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A major issue for present HIV-1 research is to establish model systems that reflect or mimic viral replication and pathogenesis actually observed in infected humans. To this end, various strategies using macaques as infection targets have long been pursued. In particular, experimental infections of rhesus macaques by HIV-1 derivatives have been believed to be best suited, if practicable, for studies on interaction of HIV-1 and humans under various circumstances. Recently, through in vitro genetic manipulations and viral cell-adaptations, we have successfully generated a series of HIV-1 derivatives with CXCR4-tropism or CCR5-tropism that grow in macaque cells to various degrees. Of these viruses, those with best replicative potentials can grow comparably with a pathogenic SIVmac in macaque cells by counteracting major restriction factors TRIM5, APOBEC3, and tetherin proteins. In this study, rhesus macaques were challenged with CXCR4-tropic (MN4/LSDQgtu) or CCR5-tropic (gtu + A4CI1) virus. The two viruses were found to productively infect rhesus macaques, being rhesus macaque-tropic HIV-1 (HIV-1rmt). However, plasma viral RNA was reduced to be an undetectable level in infected macaques at 5–6 weeks post-infection and thereafter. While replicated similarly well in rhesus peripheral blood mononuclear cells, MN4/LSDQgtu grew much better than gtu + A4CI1 in the animals. To the best of our knowledge, this is the first report demonstrating that HIV-1 derivatives (variants) grow in rhesus macaques. These viruses certainly constitute firm bases for generating HIV-1rmt clones pathogenic for rhesus monkeys, albeit they grow more poorly than pathogenic SIVmac and SHIV clones reported to date.
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INTRODUCTION

HIV-1 has emerged from ancestral viruses by extensive recombination and/or adaptation events (Sharp and Hahn, 2011). It exhibits an exquisitely complicated replication format, about which much remains to be precisely clarified (Blanco-Melo et al., 2012; Engelman and Cherepanov, 2012; Grütter and Luban, 2012; Malim and Bieniasz, 2012; Freed and Martin, 2013; Campbell and Hope, 2015; Dahabieh et al., 2015; Freed, 2015; Nakayama and Shioda, 2015; Harada and Yoshimura, 2017; Heusinger and Kirchhoff, 2017; Yamashita and Engelman, 2017; Foster et al., 2018). HIV-1 is highly adapted to humans in nature, and thus strictly tropic only for humans and chimpanzees. Following infection, HIV-1 persists in humans, and after lengthy persistent state, ultimately causes AIDS-related diseases and AIDS in most cases if not treated appropriately. Due to the exceptionally narrow host range of HIV-1, primarily based on its sophisticatedly regulated replication, animal models for experimental infections have been difficult to develop from the dawn period to the present stage of HIV-1 research. Ambitious attempts to establish in vivo systems effective and potent for model studies on HIV-1 continue to be one of major approaches toward basic and clinical studies on HIV-1 and AIDS.

A number of animal models have been proposed and tested so far to perform in vivo studies on HIV-1 (Ambrose et al., 2007; Nomaguchi et al., 2008, 2011; Hatziioannou and Evans, 2012; Nishimura and Martin, 2017). Surrogate models for HIV-1 infection in humans include feline immunodeficiency virus (FIV) in cats and simian immunodeficiency virus isolated from the rhesus macaque (SIVmac) infection in macaques (Hirsch et al., 1989; Slee et al., 1995; Veazey et al., 1998; Auwerx et al., 2004; Sparger, 2006; Ambrose et al., 2007; Chahroudi et al., 2012; Hatziioannou and Evans, 2012). Of note, the SIVmac/macaque system has been frequently and widely used for various study purposes, but not the FIV/cat model (Hatziioannou and Evans, 2012). As for the other animal models, because none of experimental animals are susceptible to HIV-1 infection as described above, challenge viruses and/or host animals need to be artificially manipulated. Small animal model systems, i.e., transgenic mice/HIV-1, transgenic rats/HIV-1, and transgenic rabbits/HIV-1, have been unsuccessful due to the lack of robust HIV-1 replication and/or disease progression (Dunn et al., 1995; Browning et al., 1997; Keppler et al., 2002; Hatziioannou and Evans, 2012). Exception is the humanized mouse model (human immune system mouse model). A number of humanized mouse models have been generated and extensively used for HIV-1 research (Hatziioannou and Evans, 2012). However, there is clearly an unavoidable limitation for the humanized mouse system. Since humanized mice cannot have a complete functional human immune system (cellular and humoral acquired immunity), they cannot reproduce typical features of HIV-1 replication and pathogenesis in vivo in response to HIV-1 infection. As an alternative for SIVmac in the macaque system, a chimeric virus designated SHIV has been extensively and successfully utilized for input virus for experimental infection of macaques since its initial description by us (Shibata et al., 1991; Sakuragi et al., 1992; Shibata and Adachi, 1992). SHIVs are genetically engineered virus clones that basically carry the env (Shibata et al., 1991), pol-reverse transcriptase (RT) (Uberla et al., 1995), or pol-protease (Ishimatsu et al., 2007) gene of HIV-1 in the backbone of SIVmac genome. An SHIV carrying HIV-1 pol-RT and Env also has been constructed (Smith et al., 2010). Of these SHIVs, Env-SHIV has been most widely and successfully used, especially for immunotherapy research for HIV-1 (Nishimura and Martin, 2017).

