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Understanding viral replication and pathogenicity properties in infected individuals is a major mission of animal virology. Animal models are essential to analyze the in vivo viral characteristics and to develop countermeasures against viruses. To fight against a wide variety of viruses, basic studies with specific and/or common approaches are required.  This Research Topic collects articles that describe studies on numerous virus species at various stages toward animal experiments: (i) description/evaluation/new challenges of animal model studies; (ii) experimental material/methods for animal model studies; (iii) observations for upcoming animal model studies.

Numbers of DNA and RNA viruses such as HHV-6, HPV, Ebola virus, HCV, dengue virus, HTLV-1, HIV-1, SIV, and measles virus are covered by this special issue consisting of original research, methods, review,  mini-review, and opinion articles. All readers would understand, we believe and hope, that animal model studies are critical for current virology as always.
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One of the major missions of animal virology is to understand how viruses replicate and cause asymptomatic/symptomatic conditions in individuals (Nomaguchi and Adachi, 2010). It is especially important for virologists who work on viruses pathogenic for humans to elucidate bases underlying the in vivo viral characteristics. Toward this end, animal model studies in some ways are necessary to precisely analyze the in vivo situation, and also are essential for developing countermeasures against virus infections. Since a full variety of viruses with distinct biological properties exist, we virologists should study “the target virus” in a specialized manner, in addition to common theoretical/experimental approaches. The Research Topic entitled “Animal model studies on viral infections” collects articles that describe the studies on numerous virus species for their animal models, or those at various stages toward animal experiments.

Articles in this Research Topic were written by experts in various research fields, and can be fairly grouped into a few categories: (i) descriptions/evaluations/new challenges of animal model studies for investigating the biology of viruses; (ii) experimental materials/methods for upcoming animal model studies; (iii) observations important for animal model studies. (i) Reynaud and Horvat (2013) have described the animal models for human herpesvirus 6 to better understand its pathogenic property. Studies on filoviruses, classified as biosafety level-4 and represent a serious world-wide problem today, have been reviewed by Nakayama and Saijo (2013). Mailly et al. (2013) have focused on the quest for appropriate animal models for hepatitis C virus. Clark et al. (2013) have discussed about the use of non-human primates as models for dengue hemorrhagic fever/dengue shock syndrome. Ohsugi (2013) has summarized mouse strains transgenic for the tax gene of human T-cell leukemia virus type 1 (HTLV-1). Also, a bovine model for HTLV-1 pathogenesis has been described by Aida et al. (2013). Challenging new attempts to establish human immunodeficiency virus type 1 (HIV-1)/macaque infection models have been reviewed by Misra et al. (2013), and also by Saito and Akari (2013). Another approach to understand HIV-1 biology in vivo has been described by Matsuyama-Murata et al. (2013). (ii) Kodama et al. (2013) has described a new and simple method to prepare human dendritic cells from peripheral blood mononuclear cells. Doi et al. (2013) have summarized their studies on macaque-tropic HIV-1 clones. Ikeno et al. (2013) has reported a new, sensitive, and quantitative system to monitor measles virus infection in humanized mice. Iwami et al. (2013) have summarized the quantification of viral infection dynamics based on various quantitative analyses. (iii) Tada et al. (2013) have suggested that LEDGF/p75 may be a cellular factor acting as a species-barrier against HIV-1 in mouse cells. Kuwata et al. (2013) have shown that simian immunodeficiency virus may acquire the increased infectivity and resistance to neutralizing antibodies by truncation of its gp41 cytoplasmic tail. Ohsugi et al. (2013) have reported that natural infection status of laboratory mice by murine norovirus. Finally, Kajitani et al. (2013) have described the possible involvement of E1∧E4 protein of human papillomavirus type 18 in its differentiation-dependent life cycle.

