HIV-1 mRNA (66). Retroviral vectors that expressed NullBasic were transduced into CD4+ T cells and demonstrated inhibition of HIV-1 transcription and replication via reduced Pol II occupancy at the LTR region and diminished H3K9 acetylation (67). NullBasic retroviral transduction of primary human CD4+ T cells as well as transplantation in a NOD scid gamma mouse model showed viral RNA was undetectable in plasma samples for up to two weeks post-infection and markedly decreased HIV-1 RNA levels in CD4+ T cells derived from tissue (68).



Hexamethylene-bis-Acetamide-Inducible Transcript 1 (HEXIM1)-Tat Chimera

As described above (2. Viral and cellular factors that regulate HIV-1 transcription), Tat binds to the TAR RNA element and facilitates recruitment of the Pol II positive transcription elongation factor p-TEFb. In cells, p-TEFb is held by 7SK snRNP, and Tat can remove p-TEFb from the 7SK snRNP, where it is sequestered and rendered inactive by HEXIM1. Leoz et al., reported that a fusion protein that combined the Tat and HEXIM1 functional domains, strongly reduced HIV-1 gene expression, by competing with the interaction between Tat, TAR and P-TEFb (69). In lymphocyte T cell line models of HIV latency, the fusion protein reduced the spread of infection as well as HIV-1, with minor impacts on cellular metabolism and transcription. This study is a proof-of-concept of innovative approaches to disrupt HIV transcription by competing for RNA-protein interactions by utilizing peptide.




Other Approaches to Inhibit HIV-1 Latency Reversal


Vanadium Pentoxide (V2O5) Nanosheets

V2O5 nanosheets are similar to natural glutathione peroxidase activity in that they reduce reactive oxygen species correlated with HIV-1 infection (70). V2O5 nanosheets catalyze reactive oxygen species neutralization in HIV-1-infected cells and inhibit HIV-1 reactivation and replication, through modulation of the expression of pathways regulating redox balance, HIV-1 transactivation (e.g., NF-κB), inflammation, and apoptosis. V2O5 nanosheets also block HIV-1 reactivation upon treatment with prostratin of latently infected CD4+ T cells from HIV-infected individuals on ART. V2O5 could be used with other agents to enforce HIV-1 latency and elicit the “block and lock” phenotype.




Conclusions

As described above, numerous diverse approaches have been identified to elicit a “block and lock” phenotype to inhibit reactivation of latent HIV-1 infection in CD4+ T cells. These approaches include small molecules, nucleic acids, and recombinant proteins. Currently, it is unknown whether any single approach will deliver sufficiently long-term silencing of latent proviruses to facilitate a functional HIV-1 cure. As such combination studies using two or more approaches should be rigorously explored in vitro and in appropriate animal models. While some of the therapeutic agents discussed in this application have been tested in humanized mice models of HIV-1 infection, none have progressed to clinical trials, with the exception of the Jak inhibitor ruxolitinib. However, it is not known whether ruxolitinib treatment resulted in block and lock phenotype in the clinical trial, as this measurement was not included as an end point in the study. A key issue for many of the therapeutic agents described in this review relates to target specificity as well as their impact on normal cell function. For example, small molecules that target epigenetic proteins or cell signaling pathways will fundamentally alter the functioning of other cellular processes which, in the long-term, may promote toxicity or adverse events in humans. In this regard, molecules that specifically target viral proteins (e.g. dCA or ALLINIs) may have a therapeutic advantage. To this end, to effectively develop a “block and lock” functional cure strategy the field requires the following advancements; (i) the discovery and development of potent molecules with appropriate safety and pharmacokinetic/pharmacodynamic properties such that they can be used clinically; (ii) the development of delivery systems for these molecules that specifically target latent reservoir cells; and (iii) appropriate clinical trials to assess efficacy and safety in HIV-1-infected individuals.
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HIV-1 targets the monocyte/macrophage lineage and CD4+ T cells for its replication. The efficiency of infection, replication, and cell-to-cell spread differs between these cell types. These differences are caused by various factors such as viral tropism, viral proteins, host factors, and cell proliferation. However, the precise mechanisms of how macrophages influence HIV-1 infection have not been fully elucidated. Macrophages are long-lived cells susceptible to infection predominantly with R5-tropic strains of HIV-1. Although co-receptor use switches from CCR5 to CXCR4 in up to 50% of patients during AIDS progression, R5-tropic strains remain predominant in the remaining patients. Compared to HIV-1-infected T cells, infected macrophages are less susceptible to HIV-induced cytopathic effects and survive for more than a few weeks. Efforts to cure HIV-1 may be thwarted by the existence of reservoir cells that cannot be targeted by ART. Resting CD4+ T lymphocytes are thought to be the primary reservoir cells, but recent studies demonstrated that monocyte/macrophage lineage cells may also act as viral reservoirs. This review will focus on the impact of monocytes/macrophages during HIV-1 replication, the establishment of the reservoirs, and recent approaches toward HIV-1 eradication by specifically targeting monocyte/macrophage lineage cells.
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The mode of HIV-1 entry into macrophages

Macrophages have a crucial role in capturing foreign entities by endocytosing or phagocytosing pathogens as the first line of defense. They contribute to the adaptive immune response by presenting antigens to T cells, and to innate immunity by regulating inflammation via cytokine secretion (1). Macrophages express several receptors on their plasma membranes, including pattern-recognition receptors (PRRs), which contribute significantly to recognizing pathogens for phagocytosis. Phagocytosed proteins are processed and presented in histocompatibility complex class II (MHC class II) to activate CD4+ T lymphocytes, while exogenous proteins such as viral proteins are presented on histocompatibility complex class I (MHC class I) to activate CD8+ T lymphocytes. In addition, the phagocytosed proteins can be presented on MHC class I, which is called cross-presentation. Macrophages and dendritic cells (DCs) play a critical role as antigen-presenting cells (APCs). Once pathogens are phagocytosed, these cells degrade and ingest exogenous proteins, then cross-present antigens on MHC class I to activate CD8+ cytotoxic T lymphocytes (2). PRRs function as sensors that rapidly initiate innate immune responses after binding with pathogen-associated molecular patterns (PAMPs) (3). Interferons (IFNs), secreted after the recognition of PAMPs by PRRs, have the potential to inhibit HIV-1 infection. IFNs also induce the expressions of several interferon-stimulated genes (ISGs), including SAMHD1, APOBEC3, Mx2 → MX2, tetherin, SERINC, and Siglec-1, which are well-known host factors that restrict HIV-1 replication (4). The functions of these host factors in HIV-1 replication are described in detail in the following section.

Despite their role in the clearance of pathogens, monocytes/macrophages as well as CD4+ T cells are targeted by HIV-1 for its replication. HIV-1 entry into the host cell begins with the attachment of viral envelope (Env) to CD4+ T-cell surface receptors, resulting in the exposure of the V3 loop of Env-gp120 following conformational changes induced by attachment. Sequentially, chemokine receptors CXCR4 or CCR5 are bound by Env-gp120, allowing insertion of viral Env-gp41 into the cell membrane and entrance of the viral capsid core into the host cell (5, 6). Macrophages are long-lived cells expressing CD4 as the primary receptor and chemokine receptors CXCR4 and CCR5 as co-receptors imbuing susceptibility to infection with HIV-1. The R5- and dual-tropic HIV-1 strains preferentially infect macrophages and memory-type CD4+ T lymphocytes by utilizing the CCR5 co-receptor, whereas most other CD4+ T lymphocytes are infected with X4-tropic viruses utilizing CXCR4. Co-receptor usage is thus one of the factors determining virus susceptibility, with several other factors such as differences in host cell proliferation and the existence of viral protein or host factors being significantly associated with disease progression after HIV-1 infection (7, 8). Generally, R5-tropic viruses are predominant at the early stages of infection and are associated with cell-to-cell transmission in individuals, whereas X4-tropic viruses usually emerge later (9). At this time, co-receptor usage switches from CCR5 to CXCR4, according to disease progression from acute to chronic infection in up to 50% of AIDS patients (9). However, R5-tropic virus predominance is sustained in the remaining patients. It is still unclear which conditions or factors are associated with facilitating this switch in tropism, but the series of HIV-1 infections with X4- or R5/X4-dual tropic HIV-1 are strongly associated with progression to AIDS by accelerating the reduction of CD4+ T cells (9).



Host and viral proteins involved in HIV-1 replication in myeloid lineage cells

Several factors are involved in the regulation of HIV replication, and a sufficient supply of nucleotides (dNTPs) is essential for efficient reverse transcription and the subsequent production of proviral DNA. Because the concentration of cellular dNTPs is strictly regulated by host cell cycle status, the characteristics of reverse transcription in non-dividing myeloid cells and activated CD4+ T cells are different. Cell cycle status greatly affects the level of ribonucleotide reductase subunit R2, which determines the amount of dNTPs available for reverse transcription (RT) (10). In addition, sterile alpha motif domain and HD domain-containing protein 1 (SAMHD1) was reported to be a host factor restricting HIV-1 and Vpx-deficient HIV-2 replication at the RT stage by depleting intracellular dNTPs in non-dividing cells such as DCs, macrophages, and resting CD4+ T cells (11–13) (Figure 1). It was reported that dNTP levels are approximately 130- to 250-fold lower in macrophages than in activated CD4+ T cells (14). HIV-2 Vpx counteracts the function of SAMHD1 by its degradation in a proteasome-dependent manner. In HIV-1, cyclin L2 promotes the proteasomal degradation of SAMHD1 (15). Thus far, the important roles of several other host factors including APOBEC3F, APOBEC3G, tetherin, and MX2 have also been implicated in HIV-1 replication in monocytes/macrophages (Figure 1). The apolipoprotein B editing complex (APOBEC) is a family of cellular cytidine deaminases. The APOBEC3 family is incorporated into nascent virions, which induce G-to-A hypermutation in the target cell. The viral cDNA produced by this mutation leads to HIV-1 genome changes, resulting in the inhibition of HIV-1 infection (16–18). HIV-1 Vif counteracts the function of this through proteasomal degradation. Macrophages express APOBEC3G, APOBEC3F, and APOBEC3DE, which are all upregulated by IFN-α stimulation. Similar to other APOBEC family members, APOBEC3A (A3A) is also upregulated by stimulation with IFN-α secreted during innate immune responses (18, 19). Interestingly, A3A is highly expressed in monocytes, whereas its expression is weak in fully differentiated macrophages (19). As the result of the silencing of A3A, HIV-1 infected monocytes increase virus replication. This differential expression level of A3A is tightly connected to the susceptibility to HIV-1 infection (16, 19). Myxovirus-resistance protein 2 (MX2, also known as MXB) is another well-known host viral restriction factor expressed in monocytes/macrophages and CD4+ T cells. MX2 protein limits HIV-1 replication by restricting nuclear import and repressing proviral DNA integration into host chromatin (20–23) (Figure 1). This protein is a member of the RNA polymerase II-associated factor 1 (PAF1) family, identified in HeLa-CD4 cells by siRNA screening to identify restriction host factors in HIV-1 replication. A previous study reported that PAF1 was expressed in monocytes/macrophages in addition to T lymphocytes, and that the PAF1 complex (PAF1c) had a role in the inhibition of HIV replication by repressing RT and proviral DNA integration (24). There are two possible mechanisms of PAF1c restriction: first, according to their observations, a large quantity of PAF1 complex is localized in the nucleus. The interaction of PAF1 and RNA polymerase II is thought to be involved in mRNA transcription, elongation, and stability (25); second, the interaction with SKI8 (WDR61), which is part of the SKI complex, is associated with mRNA decay (25). Furthermore, the interactions of PAF1/SKI8 with DNA and RNA in the cytoplasm allow it to function as a PRR. Tetherin (BST-2, also known as CD317) is highly expressed on the surface of macrophages, in contrast to its absence or low-level expression by CD4+ T cells. Tetherin plays a crucial role in retaining progeny virions in infected cells and preventing their release (Figures 1 and 2A). However, Vpu, an accessory protein of HIV-1, antagonizes this function by downregulating tetherin by interfering with the trafficking of newly synthesized and recycling of tetherin proteins from the plasma membrane (26–29). In 2015, the serine incorporator (SERINC) family, especially SERINC3 and SERINC5 members, was newly identified as a host factor antagonized by Nef protein, which inhibited infection by progeny viruses (Figure 2C). The mechanism involves the incorporation of these proteins into newly synthesized virus particles, resulting in interference with their fusion to secondary target cells (30, 31). Furthermore, Zutz et al. revealed that endogenous SERINC5 is highly expressed in differentiated monocyte-derived macrophages at levels sufficient to exert antiviral effects in these primary cells but not in monocytes themselves (32). To date, it is clear that Env glycoprotein has a crucial role in the function of SERINC3/5, but its precise mechanisms of action remain incompletely understood (33–36). Neuropilin-1 (NRP-1), a transmembrane protein, was newly identified in 2021 by Wang et al., and shown to inhibit progeny virus infection (Figure 2C) (37). This protein is highly expressed on the cell surface of macrophages and DCs but not on stimulated or resting CD4+ T cells. Virion-incorporated NRP-1 inhibits their attachment to secondary target cells and consequently contributes to the suppression of infectivity, affecting HIV-1 transmission in a myeloid lineage cell-specific manner.




Figure 1 | Schematic of the HIV-1 life cycle and host factors regulating HIV-1 replication in myeloid lineage cells. ① Viral infection begins by interactions between the viral envelope (Env) and the host cell receptor, CD4, and subsequently with the co-receptors CXCR4 or CCR5. ② This binding enables the fusion of virus to the host cell membrane and the release of viral cores into the cytoplasm. Once the viral core is released, ③ the uncoating and ④ reverse transcription (RT) of viral RNA are initiated in the cytoplasm. Virion-incorporated APOBEC3F/G and target cell SAMHD1 play a role in the inhibition of RT. ⑤ Viral content is transported to the nuclear pore, and uncoating and RT may then be completed. MX2 inhibits nuclear import. Following the completion of RT, ⑥ the viral genome is integrated into the host chromatin DNA. ⑦ Proviral DNA is transcribed and ⑧ translated into the Gag polyprotein. ⑨ Gag polyproteins are assembled at the plasma membrane and ⑩ initiate the viral budding and release of immature virions. Tetherin and mannose receptor (hMRC1) contribute to the inhibition of viral release. ⑪ For viral release from the cell membrane, viral protease cleaves Gag polyproteins, and mature virions are entirely released from the cell membrane. Image created with BioRender.com.






Figure 2 | Host factors regulating the late phase of the HIV-1 life cycle, from viral release to progeny virus infection. Various cellular host factors including tetherin, mannose receptor (hMRC1), neuropilin-1 (NRP-1), SERINC3/5, and Siglec-1 are highly expressed on the surface of the plasma membrane. (A) Tetherin and Siglec-1 play a role in capturing viral particles at the budding step. (B) hMRC1 also inhibits viral particle release. It is hypothesized that (i) hMRC1 expressed on the cell surface may interact with Env glycoprotein and/or unidentified host glycoprotein(s) associated with viral particles. (ii) Unidentified host glycoprotein(s) expressed on the cell surface may interact with hMRC1 associated with viral particles. (iii) Viral particle-associated hMRC1 may interact with Env glycoprotein and/or unidentified host glycoprotein(s). However, the precise mechanisms are still unclear. (C) Virion-incorporated SERINC3/5 and NRP-1 contribute to the inhibition of progeny virus infection through interference with the binding step. Image created with BioRender.com.