MACAQUE-TROPIC HIV-1 DERIVATIVE CLONES

To experimentally and demonstratively perform studies on HIV-1 replication and pathogenesis in the presence of host innate and acquired immunity, non-human primate (NHP) models are essentially required. For this aim, three species of macaques, rhesus, cynomolgus, and pig-tailed macaques have been currently used for HIV-1 infection experiments. Macaques belong to Old World monkeys, and are susceptible to SIVmac but not to HIV-1 (Nakayama and Shioda, 2012). Nevertheless, rhesus macaques of Indian origin are best characterized, most utilized and most successfully used NHPs for SIV- or SHIV-based model studies on HIV-1/AIDS (Nomaguchi et al., 2011; Hatziioannou and Evans, 2012). Although pig-tailed macaques have been quite frequently and widely used for HIV-1 model studies, they unusually rapidly progress to AIDS upon infection with SIVmac (Batten et al., 2006; Hatziioannou and Evans, 2012; Klatt et al., 2012). In addition, they lack the TRIM-mediated restriction against HIV-1 Gag-capsid (CA), and their immunological background is not so well characterized relative to that of rhesus macaques (Igarashi et al., 2007; Hatziioannou et al., 2009; Hatziioannou and Evans, 2012; Nakayama and Shioda, 2012). Cynomolgus macaques have not been so widely used for HIV-1/AIDS model studies (Hatziioannou and Evans, 2012). SIVmac and SHIV are found to be less pathogenic to cynomolgus monkeys, and their immunological features are also less characterized (Reimann et al., 2005; Pendley et al., 2008; Budde et al., 2010; Dietrich et al., 2011; Hatziioannou and Evans, 2012).

Although SIV and SHIV infect rhesus macaques and cause AIDS in the animals, their genomes are very different from HIV-1 genome. In addition to profound sequence variations, their genome compositions are distinct. Vpx gene is not present in HIV-1 genome, whereas vpu gene does not exist in SIVmac genome. SHIVs are SIVmac-derivative chimeric viruses as described above. Therefore, it has been consensus to have macaque-tropic HIV-1 derivative clones for experimental macaque infections. To overcome the species barrier against HIV-1, and generate the HIV-1 infection model system using macaques, it was absolutely necessary to pinpoint the viral genomic regions responsible for the narrow host range of HIV-1. We and others have independently and almost simultaneously identified the regions, i.e., Gag-CA and Vif, and successfully generated macaque cell-tropic HIV-1 clones [designated simian-tropic (st) HIV-1, HIV-1 derivative, or HIV-1mt (macaque-tropic)] (Hatziioannou et al., 2006; Kamada et al., 2006; Nomaguchi et al., 2011; Saito et al., 2011).

From the prototype HIV-1mt designated NL-DT5R (Kamada et al., 2006), we have modified its genome stepwise and improved its replication potential in macaque cells through sequentially introducing necessary mutations/variations by in vitro mutagenesis coupled with viral genome adaptation in cells (Nomaguchi et al., 2008, 2011, 2013a,b,c; Kuroishi et al., 2009; Saito et al., 2011; Doi et al., 2017). Of particular note and importance, we resultantly have obtained CXCR4-tropic and CCR5-tropic HIV-1rmt (rhesus macaque-tropic) clones that grow well in rhesus cells (Nomaguchi et al., 2013b, 2014; Doi et al., 2017). Figure 1 shows the basic genome structure of our HIV-1rmt clones. CXCR4-tropic MN4/LSDQgtu is demonstrated to be resistant to major anti-restriction factors (TRIM5α, APOBEC3, and tetherin) present in cynomolgus and rhesus macaque cells (Nomaguchi et al., 2013b), and grows best in rhesus cells among macaque-tropic HIV-1 derivative clones to the best of our knowledge (Nomaguchi et al., 2014).
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FIGURE 1. Basic genome structure of HIV-1rmt clones. The three HIV-1rmt clones indicated have been constructed from three distinct primate immunodeficiency viruses as shown. Genomic regions of HIV-1rmt clones derived from HIV-1 NL4-3, SIVmac MA239, and SIVgsn 166 (SIV isolated from the greater spot-nosed monkey) are depicted by white, blue, and orange areas, respectively. Generation and characterization of HIV-1 NL4-3 (Adachi et al., 1986), SIVmac MA239 (Shibata et al., 1991), CXCR4-tropic HIV-1rmt designated MN4/LSDQgtu (Nomaguchi et al., 2013b; Nomaguchi et al., 2017), CCR5-tropic HIV-1rmt designated MN5/LSDQgtu (Nomaguchi et al., 2013b; Nomaguchi et al., 2017), and CCR5-tropic HIV-1rmt designated gtu + A4CI1 (Doi et al., 2017) have been fully described previously. MN4/LSDQgtu and MN5/LSDQgtu carry growth-enhancing mutations in Gag-capsid, Pol-integrase, and Env regions as previously described (Nomaguchi et al., 2013a,b). GenBank accession numbers for sequences of NL4-3, MA239, 166, MN4/LSDQgtu, and MN5/LSDQgtu are AF324493, M33262, AF468659, LC315178, and LC315179, respectively.