We are proud to add our “Animal model studies on viral infections” to a series of Research Topic in Frontiers in Microbiology. A wide variety of DNA and RNA viruses are covered by this special issue consisting of original research, review, mini-review, methods, and opinion articles. As we described in the beginning, animal studies are certainly required for understanding virus replicative/pathogenic properties in vivo and for overcoming virally-caused infectious diseases. We human virologists should make every effort to fight against numbers of unique pathogenic viruses.
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Human herpesvirus (HHV)-6A and HHV-6B are two enveloped DNA viruses of β-herpesvirus family, infecting over 90% of the population and associated with several diseases, including exanthema subitum (for HHV-6B), multiple sclerosis and encephalitis, particularly in immunosuppressed patients. Animal models are highly important to better understand the pathogenesis of viral infections. Naturally developed neutralizing antibodies to HHV-6 or a related virus were found in different species of monkeys, suggesting their susceptibility to HHV-6 infection. Both HHV-6 DNA and infectious virus were detected in experimentally infected Cynomolgus and African green monkeys, although most animals remained clinically asymptomatic. Furthermore, HHV-6A infection was shown to accelerate the progression of AIDS (acquired immunodeficiency syndrome) in macaques and to lead to the development of neurological symptoms in the marmoset model. Humanized SCID (severe combined immunodeficiency) mice efficiently replicated HHV-6 and were also susceptible to coinfection with HHV-6 and HIV-1 (human immunodeficiency virus 1). As CD46 was identified as a receptor for HHV-6, transgenic mice expressing human CD46 may present a potentially interesting model for study certain aspects of HHV-6 infection and neuroinflammation.

Keywords: HHV-6, animal model, mouse, monkey, HIV, AIDS, neuroinflammation, CD46

INTRODUCTION

Human herpesvirus (HHV)-6 belongs to the β-Herpesviridae subfamily, together with its closest homolog HHV-7 and human cytomegalovirus (HCMV). The two variants of HHV-6, HHV-6A and HHV-6B, have recently been recognized as two distinct viruses by the international committee on taxonomy of viruses, based mostly on their known genetic and epidemiological features (Braun et al., 1997). Primary infection with HHV-6B was identified as the etiological cause for roseola (exanthema subitum), a common febrile illness in infants (Yamanishi et al., 1988), whereas primary infection with HHV-6A has not yet been clearly associated to any specific disease. Like most herpesviruses, HHV-6A and -6B are able to establish asymptomatic long-term persistence in their hosts, and can reactivate under specific conditions. Although the mechanisms of reactivation are not yet completely understood, both viruses are known to reactivate in immunosuppressed patients, causing a variety of complications such as encephalitis, hepatitis, or graft rejection (Dockrell and Paya, 2001; Zerr, 2006). In addition, HHV-6A and -6B have been associated with several neurological diseases in the immunocompetent population. Indeed, numerous clinical studies have established a correlation between HHV-6A and -6B infection and the demyelinating, autoimmune disease-multiple sclerosis (reviewed in Reynaud and Horvat, 2013), and both viruses are thought to be involved in the development of certain cases of encephalitis, meningitis, and epilepsy (Theodore et al., 2008; Yao et al., 2010).

Human herpesvirus-6 has often been isolated from patients with acquired immunodeficiency syndrome (AIDS) and was suggested to play a role in the progression of this disease. Indeed, an active and wide-spread HHV-6 infection was observed in AIDS patients (Knox and Carrigan, 1994; Secchiero et al., 1995) and AIDS was described to progress rapidly after primary HHV-6 infection in children with vertically inherited human immunodeficiency virus (HIV; Kositanont et al., 1999). Both HHV-6 and HIV have a preferential tropism toward CD4+ T cells and can establish simultaneous productive infection with synergistic cytopathic effects (Lusso et al., 1989). Moreover, HHV-6 has a wider range of susceptible cell types than HIV-1 and was shown to induce the expression of the HIV-1 receptor CD4 on immune cells that do not naturally express this molecule, rendering them, thus, susceptible to HIV-1 infection (Lusso et al., 1993, 1995). However, in the context of both AIDS and different other HHV-6-related pathologies, the consequences of coinfection and the potential mechanisms involved in the pathogenesis remain to be elucidated.