In addition to the host factors described above, several viral accessory proteins, including Vif, Vpr, Vpu, Vpx, and Nef, also contribute to the regulation of HIV-1 replication in macrophages. Although the functions of most of these viral accessary proteins are well characterized, the precise role of Vpr is still poorly understood. Vpr has multiple biological functions, including the nuclear import of viral preintegration complex (PIC), repression of HIV-1 transcription, G2 cell cycle arrest, enhancement of the expression and processing of Env glycoprotein in macrophages, and induction of host protein degradation by recruitment of the E3 ubiquitin ligase complex (1, 38). Vpr is packaged into nascent virions (39) through interactions with the P6 domain of the viral Gag precursor (40). Vpr primarily localizes to the nucleus/nuclear envelope in PBMCs and macrophages (41, 42), and an observation by Desai et al. indicated that a substantial amount of Vpr incorporated into virus particles was released from the PIC and accumulated in the nucleus, suggesting a role for Vpr in the early stages of HIV-1 infection (43). However, the effect of virion-incorporated Vpr in the first round of infection of macrophages has not been revealed (44, 45). Vpr has a critical role in HIV-1 replication in monocytic cell lines including THP-1 or primary macrophages, but not in CD4+ T cells (i.e., Vpr-defective HIV-1 is severely restricted in macrophages) (46). Indeed, Mashiba et al. recently reported that Vpr promoted HIV-1 infection in non-dividing cells such as macrophages (44, 45). This evidence suggests the existence of host factors suppressing HIV-1 replication, which is counteracted by Vpr. Numerous host factors neutralized by Vpr have been identified including HTLF, CCDC137, MCM10, TET2, and LAPTM5 (44, 47–50). Despite the functional analyses of these Vpr-associated host factors, the exact role of Vpr in HIV-1 replication, especially in macrophages, is unclear and further study is required.



Cell-to-cell transmission

As described by Law et al., in addition to cell-free transmission, HIV-1 spreads via cell-to-cell contact through virological synapses (VS) in vivo (41). These are formed when the viral envelopes on the plasma membrane of HIV-1-infected cells bind to uninfected CD4+ T cells (51). Modes of cell-to-cell transmission are classified according to the cellular structures involved, i.e., filopodial bridges, membrane nanotubes (also known as TNT), and virological synapses (Figure 3A). The key feature of this mode of spread is that, in general, the effectiveness of HIV-1 infection is >10-fold greater than for cell-free infection of CD4+ T cells (52–56). Similar to the cell-to-cell transmission between CD4+ T cells, infected macrophages/monocyte-derived dendritic cells (MDDCs) recruit CD4, CCR5, LFA-1, ICAM-1, Gag proteins, and envelope glycoproteins, at the site of cell–cell contact, described as VS formation. More recently, it was reported that cell-to-cell contact between infected macrophages/MDDCs and CD4+ T cells was stabilized by interactions between gp120-CD4 and LFA-1-ICAM-1 and might be very effective for HIV-1 transmission (Figure 3C) (57). Previous studies suggested that DC-SIGN, a C-type lectin expressed on immature DCs, has a role in capturing HIV-1 particles through interactions with envelope glycoproteins and the subsequent transfer of infectious particles to other cells (Figure 3B) (58). Another member of the C-type lectin family, sialic acid-binding Ig-like lectin 1 (Siglec-1, also known as CD169), expressed on the surface of DCs and macrophages, also captures infectious particles via sialyl lactose-containing gangliosides exposed on the envelope, and thus also contributes to cell-to-cell transmission (Figure 2A) (59). Furthermore, Dupont et al. recently reported that TNT was highly positive for Siglec-1 and was required for TNT-mediated HIV-1 transmission in macrophages, as shown by silencing Siglec-1 (Figure 3A) (60). As described above, infected macrophages also significantly contribute to the cell-to-cell transmission through the formation of VS between infected macrophages and uninfected CD4+ T cells, which leads to the transfer of a high multiplicity of HIV-1 to the latter (61). Several groups also reported that this mode of infection is less sensitive to certain classes of antiretroviral therapies (ARTs) and reverse transcriptase (RT) inhibitors (62–64), and is more resistant to neutralizing antibodies against specific Env epitopes (65, 66).




Figure 3 | Models of HIV-1 cell-to-cell transmission in myeloid lineage cells. (A) HIV-1-infected cells form tunneling nanotubes (TNT) to transport infectious viral particles to other target cells by utilizing attachment receptors such as Siglec-1 or DC-SIGN. (B) Infected macrophages form unique virus-containing particles (VCC) and retain infectious viral particles through the association of tetherin, Siglec-1, or DC-SIGN with Env glycoprotein. When encountering other target cells, VCC containing either free virions or host factor(s)-associated virions may release infectious virus. (C) The binding of adhesion molecules LFA-1 and ICAM-1 has a well-characterized role in stabilizing virological synapse (VS) formation and contributes to cell-to-cell HIV-1 transmission. Image created with BioRender.com.



In contrast to the mechanisms of viral assembly in infected CD4+ T cells, viral particles accumulate on the plasma membrane and in intracellular tetraspanin-enriched virus-containing compartments (VCCs) in productively infected macrophages (Figure 3B) (67–70). VCCs rapidly change transmission mode to VS in a cytoskeleton-dependent manner. The structural features of VCC are similar to those of late endosomes or multivesicular bodies (MVB), but are distinguished from them in terms of acidity. Thus, VCCs are non-acidic and non-degrading compartments (71–73). As described in Section 2, tetherin is a critical host factor regulating HIV-1 release that is highly expressed on the surface of macrophages (Figures 1 and 2A), but not or only at a low level on CD4+ T cells (26, 27). Thus, tetherin effectively restricts HIV-1 release from the cell surface of macrophages rather than from CD4+ T cells, and this function is antagonized by the viral protein Vpu (27). In addition to the inhibition of cell-free viruses, tetherin has a role in forming VCC and potentially contributes to restricting cell-to-cell transmission (Figure 3B). Tetherin retains HIV-1 virions at the plasma membrane, which are subsequently internalized into VCC (74–76). Recently, Hammonds et al. reported that lectins such as Siglec-1, expressed on DCs and macrophage cell surfaces, play a crucial role in forming VCC (Figure 3B) (72). That study demonstrated that VCC formation is not necessary for macrophage infection but is necessary for cell-to-cell viral transmission from infected macrophages to CD4+ T cells (72). HIV-1 virions captured and internalized in VCCs through Siglec-1 are potentially protected from innate immune responses. Thus, captured HIV-1 infectious virions can transfer to target CD4+ T cells through VS, a mechanism independent of normal virus replication (77, 78). Human mannose receptor C-type 1 (hMRC1) also significantly contributes to the spread of infection through cell-to-cell transmission. Its function in HIV-1 infection is described in detail in the next section.



Contribution of mannose receptor during HIV-1 replication

The human mannose receptor C-type1 (hMRC1), designated CD260, is a 175-kDa type I transmembrane glycoprotein belonging to the C-type lectin family. It is expressed on most tissue macrophage surfaces, DCs, selected lymphatic cells, liver endothelial cells, and vaginal epithelial cells (79). This protein contains three types of extracellular domains, namely, CR (cysteine-rich domain), FNII (fibronectin type II repeat), and eight tandem CRD (C-type carbohydrate recognition domains) (79). The CRD domains have a crucial role in capturing foreign bodies, including HIV-1. Recently, it was shown to be involved in capturing pathogens including bacteria and fungi, as well as viruses like HIV-1 (79). In HIV-1 infection, hMRC1 binds to viral Env through interactions mediated by glycosylated mannose residues on Env (80–82). Intriguingly, unlike typical virus entry, this uptake of HIV-1 mediated by hMRC1 does not lead to productive infection (82, 83), but the phagocytosed pathogen contributes to antigen presentation (84, 85). However, Nguyen and Hildreth provided evidence that hMRC1 on the macrophage surface facilitates virus transmission to CD4+ T cells (81). Several factors regulate this function of hMRC1, including viral proteins such as Vpr, Tat, and Nef, as well as unidentified host factors, but the precise mechanisms remain unclear. Sukegawa et al. demonstrated that hMRC1 inhibits virus release from HIV-1-infected macrophages in a BST-2-independent manner (86) (Figure 2B). Interestingly, the amount of endogenously expressed hMRC1 was significantly downregulated after virus infection. It is assumed that the virus counteracts the function of hMRC1-mediated inhibition of virion release by removing hMRC1 from the cell surface. This reduction of hMRC1 has been reported in several other papers, both in vivo and in vitro. Koziel et al. reported a modest reduction of hMRC mRNA in HIV-1-positive patients (87). Other investigators have reported the relevance of viral proteins such as Nef, Tat, and Vpr. Vigerust et al. reported that Nef induced the surface repression of hMRC1 without affecting steady-state levels but interfered with the recycling of mannose receptors to the cell surface (88). In addition, HIV-1 Tat was reported to inhibit transcription from the rat mannose receptor promoter (89). However, recently, Lubow et al. reported that the contribution of Tat to the downregulation of mannose receptors was insignificant (53). Furthermore, they implicated the involvement of Nef and Vpr in the downregulation of hMRC1 and indicated that cooperation between Vpr and Nef induced a synergistic reduction of hMRC1 (53). Thus, Vpr downregulates the transcription of hMRC1, and Nef removes hMRC1 from the cell surface through lysosomal degradation, causing a further reduction of hMRC1. It was also demonstrated that the downregulation of Env expression by hMRC1 was counteracted by Vpr through rescue from lysosomal degradation, which increased the formation of VS and facilitated cell-to-cell transmission between macrophages and CD4+ T cells (53, 56). This evidence demonstrates the significant impact of hMRC1 during HIV-1 replication in macrophages and on the normal function of host immune defense by capturing pathogens.



HIV-1 reservoirs in macrophages

As noted above, CD4+T lymphocytes are considered the primary HIV-1 reservoir cells. The contribution of monocytes/macrophages remains controversial (7). However, there is evidence showing the contribution of tissue-resident macrophages in establishing HIV-1 reservoirs. The earliest study was reported by Gartner et al. in 1986 (90). Due to the difficulty of obtaining primary tissue-resident macrophages, non-human primate models have been widely used to investigate the association of infectious virus dynamics with disease progression in vivo (90–92). In 2001, Igarashi et al. confirmed the contribution of macrophages in HIV-1 reservoirs utilizing SHIV in a macaque model (93). That report observed the persistence of SHIV infection in tissue macrophages under the depletion of CD4+ T cells according to disease progression in the macaque. Furthermore, the administration of potent RT inhibitors effectively blocked HIV-1 circulating in CD4+ T cells but not in macrophages, demonstrating that tissue macrophages can sustain viral replication independently.

Reservoirs in macrophages start to become established a few days after the initial HIV-1 infection and are sustained during the asymptomatic stage of disease in these long-lived cells (7). In contrast to the loss of CD4+ T cells during the progression to AIDS, infected macrophages are less susceptible to HIV-induced cytopathic effects (7) and are more resistant to CD8+ cytotoxic T lymphocyte (CTL)-mediated killing (94). Hence, they may survive for more than a few weeks (1) and can therefore persistently infect cells as they are also poorly targeted by ART (i.e., they are less susceptible to some antiretroviral drugs). In fact, recent in vivo studies revealed the contribution of monocytes/macrophages as reservoirs. Honeycutt et al. developed humanized myeloid-only mouse models (MoM) unable to support human lymphocyte development (95). Using these models, they reported the detection of rebound viremia in three of nine mice 7 weeks after the discontinuation of ART (96). This report thus provided novel evidence that monocytes/macrophages can be a source of rebound viremia following ART cessation. Furthermore, Ganor et al. demonstrated that integrated HIV-1 DNA, HIV-1 RNA, and p24 were predominantly detected in urethral macrophages rather than CD4+ T lymphocytes in HIV-1-infected patients on ART (97).

The central nervous system (CNS, microglia) is also considered another tissue-resident macrophage reservoir (98, 99). Within a few days after primary infection, HIV-1 entered the CNS through the blood–brain barrier (BBB) via infected monocytes rather than CD4+ T cells (100, 101). In the CNS, HIV-1 persists predominantly in tissue-resident macrophages, such as microglia and perivascular macrophages differentiated from monocytes. More recently, Joseph et al. reported the isolation of R5-tropic virus from the cerebrospinal fluid (CSF) of ART-treated patients, suggesting that HIV-1 is continuously replicating in CNS reservoirs (102, 103). As with other reservoir cells, HIV-1-infected microglia are also long-lived, and unlike other hematopoietic reservoirs, the turnover of microglia is very slow, with only 28% of these cells renewed annually (104). Thus, HIV-1-infected microglia potentially sustain lifetime reservoirs in infected individuals. As described above, monocytes/macrophages, as well as CD4+ T cells, contribute to the persistence of infection and represent reservoirs in vivo. Importantly, some antiretroviral drugs such as protease inhibitors, saquinavir, and ritonavir exhibited a 2- to 10-fold lower activity in infected macrophages relative to chronically infected lymphocytes (105, 106). Moreover, Gavegnano et al. showed that the intracellular concentrations of nucleoside analog active metabolites in macrophages were 5- to 140-fold lower than in lymphocytes, contributing to significantly weaker antiviral activity (107). These features may also contribute to the persistence of HIV-1-infected macrophages and result in the establishment of HIV-1 reservoirs and the evolution of drug-resistant viruses.