GROWTH OF HIV-1RMT CLONES IN RHESUS MACAQUES

For routine check and characterization of our HIV-1rmt clones, an immortalized lymphocyte cell line of rhesus origin was established, and designated M1.3S (Doi et al., 2010, 2011). Generally, CCR5-tropic MN5/LSDQgtu grew more poorly in M1.3S cells and rhesus peripheral blood mononuclear cells (PBMCs) than CXCR4-tropic MN4/LSDQgtu (Doi et al., 2013; our unpublished data). After confirming the replication ability in M1.3S cells, we comparatively examined the three HIV-1rmt clones (MN4/LSDQgtu, MN5/LSDQgtu, and gtu + A4CI1 in Figure 1) for their growth properties in rhesus PBMCs as previously described (Nomaguchi et al., 2013b, 2014). Representative results are shown in Figure 2A. As is clear, MN4/LSDQgtu grew much better than MN5/LSDQgtu. However, notably, gtu + A4CI1 that carries an env gene from a clinical HIV-1 isolate, and had been adapted in M1.3S cells (Doi et al., 2017), grew comparably well with MN4/LSDQgtu in two preparations of rhesus PBMCs. The results in Figure 2A clearly show that the three HIV-1 derivative clones are tropic for rhesus PBMCs, and that CCR5-tropic gtu + A4CI1 grow much better than CCR5-tropic MN5/LSDQgtu in the cells. We then inoculated MN4/LSDQgtu and gtu + A4CI1 into rhesus macaques to determine whether the two virus clones can replicate in the animals to a readily detectable level, i.e., to confirm that they are really rhesus macaque-tropic. As shown in Figure 2B, both viruses significantly grew in the animals as monitored by viral RNA in plasma, a definite experimental indication as HIV-1rmt. However, virus production reached the peak (∼105 viral RNA copies/ml for MN4/LSDQgtu and ∼104 viral RNA copies/ml for gtu + A4CI1) at 1–2 weeks post-inoculation and was transient, being undetectable at 5–6 weeks post-inoculation. Numbers of circulating CD4-positive T-lymphocytes in the three animals were not affected significantly by the infections (data not shown). While the peak level was 10- to 103-fold lower than that for pathogenic SIVmac and SHIV, MN4/LSDQgtu grew obviously better than gtu + A4CI1 (compare the results for MM581/602 and MM631). In another series of infection experiments using two rhesus macaques, where multiple CCR5-tropic virus clones (gtu + A4CI1 plus a few of the other distinct CCR5-tropic clones) were simultaneously inoculated into the animals to anticipate growth-enhancing adaptive recombination/mutations to occur, both monkeys were certainly infected with the virus(es), and transiently produced viral RNAs in plasma as observed for infected MM631 in Figure 2B (data not shown). It has been well established that most rhesus TRIM5 alleles (Mamu-1 to Mamu-6) affect HIV-1 replication, but not Mamu-7. While rhesus TRIM5α proteins encoded by TRIM5TFP (Mamu-1 to Mamu-3) and TRIM5Q (Mamu-4 to Mamu-6) inhibit HIV-1 replication (TFP protein is more potent than Q protein), rhesus TRIM5CypA encoded by TRIM5CypA (Mamu-7) does not influence HIV-1 replication (Price et al., 2009; Ylinen et al., 2010; Nakayama and Shioda, 2012, 2015; Nomaguchi et al., 2013b). We therefore determined the TRIM5 genotype of the four rhesus macaques used in Figure 2 as previously described (Wilson et al., 2008; Nomaguchi et al., 2013b). Macaques MM581, MM602, MM630, and MM631 were found to carry TRIM5TFP/TFP (Mamu-1/Mamu-3), TRIM5TFP/TFP (Mamu-3/Mamu-3), TRIM5TFP/TFP (Mamu-3/Mamu-3), and TRIM5Q/Q (Mamu-4/Mamu-4), respectively. Based on these results, distinct growth efficiencies of MN4/LSDQgtu and gtu + A4CI1 observed in infected MM581/MM602 and MM631 (MN4/LSDQ grew much better than gtu + A4CI1 in rhesus macaques) are unlikely to be attributable to the TRIM5 alleles. In summary, we have demonstrated here that both CXCR4-tropic and CCR5-tropic HIV-1rmt clones readily infected rhesus macaques with restrictive TRIM5 alleles, albeit less efficiently relative to standard SIV/SHIVs pathogenic for rhesus macaques.
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FIGURE 2. Growth property of HIV-1rmt clones in rhesus PBMCs and individuals. (A) Viral replication kinetics in rhesus PBMCs infected with CXCR4-tropic MN4/LSDQgtu, CCR5-tropic MN5/LSDQgtu, or CCR5-tropic gtu + A4CI1. PBMCs were prepared from rhesus macaques MM630 and MM631, and spin-infected with cell-free viruses obtained from transfected 293T cells as previously described (Nomaguchi et al., 2013b, 2014). Cell numbers and input viral amounts used were 2.0 × 106 and 4.1 × 106 RT units, respectively. (B) Kinetics of plasma viral loads in rhesus macaques inoculated with CXCR4-tropic MN4/LSDQgtu or CCR5-tropic gtu + A4CI1. Rhesus macaques MM581, MM602, and MM631 were infected with cell-free viruses obtained from transfected 293T cells, and monitored for viral RNAs in plasma as previously described (Otsuki et al., 2014; Ishida et al., 2016). MM581 and MM602 were inoculated intravenously with 4.3 × 105 TCID50 of MN4/LSDQgtu as determined in a macaque cell line HSC-F (Akari et al., 1999). MM631 was inoculated with gtu + A4CI1 intravenously (5.0 × 106 TCID50 in HSC-F cells) and intraperitoneally (1.5 × 107 TCID50 in HSC-F cells). Infection experiments (MM581/MM602 and MM631) were separately and independently conducted, and the detection limits for the MM581/MM602 and MM631 experiments were 250 and 500 copies/ml, respectively. The TRIM5 genotypes as analyzed by the previously described method (Wilson et al., 2008) for MM581, MM602, MM630, and MM631 are TRIM5TFP/TFP (Mamu-1/Mamu-3), TRIM5TFP/TFP (Mamu-3/Mamu-3), TRIM5TFP/TFP (Mamu-3/Mamu-3), and TRIM5Q/Q (Mamu-4/Mamu-4), respectively.