A few antiviral drugs have been shown to be efficient against HHV-6 infection in vitro (Manichanh et al., 2000; De Clercq et al., 2001; De Bolle et al., 2005b) and were successfully used for the treatment of patients suffering from encephalitis following viral reactivation (reviewed in De Bolle et al., 2005b). However, these treatments are often associated with strong adverse effects and fully controlled specific clinical studies demonstrating their in vivo efficiency are still missing. Animal models represent very useful tools for preclinical analyses of potential antiviral drugs and for the study of viral pathogenesis. Here, we review the different animal models developed for the study of HHV-6A and/or HHV-6B infection (Table 1) and discuss the data obtained. In particular, the use of animal models has brought new evidence of the capacity of HHV-6A to induce neuropathology and has allowed the study of the interactions between HHV-6 and immunodeficiency viruses, showing a role of HHV-6A in AIDS progression and providing potential explanations for the impact of HHV-6A on the course of HIV infection.

TABLE 1. Described animal models for HHV-6 infection .

[image: image1]

SIMIAN MODELS

NATURAL INFECTION IN MONKEYS

Shortly after the discovery of HHV-6, several groups have searched for evidence of natural infection by HHV-6 in monkeys. Initial studies first reported an absence of specific antibodies in several species of new- and old-world non-human primates (Salahuddin et al., 1986; Lusso et al., 1990). In contrast, another study carried out on 10 different species of monkeys revealed the presence of HHV-6-reactive antibodies, suggesting a previous infection either by HHV-6 or a closely related virus (Higashi et al., 1989). Among the tested species, eight were positive in immunofluorescence assay and seroneutralization. African green monkeys, squirrel monkeys, chimpanzees, and orangutan appeared to be the most frequently infected, with 75–100% of prevalence. Furthermore, several groups of monkeys of the same species but from different locations exhibited similar prevalence rates, thus suggesting that the susceptibility to HHV-6 infection may be species-dependent.

More recently, a simian homolog of HHV-6 was isolated from blood samples from chimpanzees (Pan troglodytes; Lacoste et al., 2005). This new member of the β-herpesvirus group, called PanHV6, was found to be particularly close to the Z29 strain of HHV-6B. It was detected in several different subspecies of wild-caught chimpanzees from Cameroon and Gabon, but also in animals born in captivity in the Netherlands, indicating that this virus is present in different populations of chimpanzees. Several simian homologs of other human herpesviruses, including HCMV and Epstein–Barr virus (EBV; Davison et al., 2003; Ehlers et al., 2003) have been identified, which supports the theory that these viruses might have co-evolved with their host species. The natural susceptibility of some species of monkeys to infection with HHV-6 or a simian counterpart indicates that monkeys may represent an appropriate model for the study of HHV-6A and/or -6B pathogenesis.

EXPERIMENTAL INFECTION IN SIMIAN MODELS

Infection of simian cells

Analyses performed on in vitro-infected peripheral blood mononuclear cells (PBMCs) from several species of monkeys, indicated that cells from chimpanzees and macaques (Macaca nemestrina and M. mulatta) are the most susceptible to infection by HHV-6 (Lusso et al., 1990, 1994). The infection of PBMCs led to the production of viral proteins and viral particles, observed by immunofluorescence and electron microscopy. Infection seemed highly variable among the species of monkeys tested and depended on the virus used (A or B). PBMCs from rhesus macaques (M. mulatta) were found to be susceptible to HHV-6B infection only, while PBMCs from pig-tailed macaques (M. nemestrina) were infected with similar efficiency by both HHV-6A and -6B.