The current approach towards HIV-1 eradication

Viral replication in HIV-infected individuals is controlled by combination antiretroviral therapy (cART), which mainly targets viral enzymes. However, latently infected reservoirs and drug-resistant viruses are still a significant barrier to curing HIV-1. To this end, several strategies such as gene therapy using CRISPR, vaccines to boost anti-HIV immune responses, and immunotherapy with broadly neutralizing antibodies have been investigated. In addition to these strategies, the “Shock and Kill” approach to reducing the size of reservoirs is a current challenge, whereby latency-reversing agents (LRAs) reactivate latently infected provirus (the shock) and induce cell death mediated by cytopathic effects, apoptosis, or CTL response (the kill), combined with ART treatment to prevent the occurrence of a new infection. This strategy is still under development (108), and some small-molecule chemical compounds, including histone deacetylase inhibitors (HDACi) (e.g., SAHA/vorinostat) (109), bromodomain and extraterminal domain inhibitors (BETi) (e.g., JQ1) (110), and protein kinase C (PKC) agonists [e.g., Prostratin, PEP-005 (ingenole-3-angelate) and bryostatin-1] (111), are being intensively investigated as candidate LRAs. Several groups have reported that using an LRA, active via a single mechanism, might not lead to effective viral reactivation in reservoir cells, and combinations of drug candidates with different mechanisms of action will be needed to enhance proviral activation. Currently, combining the BRD4 inhibitor (JQ1) and PKC agonist(s) (e.g., Prostratin, PEP-005) might be the most effective means of reactivating the HIV-1 provirus (7, 108). Despite the potent effects of LRA or a combination of LRAs on ex vivo or in vitro analyses, multiple clinical trials have failed to reduce latent reservoir size sufficiently, and none have shown superior therapeutic effects compared with current cART (112). A reason for this may be that different responses to LRAs by several types of latent reservoirs (7, 113) are influenced by the size and chromosomal location of the integrated provirus (114) in HIV-1 reservoirs. Therefore, the development of new LRAs or combination therapies of several LRAs to induce efficient provirus reactivation remains an unmet need.
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The V3 loop of the human immunodeficiency virus type 1 (HIV-1) envelope protein (Env) is one of the conserved immunogenic regions targeted by neutralizing antibodies (nAb). Two different binding modes of anti-V3 abs have been reported in studies using two V3 mimotopes: the ladle-type and cradle-type. We previously isolated a ladle-type nAb, 1C10, that potently and broadly neutralized clade B viruses. Despite its potent neutralization activity, 1C10 possesses no unique features in its amino acid sequence. We hypothesized that the neutralization potency of 1C10 is derived from its antigen-binding characteristics, which are not a consequence of the two previously reported binding modes of anti-V3 nAbs. To analyze epitope-paratope interactions between 1C10 and the V3 loop, we produced five anti-idiotypic antibodies (anti-Id abs) from mice immunized with 1C10 nAb. The idiotopes of the anti-Id Abs on the 1C10 heavy chain were estimated by alanine scanning, germline reversion mutagenesis, and a 1C10 sibling clone. Next-generation sequencing combined with homology modeling revealed contact between R315 at the tip of the V3 loop and 1C10 by D53 of CDRH2 and Phe/Asp of CDRH3. These amino acids were enriched in the anti-Id-ab-reactive B cell receptors encoded by the IGHV3-30 gene. We also found that 20% of HIV-infected individuals had abs specific to the anti-Id abs, as well as both of the V3 mimotopes, that did not respond to the linear V3 peptide. Our findings showed that the anti-Id abs induced by 1C10 recognized a key amino acid formation essential for steric interactions between the ladle-type nAb and the V3 loop. We also revealed the coexistence of anti-V3 ab reactivity to V3 loop mimotopes and to the anti-Id abs in HIV-positive individuals.
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Introduction

Eliciting potent neutralization antibodies (nAbs) is the ultimate goal of the development of vaccines against human immunodeficiency virus type 1 (HIV-1). To date, various vaccines have been developed to induce nAbs targeting the conserved regions of the virus (1–7). The V3 loop of the HIV-1 envelope protein is a target for nAbs, of which glycan epitopes are specifically targeted by broadly neutralizing antibodies (bnAbs) and glycan-independent epitopes are recognized by most anti-V3 antibodies (abs) (8–14). Two types of the latter epitopes have been identified thus far, ladle-like and cradle-like epitopes, which are recognized by V3 mimotopes (15–17). In the binding of anti-V3 Abs to the two epitopes, ladle-type abs recognize the hydrophobic face of the circlet region, in which Gly-Phe-Gly-Arg/Gln (GPGR/Q) at the tip of the V3 loop is found along heavy chain complementarity-determining region 3 (CDRH3) (18–20). Conversely, cradle-type abs attach to the epitope by binding to the band and circlet regions on both sides of the V3 loop. In other words, the former type of binding mode requires a long CDRH3, which forms the handle of the “ladle”, and the latter type requires a binding cavity consisting of both a heavy chain and a light chain, which form the “cradle.” In fact, cradle-type abs are predominantly derived from the IGHV5-51 gene paired with light chain variable region (VL) lambda gene, and are detected in vaccinees’ plasma as non- or weak-nAbs (15, 16, 21, 22). However, it remains unclear if ladle-type abs possess any unique structural features other than the longer-length CDRH3, especially those that are derived from the same immunoglobulin gene segment and can be elicited by vaccination.

From an elite controller, we previously isolated 1C10, which is a potent ladle-type anti-V3 Ab capable of neutralizing 80% of clade B viruses, including 30% of primary isolates of a major subtype in Japan (23). Despite its potent and broad-spectrum neutralization ability, 1C10, which is encoded by the major immunoglobulin gene IGHV3-30, has features common to many antibody types, including an 18-amino-acid-long CDRH3 region. In contrast, bnAbs possess a higher somatic hypermutation (SHM) rate, longer length CDRH3, and novel nucleotide insertions or deletions compared with most antibodies (12, 24–32). Although the details of 1C10’s neutralization potency have not yet been revealed, the induction of 1C10 requires no specific conditions and can be elicited by a vaccine (23, 33, 34). In this study, we generated anti-idiotypic abs that bound to the paratope (or binding cavity) of 1C10 to analyze the key characteristics that make 1C10 a potent anti-V3 nAb. We also aimed to discover the steric structures shared by subgroups of ladle-type abs.



Materials and methods


Immunization of mice by 1C10 and generation of anti-Id abs

We injected 200 μg of 1C10 into the tail vein of each 6-week-old BALB/c mouse in a prime immunization and the same amount into the peritoneal cavity in further immunizations. After five immunizations at 2-week intervals, the mice were sacrificed and the spleens were extracted. We isolated B220+IgM-IgG+ B cells positive for 1C10 as single cells from the spleens by FACS AriaII (BD, NJ, USA). Following the method reported previously (35), we amplified variable regions of IgG heavy and light chains by RT-PCR and inserted each of the regions into respective expression vectors by means of murine IgG-specific primer pairs.



Competitive inhibition ELISA

After incubating a Maxisorp plate (Invitrogen, MA, USA) coated with 0.2 μg NNT-20 JR-FL overnight, which is V3 peptide of HIV-1 clade B strains JR-FL consisting of 20 amino acids (AAs) started from NNT (NNTRKSIHIGPGRAFYTTGE), the plate was blocked by adding 0.1% BSA/PBS for 30 minutes. Anti-Id abs were dispensed into each well at various concentrations from 1 μg to 39 ng and incubated for 30 minutes followed by the addition of 0.1 ng biotinylated 1C10 and 1 hour of incubation. Binding of 1C10 to NNT-20 JR-FL was detected by measuring the OD value (405 nm) following the addition of streptavidin-HRP and 2,2’-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS).



Binding ELISA using 1C10 mutants and anti-Id abs

Germline reversion of 1C10 was achieved by AA-replacement of the 1C10 heavy chain variable region (VH) with IGHV3-30 AAs by overlap-extension PCR as we previously described (36). Purified germline 1C10 was dispensed onto a Maxisorp plate (Invitrogen, MA, USA) at 2 μg/well and incubated overnight. After blocking by the addition of 0.1% BSA/PBS, biotinylated anti-Id abs were added to each well as serially diluted concentrations from 1 μg to 39 ng and 1 hour of incubation. Binding of anti-Id abs to germline-reverted 1C10 was detected by measuring the OD value at a wavelength of 405 nm following the addition of streptavidin-HRP (ThermoFisher, MA, USA) and ABTS (Roche, Switzerland). The binding ELISA was also performed to assess the effect of alanine-scanning mutagenesis of the 1C10 CDRH3 contact residues on binding to the anti-Id abs.



Single-cell sorting for 1C10 lineage analysis

Single-cell sorting was performed to isolate abs reactive to the anti-Id ab clones, as previously reported (35), from an HIV-infected patient who was an elite controller and had a plasma viral load constantly below the detection level. Briefly, after CD3-CD8-CD14-cells were negatively sorted from peripheral blood mononuclear cells (PBMCs) using a MojoSort magnet (BioLegend, CA, USA), CD19+CD27+7AAD-IgM-IgG+ B cells that bound to the anti-Id abs were sorted as single cells. The IgG variable regions from the sorted cells were amplified as described above and used for both sequence analysis and cloning into expression vectors for functional analysis. The sequence of the variable region was analyzed by International ImMunoGeneTics (IMGT) and Basic Local Alignment Search Tool (BLAST) searching. Functional analysis was performed using binding ELISA.



NGS analysis of anti-Id-ab-reactive B cell receptors

CD19+CD27+IgM-IgG+ B cells reactive to anti-Id abs #87 and #102 were isolated by single-cell sorting as a biased group and CD19+CD27+IgM-IgG+B cells were negatively sorted by MojoSort Magnet (BioLegend) as an unbiased group from PBMCs of the elite controller. Single-cell RNA-seq was performed using 10X Chromium (10X Genomics, CA, USA) following the manufacturer’s protocol.



AlphaScreen for antigen-antibody binding

AlphaScreen (PerkinElmer, Switzerland) was performed to examine the binding between either 1C10 or 3-32 and the looped V3 mimotopes. Mixtures of 2 μg/ml and 20 μg/ml, respectively, were incubated for 40 minutes room temperature. Binding was detected by anti-hIgG acceptor beads and streptavidin donor beads 40 minutes after the addition of the analyte mixture.

Anti-Id-ab Fabs and plasma IgGs obtained from HIV-positive patients’ plasma at 2 μg/ml and a 1:1000 dilution, respectively, were incubated for 40 minutes room temperature. Binding was measured by anti-6x His acceptor beads and protein A donor beads 40 minutes room temperature after the addition of the analyte mixture.



Statistics

Correlation coefficients (CC) were calculated by Pearson’s correlation. The network map of CC among the contact residues was drawn using NetworkX.



Homology modeling and data visualization

A 1C10 homology model was constructed as described in our previous report (36). In detail, we selected four ladle abs, three unclassified abs, and two cradle abs for which the crystal structures were available as templates for homology modeling of 1C10. Homology models of 1C10 were generated with the SWISS-model (37). First, screening was completed using rigid-body docking simulations with a native V3 loop in zdock (38). Second, flexible-docking simulation by Rossie (39) was performed on the first and second ranked ladle abs and unclassified abs by zdock score. Among the four homology models, we chose the 1C10 homology model using 1334 as the template based on the highest Rossie score of 1369.64. A 1C10-V3 loop complex model was created using 1334 (PDB: 6DB7) and the JRFL V3 loop sequence. Structure models were depicted with Pymol (40), and interactions between the heavy chain and R315 at the tip of the V3 loop in the model were detected using AppA (41). The interface residues of the heavy chain and the V3 loop were identified with the Pymol script, InterfaceResidues.




Results


Specific inhibition of binding of 1C10 to V3 peptide by five anti-Id abs

Using mice immunized with 1C10, we created anti-Id abs against 1C10 as mouse-human chimeric antibodies consisting of murine variable regions and human constant regions. Of these, anti-Id abs specific to the paratope of 1C10 were selected by competitive inhibition against biotinylated anti-V3 abs showing binding to NNT-20 JR-FL (NNTRKSIHIGPGRAFYTTGE) in ELISA. Five different anti-Id ab clones showed interference, not between the V3 peptide and other ladle-type anti-V3 abs, such as KD-247, 5G2, 1D9, 19F8, and 717G2, but between the V3 peptide and 1C10 (Figure 1 and Supplementary Table 1).




Figure 1 | Five anti-Id abs inhibited only 1C10 among six anti-V3 abs. Binding-inhibition ability of five anti-Id abs (87, 92, 102, G46, and 103), which interfere with interactions between anti-V3 abs and NNT-20, was determined by binding-inhibition ELISA using five anti-V3 abs (1C10, KD-247, 5G2, 1D9, 19F8, 717G2) conjugated to biotin. Unconjugated 1C10 was used as a control binding inhibitor for all anti-V3 abs.





Three predicted idiotopes of anti-Id abs determined by germline-reverted 1C10

We first assessed the region of the 1C10 paratope targeted by the anti-Id abs using 1C10 mutants. For this purpose, we constructed germline-reverted forms of the 1C10 heavy chain VH (Supplementary Figure 1, Figure 2A). We found that all five anti-Id abs bound to the germline-reverted 1C10 mutants in various patterns but did not react to the inferred germline. The result indicated that #87, #102, and #103 had decreased binding potency to the CDR2 mutation, #92 had decreased binding potency to the FR3 mutation, and #G46 had decreased binding potency to the CDR1 mutation (Figure 2B).




Figure 2 | Idiotope classification. Germline reversion of 1C10 was created by overlap PCR to replace five portions of the heavy chain variable region (VH), including framework regions (FR)1-3 and complementarity determining regions (CDR)1-2, with their germline amino acid (AA) sequences. Germline sequences are shown in blue boxes, with replaced AAs as red letters, and the 1C10 sequence is shown below the blue box. (A) Binding of anti-Id abs to germline-reverted 1C10, including inferred germline (IG) and human polyclonal IgG (Ctrl IgG), was tested by binding ELISA and expressed as percentage affinity change, calculated as a relative value based on binding to 1C10. The binding patterns of the anti-Id abs resulted in three types: CDR1-, CDR2-, and FR3-specific types. (B) Alanine scanning mutagenesis was applied to four contact residues of 1C10 CDRH3 (D95, D97, P100a, and D100b). Binding ELISA was used to examine the binding of the anti-Id abs to the 1C10 mutants containing alanine (C).



We next assessed the effects of alanine substitutions at the contact residues of 1C10 CDRH3 that we previously predicted (36) on the anti-Id abs by binding ELISA. Among the contact residues (D95, D97, P100a, and D100b), interactions were observed between D95 and #103, D97 and #102, either or both P100a and D100b, and #87 and #92. While most of the alanine substitutions resulted in a reduced or unchanged interaction strength with anti-Id abs, all substitutions, other than D95, enhanced the affinity of #102 to 1C10 (Figure 2C).



Lineage specificity of the anti-Id abs for 1C10 lineage

To identify the conformation shared by abs in the 1C10 lineage, antibody-expressing B cells (CD19+CD27+IgM-IgG+) were sorted as single cells using all five anti-Id ab clones from PBMCs of the HIV-1-positive patient, who produced 1C10. From 326 antibody-expressing B cells, we extracted 35 antibody clones, including one 1C10 sibling clone, 3-32. The same AA sequence was shared between 3-32 and 1C10 CDR3, other than 23 AAs of the heavy chain and one AA of the light chain. This also corresponds to the fact that both ab clones are encoded by the same V gene and have the same CDR3 length (Figure 3A). The binding of 3-32 to both looped V3 peptides and the linear V3 peptide (NNT-20) significantly decreased in strength compared with that of 1C10 (Figure 3B).




Figure 3 | Antibody of 1C10 lineage bound weakly to V3 loops. Amino acid (AA) sequence alignment of heavy chain variable regions of 1C10, germline (IGHV3-30), and a sibling antibody of 1C10 lineage (3-32). The different AAs are highlighted as pink, and predicted contact residues detected by deep learning (DL) are indicated by red arrow heads. Gene usage of the two antibody clones was analyzed with the Basic Local Alignment Search Tool (BLAST) and results are in the table on the right (A). Binding of 1C10 and 3-32 to two looped V3 mimotopes (447-52D and VH5-51) was tested by AlphaScreen, and binding to the linear V3 loop peptide (JRFL-NNT20) was assayed with ELISA (B). Interaction between anti-Id antibodies and 3-32 were examined using AlphaScreen (C).