CONCLUDING REMARKS

This is the first report to demonstrate the capability of CXCR4-tropic and CCR5-tropic HIV-1 derivative viruses to grow in rhesus macaques. Thus far, pig-tailed and cynomolgus macaques have been the only NHPs to perform in vivo infection studies on HIV-1/AIDS using viruses genetically recognizable as HIV-1 (Igarashi et al., 2007; Hatziioannou et al., 2009, 2014; Saito et al., 2011, 2013; Thippeshappa et al., 2011; Otsuki et al., 2014; Peng et al., 2018). The rhesus macaque is by far the best suited NHP species for HIV-1 model studies from various points of views as described above. Our results described here would forward numerous research projects in this research field. Considering that MN4/LSDQgtu does grow considerably in rhesus macaques, it can be utilized to analyze the early infection stage of HIV-1 in vivo. Also, functional roles for HIV-1 accessory proteins in viral replication in vivo, which remains to be elucidated, could be examined by mutational analyses on MN4/LSDQgtu. Needless to mention, various basic and clinical projects become practicable when pathogenic HIV-1rmt clones are available.

Issues to be addressed in the near future can be summarized as follows. (i) Obviously, to increase heterologous viral populations after infection, improving the replication capability of the present HIV-1rmt clones is required. For viral persistence in individuals, viral variations to certain extent may be essential. In this regard, our experience indicates that Gag-Pol region is still amendable by in vitro mutagenesis. Better-growing CCR5-tropic viruses are particularly necessary to mimic the HIV-1’s natural infection course in individuals. (ii) More sequences derived from distinct clinical isolates may be needed to generate new HIV-1rmt clones. This attempt may result in obtaining new useful HIV-1rmt variants. (iii) Viral adaptation in rhesus macaques, in addition to the adaptation in cell cultures, should be considered to obtain virus clones pathogenic for rhesus macaques. Finally, in conclusion, studies in these directions are in progress in our laboratories.

ANIMAL EXPERIMENTS

Monkey experiments in this study were carried out in biosafety level 3 animal facilities, in compliance with the institutional regulations approved by the Committee for Experimental Use of Non-human Primates of the Institute for Virus Research (Institute for Frontier Life and Medical Sciences since October in 2016), Kyoto University, Kyoto, Japan.

AUTHOR CONTRIBUTIONS

ND and TM designed the research, performed the experiments, and discussed the results. HM and HS performed the experiments, and discussed the results. TK discussed the results. AA designed the research, discussed the results, and wrote the manuscript. MN designed the research, performed the experiments, discussed the results, and wrote the manuscript. All authors approved its submission.

FUNDING

This work was supported by a Grant-in-Aid for Scientific Research (C) from Japan Society for the Promotion of Science (JSPS) (JSPS KAKENHI JP17K08860), a grant from The Imai Memorial Trust for AIDS Research to MN, and a grant from Japan Agency for Medical Research and Development, AMED (Research Program on HIV/AIDS: 17fk0410308h0003 to MN and AA).

ACKNOWLEDGMENTS

We thank Ms. Kazuko Yoshida (Department of Microbiology, Tokushima University Graduate School of Medical Sciences) for editorial assistance. We are indebted to the Support Center for Advanced Medical Sciences, Institute of Biomedical Sciences, Tokushima University Graduate School, for experimental facilities and technical assistance.

REFERENCES

Adachi, A., Gendelman, H. E., Koenig, S., Folks, T., Willey, R., Rabson, A., et al. (1986). Production of acquired immunodeficiency syndromeassociated retrovirus in human and nonhuman cells transfected with an infectious molecular clone. J. Virol. 59, 284–291.

Akari, H., Fukumori, T., Iida, S., and Adachi, A. (1999). Induction of apoptosis in Herpesvirus saimiri-immortalized T lymphocytes by blocking interaction of CD28 with CD80/CD86. Biochem. Biophys. Res. Commun. 263, 352–356. doi: 10.1006/bbrc.1999.1364

Ambrose, Z., KewalRamani, V. N., Bieniasz, P. D., and Hatziioannou, T. (2007). HIV/AIDS: in search of an animal model. Trends Biotechnol. 25, 333–337. doi: 10.1016/j.tibtech.2007.05.004

Auwerx, J., Esnouf, R., De Clercq, E., and Balzarini, J. (2004). Susceptibility of feline immunodeficiency virus/human immunodeficiency virus type 1 reverse transcriptase chimeras to non-nucleoside RT inhibitors. Mol. Pharmacol. 65, 244–251. doi: 10.1124/mol.65.1.244

Batten, C. J., De Rose, R., Wilson, K. M., Agy, M. B., Chea, S., Stratov, I., et al. (2006). Comparative evaluation of simian, simian-human, and human immunodeficiency virus infections in the pigtail macaque (Macaca nemestrina) model. AIDS Res. Hum. Retroviruses 22, 580–588. doi: 10.1089/aid.2006.22.580

Blanco-Melo, D., Venkatesh, S., and Bieniasz, P. D. (2012). Intrinsic cellular defenses against human immunodeficiency viruses. Immunity 37, 399–411. doi: 10.1016/j.immuni.2012.08.013

Browning, J., Horner, J. W., Pettoello-Mantovani, M., Raker, C., Yurasov, S., DePinho, R. A., et al. (1997). Mice transgenic for human CD4 and CCR5 are susceptible to HIV infection. Proc. Natl. Acad. Sci. U.S.A. 94, 14637–14641. doi: 10.1073/pnas.94.26.14637

Budde, M. L., Wiseman, R. W., Karl, J. A., Hanczaruk, B., Simen, B. B., and O’Connor, D. H. (2010). Characterization of Mauritian cynomolgus macaque major histocompatibility complex class I haplotypes by high-resolution pyrosequencing. Immunogenetics 62, 773–780. doi: 10.1007/s00251-010-0481-9

Campbell, E. M., and Hope, T. J. (2015). HIV-1 capsid: the multifaceted key player in HIV-1 infection. Nat. Rev. Microbiol. 2015, 471–483. doi: 10.1038/nrmicro3503

Chahroudi, A., Bosinger, S. E., Vanderford, T. H., Paiardini, M., and Silvestri, G. (2012). Natural SIV hosts: showing AIDS the door. Science 335, 1188–1193. doi: 10.1126/science.1217550

Dahabieh, M., Battivelli, E., and Verdin, E. (2015). Understanding HIV latency: the road to an HIV cure. Annu. Rev. Med. 66, 407–421. doi: 10.1146/annurev-med-092112-152941

Dietrich, E. A., Brennan, G., Ferguson, B., Wiseman, R. W., O’Connor, D., and Hu, S. L. (2011). Variable prevalence and functional diversity of the antiretroviral restriction factor TRIMCyp in Macaca fascicularis. J. Virol. 85, 9956–9963. doi: 10.1128/JVI.00097-11

Doi, N., Fujiwara, S., Adachi, A., and Nomaguchi, M. (2010). Growth ability in various macaque cell lines of HIV-1 with simian cell-tropism. J. Med. Invest. 57, 284–292. doi: 10.2152/jmi.57.284

Doi, N., Fujiwara, S., Adachi, A., and Nomaguchi, M. (2011). Rhesus M1.3S cells suitable for biological evaluation of macaque-tropic HIV/SIV clones. Front. Microbiol. 2:115. doi: 10.3389/fmicb.2011.00115

Doi, N., Okubo, A., Yamane, M., Sakai, Y., Adachi, A., and Nomaguchi, M. (2013). Growth potentials of CCR5-tropic/CXCR4-tropic HIV-1mt clones in macaque cells. Front. Microbiol. 4:218. doi: 10.3389/fmicb.2013.00218

Doi, N., Sakai, Y., Adachi, A., and Nomaguchi, M. (2017). Generation and characterization of new CCR5-tropic HIV-1rmt clones. J. Med. Invest. 64, 272–279. doi: 10.2152/jmi.64.272

Dunn, C. S., Mehtali, M., Houdebine, L. M., Gut, J. P., Kirn, A., and Aubertin, A. M. (1995). Human immunodeficiency virus type 1 infection of human CD4-transgenic rabbits. J. Gen. Virol. 76, 1327–1336. doi: 10.1099/0022-1317-76-6-1327

Engelman, A., and Cherepanov, P. (2012). The structural biology of HIV-1: mechanistic and therapeutic insights. Nat. Rev. Microbiol. 10, 279–290. doi: 10.1038/nrmicro2747

Foster, T. L., Pickering, S., and Neil, S. J. D. (2018). Inhibiting the ins and outs of HIV replication: cell-intrinsic antiretroviral restrictions at the plasma membrane. Front. Immunol. 8:1853. doi: 10.3389/fimmu.2017.01853

Freed, E. O. (2015). HIV-1 assembly, release and maturation. Nat. Rev. Microbiol. 13, 484–496. doi: 10.1038/nrmicro3490

Freed, E. O., and Martin, M. A. (2013). “Human immunodeficiency viruses: replication,” in Fields Virology, eds D. M. Knipe, P. M. Howley, J. I. Cohen, D. E. Griffin, R. A. Lamb, M. A. Martin, et al. (Philadelphia, PA: Lippincott Williams &Wilkins), 1502–1560.