According to our previous prediction (36), there is one contact residue in CDRH1 (N31), two contact residues in CDRH2 (D53 and D56), and one contact residue in FR3 (D61), in addition to the four contact residues in CDRH3. Of these positions, 3-32 possessed N31 and D56, which are mutated from germline AAs, as in 1C10, and V100b, which is different from the D100b of 1C10 (Figure 3A). Furthermore, 3-32 enhanced the binding of #102, despite the decreased interactions with the other four anti-Id ab clones (Figure 3C).



Deviation caused by the anti-Id abs explored by NGS

We analyzed the idiotopes that were shared by abs produced by an individual who produced 1C10 that were targeted by the anti-Id abs. On the basis of idiotopic analysis of 1C10 VH, we selected two CDRH2-specific anti-Id abs for NGS analysis, #87 and #102, with opposing affinities to mutations of the contact residues. We isolated CD2-CD14-CD16-CD36-CD43-Cd235a-B cells (unbiased B cells) as total B cells with magnet beads for analysis of the whole BCR repertoire of the individual. We also sorted B cells (CD19+CD27+IgM-IgG+) expressing idiotypic abs capable of binding to #87 and #102 to analyze the BCRs expressed on the responder B cells (biased B cells). Single-cell RNA-seq of BCRs was performed on 21,179 BCRs of unbiased B cells and 2,164 BCRs of biased B cells by 10X chromium, and we found 1,008 CDRH3s and 1,253 CDRH3s from each BCR group. In the IGHV3 BCR, we focused on five Asp residues and one Asn residue at the same positions as the predicted contact residues of 1C10 shown in Figure 3A. Of interest, Phe/Asp (PD) at any place in CDRH3 were analyzed as residues corresponding to the P100a and D100b of the 1C10 CDRH3. We obtained BCRs containing 35 and 64 N31, 165 and 212 D53, 4 and 5 D56, 138 and 209 D95, and 9 and 19 PD from the unbiased and biased groups, respectively (Figure 4A). In addition to CDRH3 length and the mutation ratio of the IGHV gene, IGHV3 usage was also increased in the biased group compared to the unbiased group (55.7% vs 32.8%) (Figure 4B).




Figure 4 | IGHV3 BCR responded to anti-Id abs. BCRs were analyzed in CD2-CD14-CD16-CD36-CD43-Cd235a B cells (unbiased BCRs) as total BCRs and in CD19+CD27+IgM-IgG+ B cells with response to anti-Id ab #87 and #102 (biased BCRs) respectively sorted from an elite controller. We obtained 1,253 CDRH3s from unbiased BCRs and 1,008 CDRH3s from biased BCRs. Finally, we analyzed five aspartic acid (Asp) residues and one asparagine (Asn) residue at the same positions as contact residues of 1C10 in IGHV3 abs. Amino acids (AAs) in orange boxes are mutated AAs from germline, of which N31 is located in CDR2, and sequential phenylalanine (Phe) and Asp residues (PD) are considered mutated AAs corresponding to P100a and D100b. The table at the bottom shows the number of IGHV3 CDRH3 regions containing each residue (A). Unbiased and biased BCRs were compared for genes encoding immunoglobulin heavy chain variable (IGHV) regions, mutation ratio of AAs of IGHV, and length of CDRH3 (B).



Although there were no correlations among the contact residues, once both BCR groups were classified by the possession of a single contact residue, several correlations appeared among the other contact residues. In the unbiased group, D56 and D97, and D53 and D95 correlated with the possession of N31 and D95, respectively. In the biased group, D53 and D97 were associated with PD when one of the two residues existed. Furthermore, in biased BCRs containing either D56 or PD in their CDRH3 region, N31 and D95 were correlated (Figure 5, Supplementary Figure 2). The results indicate the coexistence of these AAs in individual BCRs of each group; the AA pairs in the biased group, especially, implied the presence of epitopes for the anti-Id abs.




Figure 5 | Correlated AAs in both samples. Within six subgroups of both unbiased and biased BCRs classified using one of the contact residues (N31, D53, D56, D95, D97, and PD), correlations among other contact residues were calculated by Pearson’s correlation. Two correlations were detected in subgroups containing either N31 or D97 in unbiased BCRs. In biased BCRs, D53 and D97 were correlated to PD when the subgroup was chosen by the other residue. The correlation between N31 and D95 was seen in both PD and D56 subgroups. Amino acids are annotated by Kabat numbering.





1C10 homology model

We selected a ladle-type ab, 1334, as a template for homology modeling based on its zdock score and Rossie score. The V and D segments of 1C10 and 1334 are encoded by IGHV3-30 and IGHV1-3, and IGHD2-21 and IGHD3-9, respectively, while the J segments of both antibodies are encoded by IGHJ4. The root mean square deviation of the 1C10 homology model and 1334 was 0.315, which was the lowest value among ladle-type abs, though it was higher than the unclassified and cradle-type abs. This difference was attributed to the longer CDRH3 of the ladle-type abs compared with other ab types (Supplementary Table 2, Figure 6A).




Figure 6 | 1C10 homology model illustrates contact residues on the adapted structure located close to the V3 tip region. The crystal structure of 1334 (PDB: 6db7) is superposed onto the 1C10 homology model. Heavy and light chains of 1334 are drawn as orange and light blue ribbons, respectively, and those of 1C10 are light green and light blue, respectively, and the V3 loop is magenta (A). The structures composed by the correlated amino acids (AAs) in biased BCRs and unbiased BCRs are drawn in the 1C10 homology model as graduated dark orange triangles consisting of D53, D97, and PD, and yellow triangles consisting of N31, D56, and D97, and D53, D95, and D97, respectively (left). The positions of D53 of 1C10 CDRH2, D100b of 1C10 CDRH3, and R315 of the V3 loop are also depicted in the homology model (right) (B). AAs are annotated by Kabat numbering.



The 1C10-homology model constructed using SWISS-model exhibited a negatively charged binding cavity consisting of both heavy and light chains. More than half (57.0%) of this binding pocket is formed by the heavy chain, especially by CDRH3 (23.9%), and the remaining area (42.9%) is formed mainly by CDRL1 (23.2%) (data not shown).

In this model, correlated contact residues detected by NGS analysis formed a part of the 1C10 binding pocket. In the complex model with the V3 loop, the R315 at the tip of the V3 loop was placed close to D53 or D100b of PD, which were correlated AAs in the biased group (Figure 6B). Interactive contact analysis of these close AAs by AppA also suggested the formation of strong interactions comprising hydrogen bonds, VdW interactions, and ionic interactions. This is comparable to the binding of 1334 to the V3 loop, which uses CDRH2, including N52, D53, and D54, and CDRH3, including D99. Intriguingly, the D99 of 1334 CDRH3 comprises a PD sequence with P98 (Figure 7, Table 1).




Figure 7 | Contact residues between the V3 loop and 1C10 and 1334. Contact residues of the 1C10 heavy chain are numbered with down forward arrow heads and those of 1334 are indicated by asterisks. Different amino acids are highlighted in pink, and the same residues are shown by dots. Amino acids are annotated by Kabat numbering. The single asterisk and the double asterisk indicate the elite controller who produced 1C10 and a healthy donor, respectively.




Table 1 | Contact residues of interface between R315 and 1C10 or 1334.





Correspondence between anti-Id abs and V3 peptides

We tested the polyclonal ab responses of HIV-positive patients’ plasma samples and anti-Id ab binding to V3 peptides with AlphaScreen. We used the linear V3 peptide and cyclic V3 mimotopes (447-D and VH5-51 type peptides), which were reported to be involved in the differentiation into the two binding modes of anti-V3 abs (cradle-type and ladle-type) (15). Among the 44 plasma samples, there were 12 (27.2%) with reactivity to the anti-Id abs mixture, 10 (22.7%) with reactivity to the cyclic V3 peptides, and 5 (11.3%) with reactivity to the linear peptide. No correlation in reactivity was found between anti-Id abs and the linear peptide (NNT-20 JR-FL). Responders to the anti-Id abs also bound to the cyclic peptides (Figure 8). Interestingly, the plasma IgG responses of the responders to each V3 mimotope were equally strong, other than the response of the elite controller who produced 1C10. This result suggests that the anti-Id abs form a structure similar to the steric structure shared by both cyclic V3 mimotopes but not by the linear V3 peptide.




Figure 8 | Affinity of 44 patients’ plasma to anti-Id abs correlated to that to looped V3 peptides. Plasma samples from 44 HIV-positive patients were collected to investigate the binding of IgG in sera to a mixture of the five anti-Id abs, the looped V3 peptides (447-52D and VH5-51), and a linear V3 peptide (JRFL NNT20). The former two affinities were examined by AlphaScreen, and the latter affinity was shown by ELISA.






Discussion

The purpose of this study was using anti-Id abs to investigate the structural features of 1C10 as a potent ladle-type anti-V3 nAb without a long CDRH3 and as an ab originated from the IGHV3 gene. Our data demonstrated that components of the 1C10 paratope shared among IGHV3 abs corresponded to the response to the V3 loop. For this purpose, we generated five anti-Id antibodies specific for the 1C10 paratope without cross-reactivity against other anti-V3 abs. The results of binding to germline-reverted 1C10s revealed that the five anti-Id ab clones should have unique steric structures that consist of at least two epitopes: an epitope bound by 1C10 contact-residue-like AAs on CDRH2 and CDRH3 and an epitope shared with the cyclic V3 loop of a mimotope. The anti-Id abs were specific to 1C10 and predominantly recognized the idiotopes on CDRH2. In addition, alanine replacement at contact residues also showed the existence of the idiotopes of 1C10 CDRH3 based on changes to the anti-Id ab binding potency. More evidence was provided by a 1C10 sibling clone showing many different AAs of CDR3 in 3-32, especially N31S, D56N, and D100bD, at contact residues, leading to a loss of affinity to the V3 loop and alterations to anti-Id ab recognition (Figures 4A, B). Our NGS data suggested that the anti-Id abs recognized the same AAs at the same positions or order as the contact residues of 1C10 CDRH3. In particular, D53 of CDRH2 correlated to D97 and PD of CDRH3 in the biased IGHV3 BCRs. Other combinations were found in D56 of CDRH2 or PD, N31 of CDRH1, and D95 of CDRH3. The homology model postulated strong interactions between D53 or D100b and R315, which is known to be a conserved immunogenic AA on the tip of the clade B virus V3 loop (11). The crystal structure determined for 1334 yielded evidence for the involvement of D53 and PD in contact between the V3 loop and ladle-type abs. This also gave rise to our interest in the interaction between 1334 and the anti-Id ab clones, which should be explored in more detail.

In the binding assay, 27.2% (12/44) of HIV-infected patients were shown to possess plasma IgGs reactive to the anti-Id abs, of which 75% (9/12) also bound to both types of V3 mimotopes equally. Interestingly, only the elite controller, who produced 1C10, had plasma IgG that bound to the NNT-20 JRFL peptide, namely the linear peptide, and preferentially bound to the 447-52D mimotope rather than the VH5-51 mimotope. The relatively low plasma response, namely 22% (2/9, to the linear peptide in the anti-Id abs and V3 mimotope responders was considered to be a specific immune response in the moderately inflammatory chronic phase of HIV-1 infection, as opposed to a non-specific immune response in the acute phase. This plasma response specific to the V3 mimotopes consisted of both a response to the 447-52D (ladle-type) mimotope and a response to the VH5-51 (cradle-type) mimotope. However, cradle-type abs specific to the VH5-51 mimotope have been reported to be vaccine-inducible abs with cross-neutralizing activities due to binding to conserved residues. Conversely, the ladle-type abs may be potent but are more specific to viruses with R315 at the tip of the V3 region (15, 21, 42–44).

Despite the current study’s lack of crystal structural analyses, bioinformatic analysis using the anti-Id abs asserted that the anti-Id abs specifically recognize the D53 and D100b that form solid bonds between the 1C10 heavy chain and R315 of the V3 tip region. This contributed to results showing that the anti-Id abs targeted IGHV3-30 abs with higher SHM rates and a longer CDRH3 length, and the anti-Id abs derived a synchronized response to cyclic V3 mimotopes from HIV-infected individuals. These findings concur with the idea that, in addition to cradle-type abs, subgroups of ladle-type abs lacking the typical feature of a long CDRH3 are induced by vaccines.



Conclusion

In this report, we first described the remarkable features of mouse anti-Id abs raised against the potent cross-neutralizing human anti-V3 mAb 1C10. Our data indicate that the anti-Id abs target not only the distinctive AAs shared among 1C10-like abs but also the conformational epitope corresponding to epitopes of anti-V3 ab specific to cyclic V3 mimotopes. Of note, 20% of individuals chronically infected with HIV-1 produced anti-V3 abs cross-reactive to the anti-Id abs. These results help to confirm our hypothesis that subgroups of ladle-type abs are derived from a certain immunoglobulin gene and can be elicited by vaccination.

The findings may also lead to a strategy to induce 1C10-like anti-V3 nAbs in HIV-1-infected individuals using anti-Id abs, based on the idea that anti-Id abs mimic an antigen of their target antibody, which first appeared in the “idiotypic network theory” (45–47). By way of illustration, a recent study demonstrated bnAb precursor B cells can be activated by BCR cross-links with anti-Id abs (48). Further studies are needed to complete our comprehension of the effects of these anti-Id abs on responsive B cells; such studies may include structural analyses to investigate the interfaces within complexes of anti-Id abs and 1C10 as well as the V3 loop and 1C10, in vivo experiments to examine the abs induced by the anti-Id abs, and experiments to test the neutralization ability of 1C10-like abs.
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Human immunodeficiency virus type 1 (HIV-1) transcription in cells of the monocyte-macrophage lineage is regulated by interactions between the HIV-1 long terminal repeat (LTR) and a variety of host cell and viral proteins. Binding of the Sp family of transcription factors (TFs) to the G/C box array of the LTR governs both basal as well as activated LTR-directed transcriptional activity. The effect of monocytic differentiation on Sp factor binding and transactivation was examined with respect to the HIV-1 LTR. The binding of Sp1, full-length Sp3 and truncated Sp3 to a high affinity HIV-1 Sp element was specifically investigated and results showed that Sp1 binding increased relative to the binding of the sum of full-length and truncated Sp3 binding following chemically-induced monocytic differentiation in monoblastic (U-937, THP-1) and myelomonocytic (HL-60) cells. In addition, Sp binding ratios from PMA-induced cell lines were shown to more closely approximate those derived from primary monocyte-derived macrophages (MDMs) than did ratios derived from uninduced cell lines. The altered Sp binding phenotype associated with changes in the transcriptional activation mediated by the HIV-1 G/C box array. Additionally, analysis of post-translational modifications on Sp1 and Sp3 revealed a loss of phosphorylation on serine and threonine residues with chemically-induced differentiation indicating that the activity of Sp factors is additionally regulated at the level of post-translational modifications (PTMs).




Keywords: HIV-1 LTR, Sp, G/C box array, transcription, monocytes



Introduction

HIV-1 infection within monocyte-macrophage lineage cells represent a crucial cellular reservoir that needs to be targeted and eliminated to achieve complete remission and superior patient outcomes in people living with HIV (PLWH; (1–5). Macrophages are more resistant to cytopathic effects of HIV-1 compared to T cells; as a result, these cells can harbor the virus for a longer period of time and can also traffic across the blood-brain barrier seeding virus into the brain (6–9). Productive infection of the monocyte-macrophage lineage is limited, in comparison to CD4+ T cells, due to the low surface expression of CD4 and HIV-1 co-receptors CCR5 and CXCR4; however, all are displayed on these cell types with the timing and quantity of receptor expression varying depending on the states of stimulation and differentiation of the given cell population (10–13). Circulating monocytes can be infected with HIV-1 and then differentiate into macrophages wherein post-integration latency is established. Once resident in tissues like the brain, these non-proliferative cells are capable of supporting viral gene expression and infectious virus production, albeit to a much lesser extent than activated T cells, with dissemination of virus to surrounding susceptible cells (7, 12, 14, 15). In addition, the production and release of viral proteins such as gp41, gp120, Tat, Vpr, and Nef impact neighboring cellular populations and have been shown to have neurotoxic properties (7, 12, 14, 15).

Monocytic cells are generated in the bone marrow from pluripotent stem cells, which retain the ability to differentiate into either granulocytes or cells of the monocyte-macrophage lineage. The process of differentiation is governed by activity of transcription factors (TFs) that bind cis-acting promoter elements to govern expression of myeloid-specific genes in response to extracellular cues (16). The Sp family of TFs is involved in the regulation of monocyte- and/or myeloid-specific gene expression (17, 18). Sp1 and AP-1 have been shown to act cooperatively in the myeloid-specific regulation of the CD11c leukocyte integrin promoter (19). Similarly, Sp1 and AP-2 have been implicated in regulating lysosomal acid lipase and acid sphingomyelinase during monocytic differentiation (20, 21). Sp1 is also known to interact with C/EBP factors in regulating expression of several genes in myeloid cells (22–24). Other myeloid cell-specific differentiation events have also been attributed to specific activity of Sp factors (25–27). Sp factors have also been implicated in the regulation of chondrocyte, adipocyte, and epithelial cell differentiation (28–30) as well as in neuronal differentiation (31–34).

The Sp family of TFs includes Sp1, Sp2, Sp3, and Sp4 (35, 36). The C-terminus of Sp1 contains three zinc fingers that facilitate DNA binding, while the N-terminus contains the transactivation domains. (17). Sp1, Sp3 and Sp4 share near-equivalent affinity for binding G/C rich sequences, while Sp2 prefers binding to an alternative G/T rich sequence (35–38). Sp1 and Sp3 are ubiquitously expressed, while Sp4 has been shown to be brain-restricted in its pattern of expression (34, 35, 39, 40). Post-translation modifications (PTMs) including phosphorylation, glycosylation, acetylation and sumoylation of the Sp family of TFs have been shown to regulate their DNA binding and transcriptional activity (41). For instance, phosphorylation of Sp1 on Serine 131 by HIV-1 Tat-mediated activation of DNA-dependent protein kinase increases transcription with no effect on DNA binding (42–44) whereas other reports have shown that dephosphorylation of Sp1 mediated increased transcription activity from IL-21R promoter upon T cell receptor stimulation (45). Similarly, dephosphorylation of Sp1 at Serine 59 and Threonine 681 by PP2A resulted in increased association of dephosphorylated Sp1 with chromatin; however, the impact on transcriptional regulation was not studied (46). Additionally, groups have shown that sumoylation of the Sp1 N-terminus and other Sp3 isoforms occurs at basal conditions and can decrease transcriptional activity via chromatin changes promoting local gene silencing (43).

With respect to HIV-1, Sp1 and Sp4 have been shown to function as activators of gene expression through their interactions with the G/C box array of the HIV-1 LTR, while both the full-length Sp3 and truncated Sp3 isoforms have been shown to act as repressors (7, 47, 48). In another report a host factor, interferon γ-inducible protein 16 (IFI16) has also been shown to bind at high levels to Sp1, sequestering it from interacting with the LTR of HIV-1, leading to inefficient transcription. (49, 50). To examine the role of Sp factors in regulating HIV-1 gene expression during the course of monocytic differentiation, a number of immature myeloid cell line models capable of chemically-induced differentiation along with primary monocyte-derived macrophages (MDM) were utilized to model monocytic differentiation (Figure 1). The HL-60 cell line represents a partially committed myeloid cell (51, 52), which retains the ability to differentiate toward either granulocytic or monocytic cell types following treatment with either dimethylsulfoxide (DMSO) or phorbol myristate acetate (PMA), respectively (53, 54). The U-937 and THP-1 cell lines represent committed monoblastic cells (55–58), which may be further differentiated along the monocytic pathway when treated with PMA (59).




Figure 1 | Myeloid differentiation. Diagrammatic representation of the process of myeloid differentiation. Cell lines and primary cell preparations are shown at their approximate stage in the differentiation process, dotted arrows indicate a cell line’s ability to differentiate towards a given cell type in the presence of the boxed chemical inducer. When treated with PMA cell lines HL-60 (48 hrs), THP-1 and U-937 (24 hrs) differentiate toward the monocyte lineage. When treated with DMSO cell line HL-60 (48 hrs) differentiates toward the granulocyte lineage.



Utilizing these in vitro model systems, the binding of the Sp1 activator protein to a high affinity HIV-1 Sp site was shown to increase relative to the binding of the Sp3 repressor isoforms following PMA-induced monocytic differentiation of HL-60, U-937 and THP-1 cell lines. Sp binding ratios from PMA-induced cells lines were also shown to more closely approximate those derived from primary MDMs than did ratios derived from uninduced cell lines. In addition, the altered Sp factor binding phenotype is associated with alterations in the transcriptional activation generated by a series of HIV-1 cis-acting Sp elements. Moreover, the PTM analysis on Sp1 and Sp3 proteins from untreated and PMA-activated U-937 cells demonstrated a loss of phosphorylation on certain residues on Sp1 and Sp3 proteins showing potential functional contribution of these specific PTMs in regulating LTR-directed transcription.



Materials and methods


Cell culture

The human monocytic cell lines U-937 and THP-1 were grown in RPMI 1640 media (55, 56). The human myelomonocytic cell line HL-60 was grown in Dulbecco’s media (51, 52). All media were supplemented with 10% heat-inactivated fetal bovine serum, antibiotics (penicillin, streptomycin, and kanamycin at 0.04 mg/ml each), L-glutamine (0.3 mg/ml), and sodium bicarbonate (0.05%). All cell lines were maintained at 37˚C in the presence of 5% CO2 and 90% relative humidity. To induce monocytic differentiation, HL-60 cells were cultured in the presence of PMA (10 μM, Sigma) for 48 hr, while U-937 and THP-1 cells were cultured for 24 hr in the presence of 0.5 μM and 1.5 μM PMA, respectively (20, 60); for review see (59). Granulocytic differentiation of HL-60 cells was induced for 48 hr in the presence of DMSO (1.25%, Sigma) (53, 54).



Isolation and characterization of primary MDMs

Buffy coat preparations obtained from normal healthy individuals were centrifuged over a Ficoll gradient (300 x g) for 45 min (61) and the mononuclear fraction was collected and washed in Hank’s balanced salt solution containing EDTA (0.5 mM final concentration). The cells were resuspended in Dulbecco’s phosphate-buffered saline containing 10% human AB serum (US Biological) and HEPES buffer (2.5 mM). This preparation was subsequently centrifuged (550 x g) for 45 min over a 46% Percol solution (Pharmacia), and mononuclear cells were harvested at the resulting interface (62). Cells were washed with PBS and plated into 100-mm tissue culture plates (Falcon) at a density of 1 x 106 cell per ml. Following a 1 hr incubation at 37˚C in the presence of 5% CO2 and 90% relative humidity, nonadherent T cells were removed by washing with RPMI 1640. Adherent T cells were subsequently maintained in RPMI 1640 supplemented with 10% heat-inactivated human AB serum (US biological), M-CSF (100 U/ml; R&D Systems), GM-CSF (40 U/ml; R&D Systems), antibiotics (penicillin, streptomycin, and kanamycin at 0.04 mg/ml each), L-glutamine (0.3 mg/ml), and sodium bicarbonate (0.05%). Cells were cultured at 37˚C in the presence of 5% CO2 and 90% relative humidity for 5 to 10 days before use. The purity of monocytic preparations was assessed three days after isolation. Purity was determined to be >95% by flow cytometry. Cells reactive with antibodies directed against either CD45, CD4 (dim) and CD14; or CD45, CD4 (dim) and CD15 (dim) were considered monocytic by previous definition (63). Assessment of the major contaminating cell populations within the monocytic cell preparations was assessed by flow cytometry utilizing antibodies directed against CD45, CD20, and CD15 (bright) for identification of B cells and granulocytes; and antibodies directed against CD45, CD4, CD3 for the identification of T cells. All antibodies were purchased from Becton Dickenson.



Nuclear extract preparation and electrophoretic mobility shift analyses

Small-scale nuclear extracts were prepared from low-passage, exponentially-growing cells as previously described (3). Briefly, cells (1 × 107) were collected by centrifugation, washed once with ice-cold 1× Dulbecco phosphate-buffered saline (Mediatech), and lysed in ice-cold lysis buffer [HEPES (10 mM) pH 7.9, KCl (10 mM), EDTA (0.1 mM), EGTA (0.1 mM), octylphenoxypolyethoxyethanol (IGEPAL; Rhodia) (0.4%), dithiothreitol (DTT; 1 mM), phenylmethylsulfonyl fluoride (PMSF; 0.5 mM), and HALT protease inhibitor cocktail (1:100; Thermo Scientific, Rockford, IL)]. After centrifugation (1000 × g), the supernatant (cytoplasmic extract) was discarded. The pelleted nuclei were gently resuspended in nuclear extract buffer [HEPES (20 mM), NaCl (0.4 M), EDTA (1 mM), EGTA (1 mM), DTT (1 mM), PMSF (1 mM), and HALT protease inhibitor cocktail (1:100)], shaken vigorously on a rocker for 30 min at 4°C, and subjected to centrifugation for 10 min (14,000 × g). The supernatant (nuclear extract) was then dialyzed two times for 45 minutes using mini dialysis units (Thermo Scientific, 2000 molecular weight cutoff) in dialysis buffer [HEPES (20 mM), KCl (100 mM), EDTA (0.2 mM), glycerol (20%), DTT (1 mM), and PMSF (1 mM)]. The nuclear extract was recovered from the dialysis units and transferred to an Eppendorf tube and stored at -80°C in small aliquots. The protein concentration was determined by Bradford assay as described by the manufacturer (Bio-Rad, Hercules, CA).

Double-stranded, gel-purified oligonucleotides for EMS analysis were prepared as previously described (64). The sequence of the probe used in these studies was derived from the HIV-1 subtype B consensus Sp site III, 5’-CCAGGGAGGCGTGGCCTGGG-3’. Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA) as previously described (64). For antibody supershift/abrogation analysis, the indicated antibody (2 μg per reaction) (Santa Cruz Biotechnologies, Santa Cruz, CA) was added to the reaction and incubated for 30 min at room temperature prior to addition of the labeled probe. Complexes were separated on a 4% native TGE gel.



Plasmid construction

Complementary single-stranded oligonucleotides representing the subtype B consensus HIV-1 core LTR sequence (-83 to +2, relative to the transcriptional start site) were synthesized and annealed. In addition, an HIV-1 natural variant Sp element that fails to recruit Sp family factors (GAAGCGTGGC; (65) was substituted for 1, 2 or all 3 Sp elements in three additional synthetic oligonucleotides. Substitution of variant Sp elements in place of subtype B consensus binding elements began at the NF-κB-proximal Sp site and sequentially moved toward the TATA element. The four resulting oligonucleotides were cloned into pGL3-Basic (Promega) to generate Sp(3x)TATA-Luc, Sp(2x)TATA-Luc, Sp(1x)TATA-Luc, and Sp(0x)TATA-Luc (Figure 8A). Sp(3x)TATA-Luc contains three subtype B consensus Sp binding elements. Sp(2x)TATA-Luc contains a low affinity Sp element at position III, and subtype B consensus elements at positions II and I. Sp(1x)TATA-Luc contains two low affinity Sp elements at positions III and II, and a subtype B consensus element at position I. Sp(0x)TATA-Luc contains three low affinity Sp elements (Figure 8). Each construct contains a functional HIV-1 LTR TATA box as well as additional sequence out to the start site of transcription. The sequence of each construct was confirmed prior to experimentation.



Transient transfections and luciferase assays

Reporter plasmids were transfected in the U-937 and THP-1 monoblastic cell lines using Fugene 6 transfection system (Promega, Madison, WI) while electroporation was utilized in the HL-60 myelomonocytic cell line. U-937 or THP-1 cells were seeded from exponentially growing, low passage cultures at 5 x 105 cells per ml growth medium and transfected with Fugene 6 in 35-mm plates (Falcon). Premixed Fugene (94 μl serum free RPMI with 6 μl Fugene) was added dropwise to 2.5 μg of the experimental luciferase vector (THP-1 and U-937) and either 200 ng pRL-CMV, or 100 ng pRL-TK Renilla internal control vector (THP-1 and U-937, respectively). After a 15-min incubation, the Fugene/DNA mixture was added directly to the cells. Cultures were incubated at 37˚C for 24 hr. Cell extracts were harvested and assayed for luminescence using the Dual Luciferase Assay (Promega). HL-60 cells were seeded from exponentially growing, low passage cultures. The experimental luciferase vector (15 μg) and the pRL-CMV Renilla internal control vector (50 ng) were added to 5 x 106 cells in 250 μl of culture medium. Cells were subsequently electroporated (250 V and 960 μF) and transferred to 35-mm plates (Falcon) in 2 ml growth media. Cultures were incubated for 24 hr at 37°C. Cell extracts were prepared, and luminescence was measured using the Dual Luciferase Assay (Promega). Chemical differentiating agents, DMSO (1.25%) or PMA (0.5 μM U-937, 1.0 μM HL-60 or 1.5 μM THP-1); were diluted in culture media and added to transfected cells 30 min after the addition of the DNA/Fugene mixture. In each case, firefly luminescence was normalized to Renilla luminescence to control for variability in transfection efficiency. Activity of the constructs is presented as the fold-increase in normalized firefly activity over the activity of the Sp(0x)TATA-Luc construct. Each transfection was performed in duplicate and repeated at least three separate times. Error bars indicate the standard deviation among data obtained from independent experiments.



Mass spectroscopy and post-translational modification (PTM) analyses on Sp1 and Sp3

Total protein was isolated from U-937 and U-937 PMA-treated cell pellets. The isolated proteins were then digested with trypsin in solution and enriched for phosphopeptides with Titanium dioxide (TiO2) column. The digested peptides were then extracted with 50% acetonitrile containing 5% formic acid, dried in a speedvac and resuspended in the appropriate mobile phase for LC-MS/MS analysis. A linear acetonitrile gradient was used to separate the tryptic peptides based on their hydrophobicity prior to MS analysis on a Thermo Scientific LTQ XL mass spectrometer and with a total run time of 90 min per sample. The samples were then analyzed separately by nano-LC-MS/MS and the PTM analyses for phosphorylation were performed. A data-dependent Top 5 method was used where a full MS scan from m/z 400-1500 was followed by MS/MS scans of the five most abundant ions. Each ion was subjected to CID (Collision Induced Dissociation) for fragmentation and peptide identification. Raw data files from each sample were then searched using Proteome Discoverer 1.4 (Thermo Scientific) and SEQUEST algorithm against FASTA databases for Sp1 (P08047.3) and Sp3 (Q02447) from UniProt. PhosphoRS 3.0 algorithm (integrated into the Proteome Discoverer) was used for phosphorylation site localization, whereas fixed value PSM Validator was used for PSM validation in database searches for Sp1 and Sp3. pRS site probabilities above 75% were used as a cutoff to obtain good evidence that a responsive site was truly phosphorylated.