Grütter, M. G., and Luban, J. (2012). TRIM5 structure, HIV-1 capsid recognition, and innate immune signaling. Curr. Opin. Virol. 2, 142–150. doi: 10.1016/j.coviro.2012.02.003

Harada, S., and Yoshimura, K. (2017). Driving HIV-1 into a vulnerable corner by taking advantage of viral adaptation and evolution. Front. Microbiol. 8:390. doi: 10.3389/fmicb.2017.00390

Hatziioannou, T., Ambrose, Z., Chung, N. P., Piatak, M. Jr., Yuan, F., Trubey, C. M., et al. (2009). A macaque model of HIV-1 infection. Proc. Natl. Acad. Sci. U.S.A. 106, 4425–4429. doi: 10.1073/pnas.0812587106

Hatziioannou, T., Del Prete, G. Q., Keele, B. F., Estes, J. D., McNatt, M. W., Bitzegeio, J., et al. (2014). HIV-1-induced AIDS in monkeys. Science 344, 1401–1405. doi: 10.1126/science.1250761

Hatziioannou, T., and Evans, D. T. (2012). Animal models for HIV/AIDS research. Nat. Rev. Microbiol. 10, 852–867. doi: 10.1038/nrmicro2911

Hatziioannou, T., Princiotta, M., Piatak, M. Jr., Yuan, F., Zhang, F., Lifson, J. D., et al. (2006). Generation of simian-tropic HIV-1 by restriction factor evasion. Science 314:95. doi: 10.1126/science.1130994

Heusinger, E., and Kirchhoff, F. (2017). Primate lentiviruses modulate NF-κB activity by multiple mechanisms to fine-tune viral and cellular gene expression. Front. Microbiol. 8:198. doi: 10.3389/fmicb.2017.00198

Hirsch, V. M., Olmsted, R. A., Murphey-Corb, M., Purcell, R. H., and Johnson, P. R. (1989). An African primate lentivirus (SIVsm) closely related to HIV-2. Nature 339, 389–392. doi: 10.1038/339389a0

Igarashi, T., Iyengar, R., Byrum, R. A., Buckler-White, A., Dewar, R. L., Buckler, C. E., et al. (2007). Human immunodeficiency virus type 1 derivative with 7% simian immunodeficiency virus genetic content is able to establish infections in pig-tailed macaques. J. Virol. 81, 11549–11552. doi: 10.1128/JVI.00960-07

Ishida, Y., Yoneda, M., Otsuki, H., Watanabe, Y., Kato, F., Matsuura, K., et al. (2016). Generation of a neutralization-resistant CCR5 tropic simian/human immunodeficiency virus (SHIV-MK38) molecular clone, a derivative of SHIV-89.6. J. Gen. Virol. 97, 1249–1260. doi: 10.1099/jgv.0.000421

Ishimatsu, M., Suzuki, H., Akiyama, H., Miura, T., Hayami, M., and Ido, E. (2007). Construction of a novel SHIV having an HIV-1-derived protease gene and its infection to rhesus macaques: a useful tool for in vivo efficacy tests of protease inhibitors. Microbes Infect. 9, 475–482. doi: 10.1016/j.micinf.2007.01.005

Kamada, K., Igarashi, T., Martin, M. A., Khamsri, B., Hatcho, K., Yamashita, T., et al. (2006). Generation of HIV-1 derivatives that productively infect macaque monkey lymphoid cells. Proc. Natl. Acad. Sci. U.S.A. 103, 16959–16964. doi: 10.1073/pnas.0608289103

Keppler, O. T., Welte, F. J., Ngo, T. A., Chin, P. S., Patton, K. S., Tsou, C. L., et al. (2002). Progress toward a human CD4/CCR5 transgenic rat model for de novo infection by human immunodeficiency virus type 1. J. Exp. Med. 195, 719–736. doi: 10.1084/jem.20011549

Klatt, N. R., Canary, L. A., Vanderford, T. H., Vinton, C. L., Engram, J. C., Dunham, R. M., et al. (2012). Dynamics of simian immunodeficiency virus SIVmac239 infection in pigtail macaques. J. Virol. 86, 1203–1213. doi: 10.1128/JVI.06033-11

Kuroishi, A., Saito, A., Shingai, Y., Shioda, T., Nomaguchi, M., Adachi, A., et al. (2009). Modification of a loop sequence between (-helices 6 and 7 of virus capsid (CA) protein in a human immunodeficiency virus type 1 (HIV-1) derivative that has simian immunodeficiency virus (SIVmac239) vif and CA alpha-helices 4 and 5 loop improves replication in cynomolgus monkey cells. Retrovirology 6:70. doi: 10.1186/1742-4690-6-70

Malim, M. H., and Bieniasz, P. D. (2012). HIV restriction factors and mechanisms of evasion. Cold Spring Harb. Perspect. Med. 2:a006940. doi: 10.1101/cshperspect.a006940

Nakayama, E. E., and Shioda, T. (2012). TRIM5α and species tropism of HIV/SIV. Front. Microbiol. 3:13. doi: 10.3389/fmicb.2012.00013

Nakayama, E. E., and Shioda, T. (2015). Impact of TRIM5α in vivo. AIDS 29, 1733–1743. doi: 10.1097/QAD.0000000000000812

Nishimura, Y., and Martin, M. A. (2017). Of mice, macaques, and men: broadly neutralizing antibody immunotherapy for HIV-1. Cell Host Microbe 22, 207–216. doi: 10.1016/j.chom.2017.07.010