Statistical analysis

The quantitative two-tailed student t-test was utilized and p < 0.05 was considered significant.




Results


Sp1 and Sp3 isoforms are present in myelomonocytic and monoblastic cell lines as well as primary MDMs

To investigate the relative amounts of the different Sp family TFs present during the course of monocytic differentiation it was necessary to identify the Sp family members present in each of the cell types examined. EMS analyses were performed utilizing a 20-bp oligonucleotide probe centered on the subtype B consensus HIV-1 Sp site III in conjunction with HL-60, U-937, THP-1 and primary MDM nuclear extracts. The U-937 and THP-1 nuclear extracts each generated four distinct DNA-protein complexes (Figure 2, lanes 1 and 6). Addition of antibody directed against Sp1 resulted in both the partial abrogation of complex A and the generation of a lower mobility complex (Figure 2, compare lanes 1 and 6 to lanes 2 and 7). Complexes B and C were shown to be reactive with antibody directed against Sp3 by a combination of abrogation (complexes B and C) and supershift (either complex B or complex C) (Figure 2, compare lanes 1 and 6 to lanes 3 and 8). Consistent with the analysis of individual antibodies, the combined use of both Sp1 and Sp3 antibodies resulted in both the abrogation of complexes A, B and C and the generation of multiple low mobility complexes (Figure 2, lanes 4 and 9). Sp4 antibody did not react significantly with any of the complexes in reactions containing U-937 or THP-1 nuclear extract. Complex D was unaffected by the presence of any of the Sp antibodies examined and has been shown to be nonspecific by competition with homologous and non-homologous competitors (data not shown). EMS reactions containing HL-60 nuclear extract generated DNA-protein complexes consistent with complexes A through D in the U-937 and THP-1 extracts (Figure 2, compare lane 11 to lanes 1 and 6). Complex A and B was found to contain Sp1 while complexes B and C were found to contain Sp3 (Figure 2, lanes 11-14). In addition to these four complexes, a fifth high mobility complex was observed (Figure 2, lane 11, complex E). This complex was shown to be partially abrogated in the presence of either Sp1 or Sp3 antibody. Use of both Sp1 and Sp3 antibody resulted in nearly complete abrogation of complex E, suggesting that this high mobility complex may represent proteolytic Sp factor fragments, which retain their DNA-binding activity (27). Analysis of the primary MDM extract also yielded complexes similar to those observed in the U-937, THP-1 and HL-60 analysis. Complex A was shown to contain Sp1 (Figure 2, compare lane 16 and 17). Although complexes B and C appeared in low abundance, supershift analysis with Sp3 antibody yielded a faint low mobility complex consistent with the presence of Sp3 containing DNA-protein complexes (Figure 2, lane 18). As before, complex D was shown to be nonspecific by competition analysis (data not shown). A fifth complex (complex E), similar to that observed in EMS reactions utilizing HL-60 nuclear extract (Figure 2C), again demonstrated partial abrogation in the presence of either Sp1 or Sp3 antisera (Figure 2, lanes 17 and 18). Use of both Sp1 and Sp3 antibodies resulted in nearly complete abrogation of the complex (Figure 2, lane 19).




Figure 2 | Monocytic Sp TFs bind a high affinity HIV-1 Sp binding site. EMS analyses using the HIV-1 subtype B consensus Sp site III were performed as described in the Materials and Methods. Binding reactions included 6 μg of U-937 (A), THP-1 (B), or HL-60 (C) nuclear extract with 60,000 cpm radiolabled probe (approximately 1 ng). MDM nuclear extract (20 μg) (D) was also reacted with 60,000 cpm of radiolabled probe. Antisera (1 μl) was added as indicated. DNA-protein complexes are labeled A through E, while supershifted DNA-protein complexes are indicated with arrows. This was performed as three independent experiments with a representative image presented.





Alterations in the relative binding of Sp1 and Sp3 during differentiation of a myelomonocytic cell line

It was observed in initial studies that the ratio of Sp1 to Sp3 might vary among nuclear extracts prepared from primary MDM, monoblastic (U-937 and THP-1) and myelomonoblastic (HL-60) cell populations. To determine whether alterations in the relative binding of Sp family activators (Sp1) and Sp family repressors (full-length and truncated Sp3) occurred during the course of monocytic differentiation, the binding of Sp factors was examined in a probe titration EMS analysis under conditions where each of the three major Sp complexes could be quantitated. Increasing amounts of a 20-bp probe centered on the HIV-1 subtype B consensus Sp site III was reacted with a constant amount of nuclear extract. When the probe is saturated with respect to the available binding protein, the relative abundance of each complex will primarily reflect the relative amounts of protein in the extract capable of binding probe. Under these conditions, a comparison of unstimulated, DMSO-stimulated, and PMA-stimulated HL-60 nuclear extracts (Figure 3A) provides an indication of the relative levels of Sp factors present in myelomonocytic cells (unstimulated), granulocytic cells (DMSO-treated), and monocytic cells (PMA-treated).




Figure 3 | Relative levels of Sp factor binding in the myleomonocytic HL-60 cell line are altered with the addition of the chemical differentiating agent, PMA. Relative Sp factor binding was examined by EMS probe titration analyses. (A) Untreated, DMSO-treated, and PMA-treated HL-60 nuclear extracts (6 μg) were reacted with increasing amounts of labeled HIV-1 Sp site III probe (12,500 to 500,000 cpm; 0.09 to 3.75 ng). Complexes were separated utilizing a 2-hr electrophoresis interval through a 4% acrylamide gel to retain unbound probe and facilitate subsequent analysis. DNA-protein complexes are labeled A through E; arrows indicate the position of low mobility Sp-related complexes. Representative image shown. (B) Untreated, DMSO-treated, and PMA-treated HL-60 nuclear extracts (6 μg) were reacted with increasing amounts of labeled HIV-1 Sp site III probe (12,500 to 500,000 cpm; 0.09 to 3.75 ng). Complexes were subjected to a 3-hr electrophoresis interval utilizing 4% acrylamide to allow for greater separation and a more accurate subsequent quantitation of the resulting DNA-protein complexes. Unbound probe was not retained. DNA-protein complexes were quantitated and graphed as phosphorimager units per complex. Representative graph shown. (C) DNA-protein complexes intensities (B) were averaged at saturation and their relative levels compared within a given gel. This process was repeated three times and the average of the three relative intensities was graphed for each pair of DNA-protein complexes examined: Sp1 relative to full-length Sp3 (Sp3 Fl), Sp1 relative to truncated Sp3 (Sp3 Tr), and Sp3 Fl relative to Sp3 Tr. Comparisons between all were evaluated by the quantitative two-tailed student t-test and p < 0.05 was considered significant (*).



Quantitation of the resulting DNA-protein complexes and subsequent comparison of the complex intensities at saturation (Figure 3B) allows identification of the relative levels of each DNA-protein complex. The relative levels of Sp1 and Sp3 demonstrated little or no difference when nuclear extracts of untreated and DMSO-treated HL-60 cells were examined. In each case, the level of Sp1 relative to full-length Sp3 was approximately 2:1 (Figure 3C). Similarly, the level of Sp1 relative to truncated Sp3 was also approximately 2:1, while the level of full-length Sp3 relative to truncated Sp3 was nearly 1:1 in both extracts (Figure 3C). In contrast to the similarity among the Sp1- and Sp3-containing complexes, the intensity of the nonspecific complex D and the Sp1-Sp3 reactive low mobility complex E (Figure 3A) were notably reduced following DMSO treatment. Overall, it appears that DMSO treatment, which approximates myeloid differentiation (53), has little impact on the relative binding levels of Sp1, full-length Sp3, or truncated Sp3 to the HIV-1 subtype B consensus Sp site III.

In contrast to the Sp ratios observed between untreated and DMSO-treated HL-60 nuclear extracts, a comparison of untreated and PMA-treated HL-60 nuclear extracts yielded a different result. The level of Sp1 relative to full-length Sp3 was approximately 2:1 in each case (Figure 3C). However, the level of Sp1 relative to truncated Sp3 increased from 2:1 in untreated HL-60 nuclear extracts to nearly 3.6:1.0 in PMA-treated extracts (Figure 3C, middle panel). Similarly, the ratio of full-length Sp3 relative to truncated Sp3 increased from just under 1:1 in untreated extracts to nearly 2:1 in PMA-treated nuclear extracts. As with the DMSO-treated extracts, complexes D and E (Figure 3A) were noticeably reduced following differentiation. Overall, it appears that PMA treatment, which approximates monocytic differentiation (54), causes an increase in both Sp1 and full-length Sp3 relative to truncated Sp3.



Alterations in the relative binding of Sp1 and Sp3 during differentiation of two monoblastic cell lines

To determine if the changes in relative Sp factor binding observed during the chemical differentiation of HL-60 cells was cell type-specific or related to a more general physiologic process, similar experiments were performed using the U-937 and THP-1 monoblastic cell lines. Nuclear extracts from untreated and PMA-treated cells were utilized in probe titration analyses under conditions in which each of the three Sp complexes could be separately quantitated (U-937, Figure 4A; THP-1, Figure 5A). Subsequent quantitation and comparison of complex intensities at saturation allowed for comparisons of relative factor binding profiles (U-937, Figure 4B; THP-1, Figure 5B).




Figure 4 | Relative levels of Sp factor binding in the monoblastic U-937 cell line varies with the addition of the chemical differentiating agent, PMA. Relative Sp factor binding was examined by EMS probe titration analyses. (A) Untreated and PMA-treated U-937 nuclear extracts (6 μg) were reacted with increasing amounts of labeled HIV-1 Sp site III probe (12,500 to 500,000 cpm; 0.09 to 3.75 ng). Complexes were separated by a 2-hr electrophoresis interval through a 4% acrylamide gel to retain unbound probe to facilitate subsequent analysis. DNA-protein complexes are labeled A through D; arrows indicate the position of low mobility Sp-related complexes. Representative image shown. (B) Untreated and PMA-treated U-937 nuclear extracts (6 μg) were reacted with increasing amounts of labeled HIV-1 Sp site III probe (12,500 to 500,000 cpm; 0.09 to 3.75 ng). Complexes were subjected to a 3-hr electrophoresis interval utilizing 4% acrylamide to allow for greater separation and a more accurate subsequent quantitation of the resulting DNA-protein complexes. Unbound probe was not retained. DNA-protein complexes were quantitated and graphed as phosphorimager units per complex. Representative graph shown. (C) DNA-protein complex intensities (B) were averaged at saturation and their relative levels compared within a given gel. This process was repeated three times and the average of the three relative intensities was graphed for each pair of DNA-protein complexes examined: Sp1 relative to Sp3 Fl, Sp1 relative to Sp3 Tr, and Sp3 Fl relative to Sp3 Tr. Comparisons between all were evaluated by the quantitative two-tailed student t-test and p < 0.05 was considered significant (*).






Figure 5 | Relative levels of Sp factor binding in the monoblastic THP-1 cell line varies with the addition of the chemical differentiating agent, PMA. Relative Sp factor binding was examined by EMS probe titration analyses. (A) Untreated and PMA-treated THP-1 nuclear extracts (6 μg) were reacted with increasing amounts of labeled HIV-1 Sp site III probe (12,500 to 500,000 cpm; 0.09 to 3.75 ng). Complexes were separated by a 2-hr electrophoresis interval utilizing 4% acrylamide gel to retain unbound probe to facilitate subsequent analysis. DNA-protein complexes are labeled A through D; arrows indicate the position of low mobility Sp-related complexes. Representative image shown. (B) Untreated and PMA-treated THP-1 nuclear extracts (6 μg) were reacted with increasing amounts of labeled HIV-1 Sp site III probe (12,500 to 500,000 cpm; 0.09 to 3.75 ng). Complexes were subjected to a 3-hr electrophoresis interval utilizing 4% acrylamide to allow for greater separation and a more accurate subsequent quantitation of the DNA-protein complexes. Unbound probe was not retained. DNA-protein complexes were quantitated and graphed as phosphorimager units per complex. Representative graph shown. (C) DNA-protein complexes intensities (B) were averaged at plateau and their relative levels compared within a given gel. This process was repeated three times and the average of the three relative intensities was graphed for each pair of DNA-protein complexes examined: Sp1 relative to full-length Sp3, Sp1 relative to Sp3 Tr, and Sp3 Fl relative to Sp3 Tr. Comparisons between all were evaluated by the quantitative two-tailed student t-test and p < 0.05 was considered significant (*).



Significant alterations in relative factor binding were observed with chemical differentiation of U-937 cells with PMA. The level of Sp1 relative to full-length Sp3 in untreated U-937 cells was similar to that seen in untreated HL-60 cells, nearly 2:1 in each case (compare Figures 3C, 4C). This ratio increased to 3:1 in PMA-treated U-937 nuclear extracts (Figure 4C). The level of Sp1 relative to truncated Sp3 in untreated U-937 cells was again similar to that observed in nuclear extract prepared from untreated HL-60 cells (compare Figure 3C, 4C). However, this ratio increased from 1.8:1.0 in untreated U-937 nuclear extract to approximately 5.6:1.0 in nuclear extract prepared from PMA-treated U-937 cells (Figure 4C). The level of full-length Sp3 relative to truncated Sp3 was again near equivalent in nuclear extracts derived from untreated U-937 and HL-60 cells, approximately 1:1 in each case (compare Figures 3C, 4C). Examination of nuclear extracts from PMA-treated U-937 cells yielded a 2:1 ratio between full-length Sp3 and truncated Sp3 (Figure 4C). In summary, the Sp factor ratios observed in nuclear extracts prepared from the U-937 cell line were consistent with those observed in extracts prepared from the HL-60 cell line, in that a relative increase in Sp1 over both full-length and truncated Sp3 was observed following PMA-induced monocytic differentiation.