Nomaguchi, M., Doi, N., Fujiwara, S., and Adachi, A. (2011). “Macaque-tropic HIV-1 derivatives: a novel experimental approach to understand viral replication and evolution in vivo,” in HIV-Host Interactions, ed. T. L. Chang (Rijeka: IntechOpen), 325–348. doi: 10.5772/23624

Nomaguchi, M., Doi, N., Fujiwara, S., Saito, A., Akari, H., Nakayama, E. E., et al. (2013a). Systemic biological analysis of the mutations in two distinct HIV-1mt genomes occurred during replication in macaque cells. Microbes Infect. 15, 319–328. doi: 10.1016/j.micinf.2013.01.005

Nomaguchi, M., Yokoyama, M., Kono, K., Nakayama, E. E., Shioda, T., Doi, N., et al. (2013b). Generation of rhesus macaque-tropic HIV-1 clones that are resistant to major anti-HIV-1 restriction factors. J. Virol. 87, 11447–11461. doi: 10.1128/JVI.01549-13

Nomaguchi, M., Yokoyama, M., Kono, K., Nakayama, E. E., Shioda, T., Saito, A., et al. (2013c). Gag-CA Q110D mutation elicits TRIM5-independent enhancement of HIV-1mt replication in macaque cells. Microbes Infect. 15, 56–65. doi: 10.1016/j.micinf.2012.10.013

Nomaguchi, M., Doi, N., Kamada, K., and Adachi, A. (2008). Species barrier of HIV-1 and its jumping by virus engineering. Rev. Med. Virol. 18, 261–275. doi: 10.1002/rmv.576

Nomaguchi, M., Doi, N., Koma, T., and Adachi, A. (2017). Complete genome sequences of human immunodeficiency type 1 viruses genetically engineered to be tropic for rhesus macaques. Genome Announc. 5:e01063-17. doi: 10.1128/genomeA.01063-17

Nomaguchi, M., Nakayama, E. E., Yokoyama, M., Doi, N., Igarashi, T., Shioda, T., et al. (2014). Distinct combinations of amino acid substitutions in N-terminal domain of Gag-capsid afford HIV-1 resistance to rhesus TRIM5α. Microbes Infect. 16, 936–944. doi: 10.1016/j.micinf.2014.08.017

Otsuki, H., Yoneda, M., Igarashi, T., and Miura, T. (2014). Generation of a monkey-tropic human immunodeficiency virus type 1 carrying env from a CCR5-tropic subtype C clinical isolate. Virology 46, 1–10. doi: 10.1016/j.virol.2014.04.037

Pendley, C. J., Becker, E. A., Karl, J. A., Blasky, A. J., Wiseman, R. W., Hughes, A. L., et al. (2008). MHC class I characterization of Indonesian cynomolgus macaques. Immunogenetics 60, 339–351. doi: 10.1007/s00251-008-0292-4

Peng, W., Song, J.-H., Lu, Y., Zheng, H.-Y., Jiang, J., and Zheng, Y.-T. (2018). Host restriction factors APOBEC3G/3F and other interferon-related gene expressions affect early HIV-1 infection in northern pig-tailed macaque (Macaca leonina). Front. Immunol. 9:1965. doi: 10.3389/fimmu.2018.01965

Price, A. J., Marzetta, F., Lammers, M., Ylinen, L. M., Schaller, T., Wilson, S. J., et al. (2009). Active site remodeling switches HIV specificity of antiretroviral TRIMCyp. Nat. Struct. Mol. Biol. 16, 1036–1042. doi: 10.1038/nsmb.1667

Reimann, K. A., Parker, R. A., Seaman, M. S., Beaudry, K., Beddall, M., Peterson, L., et al. (2005). Pathogenicity of simian-human immunodeficiency virus SHIV-89.6P and SIVmac is attenuated in cynomolgus macaques and associated with early T-lymphocyte responses. J. Virol. 79, 8878–8885. doi: 10.1128/JVI.79.14.8878-8885.2005

Saito, A., Nomaguchi, M., Iijima, S., Kuroishi, A., Yoshida, T., Lee, Y. J., et al. (2011). Improved capacity of a monkey-tropic HIV-1 derivative to replicate in cynomolgus monkeys with minimal modifications. Microbes Infect. 13, 58–64. doi: 10.1016/j.micinf.2010.10.001

Saito, A., Nomaguchi, M., Kono, K., Iwatani, Y., Yokoyama, M., Yasutomi, Y., et al. (2013). TRIM5 genotypes in cynomolgus monkeys primarily influence inter-individual diversity in susceptibility to monkey-tropic human immunodeficiency virus type 1. J. Gen. Virol. 94, 1318–1324. doi: 10.1099/vir.0.050252-0

Sakuragi, S., Shibata, R., Mukai, R., Komatsu, T., Fukasawa, M., Sakai, H., et al. (1992). Infection of macaque monkeys with a chimeric human and simian immunodeficiency virus. J. Gen. Virol. 73, 2983–2987. doi: 10.1099/0022-1317-73-11-2983

Sharp, P. M., and Hahn, B. H. (2011). Origins of HIV and the AIDS pandemic. Cold Spring Harb. Perspect. Med. 1:a006841. doi: 10.1101/cshperspect.a006841

Shibata, R., and Adachi, A. (1992). SIV/HIV recombinants and their use in studying biological properties. AIDS Res. Hum. Retroviruses 8, 403–409. doi: 10.1089/aid.1992.8.403

Shibata, R., Kawamura, M., Sakai, H., Hayami, M., Ishimoto, A., and Adachi, A. (1991). Generation of a chimeric human and simian immunodeficiency virus infectious to monkey peripheral blood mononuclear cells. J. Virol. 65, 3514–3520.