Relative Sp factor ratios were also examined in THP-1 monoblastic nuclear extracts. The level of Sp1 relative to full-length Sp3 in untreated THP-1 nuclear extracts (Figure 5C) was similar to those observed in untreated U-937 (Figure 4C) and HL-60 extracts (Figure 3C). Nuclear extracts prepared from PMA-treated THP-1 cells exhibited Sp1 to full-length Sp3 ratios of 2.7:1.0, a value above that of untreated U-937 and THP-1 extracts, but below that of PMA-treated U-937 extracts (Figure 5C). The level of Sp1 relative to truncated Sp3 in untreated THP-1 extracts (2.7:1.0) was above that observed with U-937 (2:1) and HL-60 (2:1) nuclear extracts (THP-1, Figure 5C; U-937, Figure 4C; HL-60, Figure 3C). Similar to previous results, nuclear extracts prepared from PMA-treated THP-1 cells exhibited an increase in the Sp1 to truncated Sp3 ratio as compared to the ratio observed with extracts prepared from untreated THP-1 cells (compare 4.3:1.0 to 2.7:1.0, respectively; Figure 5C). The full-length Sp3 to truncated Sp3 ratio obtained with nuclear extracts prepared from untreated THP-1 cells (Figure 5C) was slightly above those ratios generated from U-937 (Figure 4C) and HL-60 (Figure 3C) nuclear extract. However, nuclear extracts prepared from PMA-treated THP-1 cells exhibited little or no increase in the full-length Sp3 to truncated Sp3 ratio compared to extracts prepared from untreated THP-1 cells (Figure 5C). In summary, the use of the THP-1 monoblastic cell line as a model of PMA-induced monocytic differentiation yielded results similar to those observed in the U-937 monoblastic and HL-60 myleomonoblastic cell lines. In each case, the activating Sp1 was found to increase relative to the repressor Sp3 isoforms.



Relative binding of Sp1 and Sp3 isoforms in primary MDMs

To determine whether the increase in relative Sp1 binding observed during chemical differentiation of monoblastic and myelomonocytic cell lines was a direct result of a monocytic differentiation process or a process specific to monocytic cell lines and thus unrelated to the differentiation process that occurs in primary monocytic cell populations in vivo, the relative binding of Sp factors in primary MDMs was examined. MDMs are known to differentiate during the process of isolation from peripheral blood. Hence, it was hypothesized that Sp factor binding ratios derived from MDM nuclear extracts would be similar to those observed in chemically differentiated nuclear extracts, if the alterations in Sp factor ratios were dependent on the process of monocytic differentiation.

MDM nuclear extracts were utilized in probe titration analyses (Figure 6A) under conditions in which each of the major Sp complexes could be quantitated (Figure 6B). The ratio of Sp1 relative to full-length Sp3 was 3:1 (MDM, Figure 6C), a value similar to ratios derived from PMA-treated U-937 (Figure 4C) and THP-1 (Figure 5C) nuclear extracts (3.0:1.0 and 2.8:1.0, respectively) and greater than the value obtained with PMA-treated HL-60 nuclear extracts (Figure 3C, 2.1:1.0). The level of Sp1 relative to truncated Sp3 was 3.7:1.0 (MDM, Figure 6C), a level similar to PMA-treated HL-60 (Figure 3C) and THP-1 (Figure 5C) cells (3.6:1.0 and 4.3:1.0, respectively), but somewhat below the level derived from PMA-treated U-937 cells (Figure 4C, 5.6:1.0). The level of full-length Sp3 relative to truncated Sp3 was 1.3:1.0 in primary MDM nuclear extracts (Figure 6C). When compared to chemically-differentiated cell lines exhibiting ratios between 1.6:1.0 and 1.9:1.0, it was apparent that MDM nuclear extracts exhibit less binding of full-length Sp3 relative to truncated Sp3 (MDM, Figure 6C; U-937, Figure 4C; THP-1, Figure 5C; HL-60, Figure 3C).




Figure 6 | Relative levels of Sp factor binding in primary MDMs. Relative Sp factor binding was examined by EMS probe titration analyses. (A) Primary MDM nuclear extracts (20 μg) were reacted with increasing amounts of labeled HIV-1 Sp site III probe (12,500 to 500,000 cpm; 0.09 to 3.75 ng). Complexes were separated by a 2-hr electrophoresis interval utilizing 4% acrylamide gel to retain unbound probe for subsequent analysis. DNA-protein complexes are labeled A through D; arrows indicate the position of low mobility Sp-related complexes. Representative image shown. (B) Primary MDM nuclear extracts (6 μg) were reacted with increasing amounts of labeled HIV-1 Sp site III probe (12,500 to 500,000 cpm.; 0.09 to 3.75 ng). Complexes were subjected to a 3-hr electrophoresis interval utilizing 4% acrylamide to allow for greater separation and a more accurate subsequent quantitation of the DNA-protein complexes. Unbound probe was not retained. DNA-protein complexes were quantitated and graphed as phosphorimager units per complex. (C) DNA-protein complexes intensities Representative graph shown. (B) were averaged at saturation and their relative levels compared within a given gel. This process was repeated three times and the average of the three relative intensities was graphed for each pair of DNA-protein complexes examined: Sp1 relative to Sp3 Fl, Sp1 relative to Sp3 Tr, and Sp3 Fl relative to Sp3 Tr. Comparisons between all were evaluated by the quantitative two-tailed student t-test and p < 0.05 was considered significant (*).



Because Sp1 activates transcription from the HIV-1 LTR while both Sp3 isoforms act as transcriptional repressors (47), a comparison of activator to repressor ratios [Sp1/(Full length Sp3 + Truncated Sp3)], may allow for a more succinct view of the functional impact of different levels of Sp factor binding (Figure 7). Nuclear extracts from untreated cell lines, modeling undifferentiated monoblastic cells, each exhibited lower activator/repressor ratios than their PMA differentiated counterparts, indicating a potential increase in transcriptional activation from HIV-1 promoters containing active cis-acting Sp elements following monocytic differentiation. In the case of the HL-60 and U-937 nuclear extracts, each exhibited a nearly 1:1 ratio of activating Sp factors to repressing Sp factors. Following chemical differentiation with PMA, these ratios increased to 1.9:1.0 and 2.0:1.0, respectively (Figure 7). However, DMSO-induced granulocytic differentiation of the HL-60 myelomonocytic cell line generated a much smaller change in the activator/repressor ratio (compare 1.0:1.0 untreated to 1.2:1.0 treated) implying that the change in Sp factor recruitment observed with PMA-treatment were more a function of monocytic differentiation, than granulocytic differentiation. Nuclear extracts prepared from untreated cells exhibited similar levels of activating and repressing Sp factors (compare THP-1, 1.1:1.0; U-937, 0.9:1.0; and HL-60, 1.0:1.0; Figure 7). Interestingly, nuclear extracts from PMA-differentiated THP-1 cells, exhibited a smaller increase in the activator/repressor ratio (compare 1.1:1.0 untreated to 1.7:1.0 PMA-treated, Figure 7) than did nuclear extracts from either PMA-differentiated HL-60 or U-937 cells (compare 1.0:1.0 untreated to 1.9:1.0 PMA-treated, HL-60; and 0.9:1.0 untreated to 2.0:1.0 PMA-treated U-937; Figure 7). When the activator/repressor ratio of primary MDM (1.7:1.0) was compared to that of the cell lines examined, it was clear that primary MDMs have Sp factor binding profiles which more closely resemble profiles from chemically-differentiated monoblastic and myelomonoblastic cell lines as compared to their untreated counterparts (Figure 7).




Figure 7 | Comparisons of relative Sp family activator to repressor levels in untreated and chemically differentiated cell lines as well as primary MDM. To facilitate an examination of the effect of changing Sp factor binding on Sp-mediated activation of the HIV-1 LTR, results from Figures 3–6 have been coalesced to illustrate Sp1 (total activator) to the sum of both Sp3 isoforms (total repressor). Results from untreated and chemically differentiated cell lines are presented along with results from primary MDM. Statistical analysis between the three basal cells lines show no statistical difference. PMA treated cells cell lines were all statistically significantly higher than their basal comparator. Most important is that there was not a statistical difference between the PMA-treated cell lines and primary MDMs in this ratio. Comparisons between all were evaluated by the quantitative two-tailed student t-test and p < 0.05 was considered significant (*).





Impact of altered Sp factor binding on transcriptional activity of subtype B consensus HIV-1 cis-acting Sp elements

To examine the effect of the altered Sp factor ratios on HIV-1 LTR-directed gene expression in the absence of any confounding effects from non-Sp related changes in the transcriptional factor milieu which might be induced following monocyte differentiation, analyses were performed with a series of constructs containing only the TATA box and Sp elements. Specifically, transient transfection-reporter gene analyses were performed on truncated HIV-1 subtype B LTR-luciferase constructs containing three, two, one or no active cis-acting Sp elements (Figure 8A). To test the impact of altered Sp factor binding ratios on the activity of these constructs, fold-activation of the Sp(0x)TATA construct following the addition of one, two or three active Sp elements was examined in the HL-60, U-937 and THP-1 cell lines both in their undifferentiated and chemical-differentiated states. When these studies were performed in the HL-60 cell line, the addition of each active Sp element caused a sequential increase in promoter activity [Sp(0x)TATA ≤ Sp(1x)TATA < Sp(2x)TATA < Sp(3x)TATA] in both untreated and PMA-treated HL-60 cells (Figure 8B). The activity of each individual construct relative to that of the Sp(0x)TATA construct was then compared in untreated and chemically differentiated cells. Similar increases in activity were observed when both the Sp(1x)TATA and the Sp(2x)TATA constructs were examined (Figure 8B). However, the Sp(3x)TATA construct generated a small increase in promoter activity in PMA-treated cells than in untreated cells (compare 17-fold in untreated to 27-fold in PMA-treated; Figure 8B). This increase in fold-activation of the Sp(0x)TATA construct in the presence of PMA was qualitatively consistent with the 92% elevation in Sp activator binding observed in PMA-treated HL-60 nuclear extracts (compare untreated and PMA-treated HL-60 cells; Figure 7).




Figure 8 | Altered Sp factor binding correlated with chemical differentiation alters the activity of the Sp elements of the HIV-1 LTR. (A) Diagrammatic depiction of the truncated LTR-Luciferase constructs examined. (B) Standard reporter gene analysis utilizing the dual luciferase reporter gene system (see Materials and Methods for details) was employed to determine the effect of chemically-induced monocytic differentiation on the activity of constructs containing three, two, one or no active Sp cis-acting elements. Results compare the activity of constructs in the HL-60 (B), U-937 (C), and THP-1 (D) cells in the absence or presence of PMA treatment. Activity is shown as fold-increase over the Sp(0x)TATA construct. Individual experiments were performed in duplicate and repeated at least three times. Error bars represent the standard deviation between the replicate experiments.



When these constructs were examined in U-937 cells, the addition of each active Sp element again caused a sequential increase in promoter activity [Sp(0x)TATA ≤ Sp(1x)TATA < Sp(2x)TATA < Sp(3x)TATA] in both untreated and PMA-treated U-937 cells (Figure 8C). When the activity of each individual construct relative to that of the Sp(0x)TATA construct was compared in untreated and chemically differentiated cells, significant differences were observed. When examined in untreated U-937 cells the Sp(1x)TATA construct resulted in no increase in activity over the Sp(0x)TATA construct, however a 1.8-fold increase in activity was observed when the constructs were tested in PMA-treated U-937 cells (Figure 8C). Similarly, the untreated Sp(2x)TATA construct generated a 3.3-fold increase in activity relative the Sp(0x)TATA construct in untreated cells, and a 14-fold increase in this activity in PMA-treated cells (Figure 8C). The Sp(3x)TATA construct, containing three active Sp elements, generated activity 5.7-fold over that of the Sp(0x)TATA construct in untreated cells, while the same comparison in PMA-treated cells yielded a 38-fold increase in promoter activity (Figure 8C). These results are consistent with results observed in HL-60 cells, in that a 116% increase in the relative levels of Sp family activators observed in PMA-treated extracts (compare untreated and PMA-treated U-937 cells; Figure 8) qualitatively correlates with the increased levels of LTR-luciferase activity observed in the presence of PMA.

Similar to observations in HL-60 and U-937 cells, the addition of each active Sp element caused a sequential increase in promoter activity [Sp(0x)TATA ≤ Sp(1x)TATA < Sp(2x)TATA < Sp(3x)TATA] in both untreated and PMA-treated THP-1 cells (Figure 8D). As before, the activity of each individual construct relative to that of the Sp(0x)TATA construct was compared in untreated and chemically differentiated cells. Unlike the results obtained with HL-60 or U-937 cells, a comparison of construct activity in untreated and PMA-treated THP-1 cells generated little or no difference in activity relative to the Sp(0x)TATA construct (Figure 8D). The lack of a PMA-induced increase in the activation of the Sp-containing LTR-Luciferase constructs may be related to the smaller (47%) increase in the binding of Sp family activators relative to repressors observed with THP-1 nuclear extracts following PMA treatment (compare untreated and PMA-treated THP-1 cells; Figure 8). Cumulatively, results from the HL-60, U-937 and THP-1 cell lines indicate that enhancement of Sp1 factor binding relative to Sp3 isoform binding may influence, but not fully predict, the transcriptional activity generated from the cis-acting Sp elements of the HIV-1 LTR.



Identification of phosphorylation changes on Sp1 and Sp3 upon PMA-induced differentiation of promonocytic U-937 cells

It is well established that activity and stability of cellular TFs is regulated by PTMs including phosphorylation, glycosylation, acetylation, ubiquitination, methylation and sumoylation [reviewed in (66)]. For the Sp family of TFs, PTMs have been shown to influence several functional aspects including protein-protein interactions, sequence-specific DNA binding, and transcriptional activity (41). To evaluate the changes in PTMs on Sp1 and Sp3 in the process of monocytic differentiation, mass spectroscopy analysis was performed as described above. U-937 promocytic cells were utilized in this analysis as these cells demonstrated a good separation of transcriptional activity between untreated and PMA-treated conditions (see Figure 8C). Untreated and 0.5 μM PMA-treated U-937 cells were lysed and subjected to LC MS/MS analysis after trypsin digestion followed by PTM analyses as described above. Results identified loss of phosphorylation on S126, S137, S360, S365, T375, S376, S379, S765, S777, and S781 positions for Sp1 (Table 1). There was also a gain of phosphorylation at S127. Similarly, for Sp3, loss of phosphorylation was observed but only on the T574 residue (Table 2). The PTM analysis did not detect the well-studied amino acid residues in the transactivation domains of Sp1 and Sp3 including Ser131, T355 and others (43). It may be due to inefficient digestion with trypsin (data not shown) or uniqueness of the cell types and culture conditions utilized in this study. Nevertheless, the results identified additional novel sites where Sp1 and Sp3 were post-translationally modified upon activation in monocytic-lineage cells. Is the specific loss of phosphorylation on these residues a result of other competitive PTMs and what is their functional relevance to LTR-directed transcription? These questions are highly relevant and would require additional studies focused on mutating these residues and evaluating the impact on Sp1/Sp3 binding to cognate sites in the HIV-1 LTR and downstream transcriptional activation.


Table 1 | PTM (phosphorylation) analysis on Sp1 in promonocytic U-937 cells upon PMA stimulation.




Table 2 | PTM (phosphorylation) analysis on Sp3 in promonocytic U-937 cells upon PMA stimulation.






Discussion

Cells of the monocyte-macrophage lineage play critical roles in the function of immune system during infection by pathogens such as HIV-1. The process of monocytic differentiation induces a shift in the relative levels of Sp TFs with a favorable binding of the activating Sp1 over the two Sp3 isoforms. These alterations in Sp TFs appear to increase the transcriptional activity provided by the cis-acting Sp elements of the HIV-1 subtype B consensus LTR.

A comparison of Sp factor binding ratios derived from MDMs, chemically-differentiated cell lines, and their undifferentiated counterparts, illustrated that ratios derived from MDMs and chemically-differentiated cells more closely resemble each other than did ratios from undifferentiated cells (compare Figure 6C to Figures 3C, 4C, 5C). These results suggest that Sp factor binding ratios derived from chemically differentiated cells lines may act as an appropriate proxy for Sp factor binding in primary MDMs.

After demonstrating an alteration in the binding profiles of Sp factors following monocytic differentiation, it was of interest to examine the mechanism by which their binding profiles were altered. To this end, the level of both Sp1 and Sp3 were examined by western immunoblot analyses. Interestingly, no significant differences in the levels of Sp factors were detected between nuclear extracts derived from untreated and chemically differentiated U-937 or THP-1 cells (data not shown). Although a small increase in Sp factors was observed in HL-60 cells upon PMA-induced monocytic differentiation, a similar increase was also observed following DMSO-induced granulocytic differentiation (data not shown) indicating that the increased protein levels were not the likely cause of the altered factor binding. Hence, changes in Sp factor binding do not appear to be driven by changes in the nuclear concentrations of the Sp factors, though this observation could also be validated through chromatin immunoprecipitation and qPCR. Thus, it was hypothesized that Sp factor binding may be regulated by a post-translational mechanism. The PTM analysis on Sp1 and Sp3 upon differentiation with PMA revealed loss of phosphorylation on several residues on Sp1 and one such modification was seen on Sp3 (Tables 1, 2). The PTM data did not result in the detection of some of the reported phosphorylated residues in Sp1 and Sp3. This may be due a variety of factors including inefficient digestion with trypsin prior to MS/MS or it may be due to unique patterns of phosphorylation of Sp factors in the promonocytic U-937 cells. Additional studies will need to be performed that will involve the use of a combination of proteases (Chymotrypsin and trypsin) to generate superior digestion to yield smaller peptides and better coverage. In addition, in future studies in this regard, we would also want to perform these studies in other myeloid cells to see if there is differential phosphorylation in myeloid cell type populations. These studies are extensive and beyond the scope of this report. Additionally, the functional contribution of these newly-identified phosphorylation sites on Sp1 and Sp3 will be evaluated in context of LTR-directed transcription by sequentially mutating these residues coupled with additional functional studies to pinpoint the role of these residues with respect to the impact of Sp phosphorylation on regulating HIV-1 gene expression during differentiation and activation of this important lineage of cells.

After observing an increase in Sp1 binding relative to the two Sp3 isoforms, the mechanisms guiding altered Sp factor binding profiles and how they impact the activity of subtype B consensus HIV-1 LTR cis-acting Sp elements was examined. Because Sp1 has been shown to activate the HIV-1 LTR while both Sp3 isoforms have been shown to repress it (47), we hypothesized that an increase in Sp1 binding relative the Sp3 isoforms would correlate with increased LTR activity. To examine this hypothesis a series of truncated HIV-1 LTR constructs (-83 to +2 relative the transcriptional start site) containing a TATA box and either three, two, one or no active Sp binding elements were utilized in transient expression analyses in HL-60, U-937, and THP-1 cells in the absence or presence of PMA (Figure 8A). The activity of each construct was then compared to the activity of the construct containing no active Sp elements. This measure of relative activity facilitated a comparison of each construct activity in a given cell line in the absence or presence of PMA. Furthermore, one might anticipate a greater increase in the relative activity of a construct containing Sp elements in a cellular environment, which favors binding of the activating Sp1 over the repressing Sp3 isoforms. In general, assuming that the activation potential for the Sp factors themselves remains unchanged during differentiation, the increase in LTR activity observed with each additional Sp element would be greater after differentiation.

Results from two of the three cell lines examined qualitatively support this hypothesis. The HL-60 and U-937 cell lines both exhibit increases in their activator to repressor ratio (Figure 7) and an increased relative activity of cis-acting Sp elements (Figures 8B, C) following chemically induced monocytic differentiation. However, the qualitative relationship between the activator to repressor ratio and the increase in relative activity of cis-acting Sp elements is significantly different. The HL-60 cell line exhibited a 92% increase in the activator to repressor ratio (Figure 7) and a 55% increase in the relative activity of the Sp(3x)TATA LTR-Luciferase construct (Figure 8B) with PMA treatment. While the U-937 cell line exhibited a 116% increase in the activator to repressor ratio (Figure 7) and a 5.6-fold increase in the relative activity of the Sp(3x)TATA LTR-Luciferase construct (Figure 8C) with PMA treatment. In addition, PMA treatment causes the Sp(1x)TATA and Sp(2x)TATA constructs to exhibit little increase in relative activity in HL-60 cells while a greater increase was observed in U-937 cells (compare Figure 8B to Figure 8C). Conversely, the THP-1 cell line did not appear to qualitatively or quantitatively adhere to our aforementioned hypothesis. THP-1 cells exhibited a 47% increase in the activator to repressor ratio (Figure 7) and either a minor or no increase in the relative activity of the Sp(3x)TATA LTR-Luciferase construct (Figure 8D) upon PMA treatment. Taken together, these relationships imply that although Sp factor binding may influence the activity of cis-acting Sp elements it does not directly predict this activity, thus implying that factors or processes other than the ratio of Sp factor binding may also modulate the activation of cis-acting Sp elements. To further explore these findings, knockdowns of Sp1 and Sp3 may also be used to support our hypotheses however it has previously been shown that loss of Sp1 significantly dysregulates gene expression during differentiation (67).

One possible inference from these results is that the activation potential of the Sp factors themselves may be altered during the course of monocytic differentiation. An increase in the activation potential of the Sp factors following monocytic differentiation could explain how the small difference in increased activator to repressor ratios observed between HL-60 and U-937 cells following PMA treatment [compare a 92% increase (HL-60) to a 116% increase (U-937); Figure 7), could be coupled to such notable differences in increased relative activity of cis-acting Sp elements following PMA treatment [compare a 55% increase (HL-60) to a 5.6-fold increase (U-937); Figures 8B, C]. Similarly, in the THP-1 cell line a marginal change in the activating potential of Sp factors might explain the lack of a significant increase in the relative activity of the Sp(3x)TATA construct following (Figure 8D) the induction of a 42% increase in the activator to repressor ratio (Figure 7) following PMA treatment. Another potential explanation for these findings would hypothesize the existence of significant synergism between activating Sp family members. Such a synergism could be used to explain the large changes in transcriptional activity observed after smaller quantitative alterations in Sp factor recruitment in U-937s. Furthermore, the 42% increase in activating Sp factor binding coupled with only minor alterations in transcriptional activity observed following PMA treatment of THP-1 cells, could be explained if a certain threshold level of Sp activator binding was required before noticeable synergism is achieved. In addition to these, the PTMs on Sp factors showed some significant differences between the untreated and PMA-stimulated U-937 cells (Tables 1, 2). Additional studies in HIV-infected monocytic cell lines with induced differentiation, demonstrating altered PTMs of Sp isoforms would support the significance of this observation.

With respect to the HIV-1 gene regulation system, the alterations in Sp factor binding observed may have significance beyond that presently illustrated. HIV-1 LTR activity has been shown to be activated in the presence of either the viral transactivating protein, Tat, (68) or the viral accessory protein Vpr (69). Moreover, it has been shown that both Tat- and Vpr-mediated LTR activation is modulated through interactions with the G/C box array of the HIV-1 LTR and recruited Sp factors. Specifically, the loss of Sp elements in the HIV-1 LTR dramatically reduces Tat-mediated LTR activity in HeLa cells but only when all three are mutated but not basal activity (57). In Figure 8, we show that individual Sp binding site mutations in Sp binding site III contribute the most to basal and PMA-induced activity in various monocytic cells. However, previous studies from our group have shown that in HIV-1 replication experiments when Sp binding site III alone is mutated to prevent Sp1 and/or 3 binding, viral replication is reduced in Jurkat T cells and not U-937 monocytic cells (70). However, in this scenario Tat and Vpr would be present. This is interesting as the Tat inducibility of certain synthetic promoters has been shown to be Sp1-dependent (71) and Tat has been shown to induce the phosphorylation of Sp factors (42), a modification which might directly influence the DNA binding affinity of the Sp factors themselves. Evidence that Vpr-mediated LTR activation is influenced by an interaction between Vpr and the Sp1 HIV-1 LTR complex has also been reported (72, 73). In light of these studies, one might hypothesize that the altered recruitment of Sp factors during monocytic differentiation illustrated herein may likely impact Tat- and/or Vpr-mediated LTR activation or that Tat and/or Vpr may aid in stabilizing lower affinity Sp binding sites to help induce replication.

In summary, we have illustrated that the process of monocytic differentiation can induce a shift in the relative levels of Sp factor binding to an HIV-1 Sp element. This shift favors binding of the activated Sp1 over the two Sp3 isoforms. Such an alteration in Sp factor binding may have significance across a variety of Sp-dependent cellular and viral promoters present in cells of the monocyte-macrophage lineage during differentiation. Furthermore, the alteration in Sp factor binding was shown to alter the transcriptional activity provided by the cis-acting Sp elements of the HIV-1 subtype B consensus LTR. These observations may be attributed to the changes in PTMs on Sp isoforms upon receiving differentiation and activation stimuli as observed in U-937 cells. Finally, HIV-1 transcription and replication is driven through the LTR and cell phenotype and differentiation status impacts this. In fact, we have previously shown that all three Sp binding sites explored here have significantly different mean genetic differences between CXCR4-utilizing and CCR5-utilizing virus (proxy for T cell versus myeloid infection) and that these differential genetic signatures are predicted to impact the Sp binding phenotype at each Sp site (65, 70, 74). Taken together, this study adds to the importance of the Sp binding sites for viral replication and shows the isoforms of the proteins that can regulate the LTR in various differentiation states of myeloid lineages.
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Protein Position Stock residue® Variant residue® Stock frequency® P Endpoint frequency? P3 Endpoint frequency®

Gag 216 L [ 0.00" 077 096
Gag 268 | v 0.00" 0.79 095
Vi 4 E Q 0.00' 0.85 0.99
Vpr 18 G R 0.00' 0.82 0.97
Env 49 K R 032 1.00 1.00
Env 407 M I 025 1.00 1.00
Env 430 <] R 0.00" 1.00 1.00
Env 700 H Q 0.00" 1.00 1.00
Nef 15 G E 0.00' 031 090
Nef 30 K E 0.00" 068 0.94
Nef 9% N K 0.00" 051 085

@Consensus amino acid resicue from sequenced stock virs.
bVariant amino acid residue from passaged virus.

SFrequency of variant resicue in the stock virus population.

9Replicate 1 frequency of variant residue at the end of the third passage.

*Replicate 2 frequency of variant resicue at the end of the third passage.

1The 0.00 indicates that the variant frequency was below the limit of detection of the variant identification pipeline.
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Amino acid Position in Spl U- U-

phosphorylated sequence 937UT 937PMA
S 2 + +
S 7 + +
T 12 + +
S 36 * *
S 124 + +

T 599 + +
T 605 + +
Y 608 + +
S 612 + +
S 617 + +
Y 637 + +
T 640 + +
S 641 + +
T 651 + +
T 659 + +
S 661 + +
Y 662 + +
T 668 + +
S 670 + +
T 679 + +
T 681 + +
S 698 + +
S 702 + +
T 707 + +

(UT- untreated and PMA- PMA 0.5uM treated).

(+ indicates phosphorylation; - indicated no phosphorylation; phosphoR site probabilities
of 75% or more were considered; green boxes highlight a dephosphorylation event and
red box highlights phosphorylation).
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Amino acid Position in SP3 U- U-

phosphorylated sequence 937UT 937PMA
T 2 + +
S 113 + +
T 115 + 3
T 117 + +
T 118 + +
S 563 + +
S 566 + +
T 567 + +
T 570 + +

T. 601 + +
T 613 & +
Y 632 + +
T 635 + +
S 636 + +
S 646 + +
Y 657 + +
T 663 + +
S 665 + +
T 674 + +
i 676 + +
S 687 i +
S 693 + +
T 702 + +
S 711 + +
S 712 + +
S 713 # +
T 714 o "
S 718 + +

(UT- untreated and PMA- PMA 0.5uM treated).
(+ indicates phosphorylation; - indicated no phosphorylation; phosphoR site probabilities
of 75% or more were considered; green boxes highlight a dephosphorylation event).
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Protein Position Stock residue® Variant residue® Stock frequency® P3 Endpoint frequency® P3 Endpoint frequency®

Gag 216 L v 0.00 1.00 1.00
Pol 821 A T 0.00 1.00 0.94
Env 67 v M 0,00 1.00 1.00
Env 481 T A 0.00 0.85 0.84
Env 676 D B 0.00' 0.95 023
Nef 193 Y c 0.00 1.00 1.00
Nef 221 : 4 N 0.00' 1.00 1.00
Nef 258 ») N 0.00 1.00 0.15

%Gonsensus amino acid resicle from sequenced stock virus.

bVariant amino acid residue from passaged virus.

Frequency of variant residue in the stock virus population.

9Replicate 1 frequency of variant resiclue at the end of the third passage.

*Replicate 2 frequency of variant resicue at the end of the third passage.

1The 0.00 indicates that the variant frequency was below the limit of detection of the variant identification pipeline.
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Protein Position Stock residue® Variant residue® Stock frequency® P Endpoint frequency? P3 Endpoint frequency®

Gag 150 s T 0.00" 1.00 1.00
Gag 216 L v 0.00" 0.70 096
Gag 224 | M 0.00" 0.88 091
Gag 465 D E 0.1 0.99 099
Gag 469 N D 0.34 1.00 1.00
Gag 472 E K 0.30 095 091
Pol 382 M | 0.43 0.80 054
Pol 477 K R 0.48 1.00 1.00
Pol 655 [ v 0.00 055 059
Env 128 P T 0.7 074 064
Env 135 s A 0.09 0.72 0.65
Env 162 P Q 0.44 1.00 1.00
Env 166 \ | 0.00" 071 082
Env 200 G E 0.49 0.69 091
Env 201 N s 0.49 078 094
Env 202 E D 0.00" 0.66 091
Env 473 N D 0.29 0.50 1.00
Env 479 G s 0.37 0.50 1.00
Env 479 G D 0.7 0.50 1.00
Env 481 R Q 0.30 1.00 1.00
Env 575 v L 0.00' 0.89 095
Env 714 v | 034 1.00 1.00
Rev 105 c R 050 1.00 099
Rev 105 c ¥ 0.49 1.00 1.00
Nef 13 H R 0.42 1.00 1.00
Nef 22 R Q 0.46 1.00 1.00
Nef 28 Y H 0.39 1.00 1.00
Nef 3 G 3 0.43 1.00 1.00
Nef % E K 024 093 0.15
Nef 9% E D 0.20 091 0.14
Nef 140 R K 0.00 093 0.09
Nef 144 | M 0.00" 0.87 0.43

aConsensus amino acid resiclue from sequenced stock virus.

BVariant amino acid residue from passaged virus.

Frequency of variant residue in the stock virus population.

9Replicate 1 frequency of variant residlue at the end of the third passage.

*Replicate 2 frequency of variant resice at the end of the third passage.

1The 0.00 indicates that the variant frequency was below the limit of detection of the variant identification pipeline.
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