Slee, D. H., Laslo, K. L., Elder, J. H., Ollmann, I. R., Gustchina, A., Kervinen, J., et al. (1995). Selectivity in the inhibition of HIV and FIV protease: inhibitory and mechanistic studies of pyrrolidine-containing (-keto amide and hydroxyethylamine core structures. J. Am. Chem. Soc. 117, 11867–11878. doi: 10.1021/ja00153a008

Smith, J. M., Dauner, A., Li, B., Srinivasan, P., Mitchell, J., Hendry, M., et al. (2010). Generation of a dual RT Env SHIV that is infectious in rhesus macaques. J. Med. Primatol. 39, 213–223. doi: 10.1111/j.1600-0684.2010.00434.x

Sparger, E. E. (2006). “FIV as a model for HIV: an overview,” in In Vivo Models of HIV Disease and Control, eds H. Friedman, S. Specter, and M. Bendinelli (New York, NY: Springer), 149–237. doi: 10.1007/b135975

Thippeshappa, R., Polacino, P., Kimata, M. T. Y., Siwak, E. B., Anderson, D., Wang, W., et al. (2011). Vif substitution enables persistent infection of pig-tailed macaques by human immunodeficiency virus type 1. J. Virol. 85, 3767–3779. doi: 10.1128/JVI.02438-10

Uberla, K., Stahl-Hennig, C., Böttiger, D., Mätz-Rensing, K., Kaup, F. J., Li, J., et al. (1995). Animal model for the therapy of acquired immunodeficiency syndrome with reverse transcriptase inhibitors. Proc. Natl. Acad. Sci. U.S.A. 92, 8210–8214. doi: 10.1073/pnas.92.18.8210

Veazey, R. S., DeMaria, M., Chalifoux, L. V., Shvetz, D. E., Pauley, D. R., Knight, H. L., et al. (1998). Gastrointestinal tract as a major site of CD4+ T cell depletion and viral replication in SIV infection. Science 280, 427–431. doi: 10.1126/science.280.5362.427

Wilson, S. J., Webb, B. L., Ylinen, L. M., Verschoor, E., Heeney, J. L., and Towers, G. J. (2008). Independent evolution of an antiviral TRIMCyp in rhesus macaques. Proc. Natl. Acad. Sci. U.S.A. 105, 3557–3562. doi: 10.1073/pnas.0709003105

Yamashita, M., and Engelman, A. N. (2017). Capsid-dependent host factors in HIV-1 infection. Trends Microbiol. 25, 741–755. doi: 10.1016/j.tim.2017.04.004

Ylinen, L. M., Price, A. J., Rasaiyaah, J., Hué, S., Rose, N. J., Marzetta, F., et al. (2010). Conformational adaptation of Asian macaque TRIMCyp directs lineage specific antiviral activity. PLoS Pathog. 6:e1001062. doi: 10.1371/journal.ppat.1001062

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Doi, Miura, Mori, Sakawaki, Koma, Adachi and Nomaguchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Microbiology

CXCR4- and CCR5-Tropic HIV-1
Clones Are Both Tractable to Grow
in Rhesus Macaques









OPS/images/fmicb-09-02510-g002.jpg
RT activity (cpm/5.0 pL)

Viral load (copies/mL)

Viral load (copies/mL)

3 -
MM630
j
=1
o
2 o
IS
Q.
L
2
=
1 ©
©
|,_
4
0 )
1 3 5 7 9 11 13 15
Days post-infection
1.0E+06
MM581
1.0E+05 [
1.0E+04 |
1.0E+03
q
1.0E+02 : - : : . )
0 2 4 6 8 10 12
Weeks post-infection
1.0E+06
MM631
1.0E+05 |
1.0E+04 [
1.0E+03
1.0E+02 . : . . . ,
0 2 4 6 8 10 12

Weeks post-infection

[ MM631

—-MN4/LSDQgtu
—e— MN5/LSDQgtu

—e—gtu+A4CI1

1.0E+06

1.0E+05

1.0E+04

Viral load (copies/mL)

1.0E+02

1.0E+03 |

5 7 9
Days post-infection

q

1 13 15

MM602

0

2 4 6 8 10 12

Weeks post-infection

-©- MN4/LSDQgtu
-@- gtu+A4CIi





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-09-02510-g001.jpg
vif IE rev F nef
HIV-1 — ol 1 —
NL4-3 [ T 1 L ]
La—l pol vpr va:L]/ env l_]
5LTR gag 3LTR
vif rev nef
SIVmacyazsg tat
ol VpX vpr env
L] gag ’ P 3LTR
5'LTR
vif rev nef
t P
HIV-Armt = |
MN4/LSDQgtu(X4) | || 1 _| pol vpr I env |—|
MNS5/LSDQgtu(R5) gag vpu 3LTR

gtu+A4CI1 (R5) 5LTR