African green monkeys and cynomolgus macaques

The first experiments of in vivo HHV-6 infection in monkeys were conducted using African green monkeys (Cercopithecus aethiops) and cynomolgus macaques (M. fascicularis; Yalcin et al., 1992). Four animals from each species were inoculated with the HST strain of HHV-6B. Monkeys received a single subcutaneous (s.c.) or intravenous (i.v.) injection of 105 half maximal tissue culture infective doses (TCID50), and were monitored for 33 days. Following virus inoculation, a specific antibody response was detected, as well as the presence of viral DNA in the PBMCs and in the spleen and lymph nodes of some animals. However, the infection remained asymptomatic in all animals, except for one African green monkey, which developed a skin rash on the trunk (Table 1).

Pig-tailed macaques

Infection with HHV-6A was later described in pig-tailed macaques (M. nemestrina; Lusso et al., 2007). After i.v. inoculation with HHV-6A (GS strain), clinical symptoms of mild to moderate intensity were observed, including fever, nasal discharge, splenomegaly, generalized lymphadenopathy and abdominal rash (in one animal). Moreover, in this model, systemic infection was confirmed by the detection of viral DNA in the plasma, the development of an antibody response, and the presence of viral transcripts in the lymph nodes.

Furthermore, this model has been used to analyze coinfection with HHV-6A and simian immunodeficiency virus (SIV), a simian counterpart of HIV-1 typically used for experimental infection in macaques (Lusso et al., 2007). This approach provided the first in vivo data showing that HHV-6A infection can accelerate AIDS progression. Indeed, although HHV-6A infection did not seem to have any effect on SIV spreading, dually infected animals exhibited faster depletion in CD4+ T cells than the singly SIV-infected ones. Interestingly, HHV-6A infection also resulted in a faster decrease in CD8+ T cell count, which could be due to HHV-6A-induced de novo expression of CD4 in these cells.

A potential mechanism explaining the enhancement of AIDS by HHV-6A was suggested following the analysis of the virus isolated from monkeys receiving either single SIV infection or HHV-6A/SIV coinfection (Biancotto et al., 2009). In vitro replication of viral isolates obtained from singly infected monkeys was inhibited by coinfection with HHV-6A, and treatment with the chemokine CCL5 (regulated upon activation normal T cell expressed and secreted, RANTES) had similar effects. In contrast, all isolates from dually infected monkeys appeared to be resistant to both CCL5 treatment and HHV-6A infection, suggesting that in vivo coinfection with HHV-6A probably directs SIV evolution toward CCL5 resistance. Thus HHV-6A infection could create a high-CCL5 environment in vivo, in which CCL5-resistance would be advantageous for efficient SIV replication.

The marmoset model: evidence for HHV-6A-induced neurological disease

A recent study described a new model of infection by both HHV-6A and -6B using common marmosets (Callithrix jacchus), which represents so far the only model of HHV-6A infection associated with the more important clinical signs (Leibovitch et al., 2013). Indeed, HHV-6A-infected monkeys that received several monthly i.v. injections developed clear neurological symptoms, including motor weakness and sensory abnormalities. Moreover, magnetic resonance imaging (MRI) analyses revealed the presence of hyperintense lesions in the brain of one animal. This study provided the first in vivo evidence that HHV-6A infection is able to trigger neurological disease. In humans, both HHV-6A and -6B DNA was shown to be present in the brain of healthy people, indicating that both species have similar neuroinvasive properties. In marmosets, viral DNA was also occasionally detected in the brain of HHV-6A- and -6B-infected animals, which confirmed the capacity of both viruses to reach the brain. However, while HHV-6A infection led to evident neurological symptoms, infection with HHV-6B remained asymptomatic, thus showing an important difference between HHV-6A and -6B in their ability to infect marmosets (Table 1).

Interestingly, an additional group of marmosets was infected with HHV-6A through the intranasal (i.n.) route of inoculation, which resulted in radically different clinical outcomes. Based on histological data, the i.n. pathway was proposed as a possible route of transmission and access to the brain for HHV-6A in humans (Harberts et al., 2011). Contrary to i.v.-injected marmosets, i.n.-injected animals did not exhibit any sign of disease. Moreover, i.n.-inoculated animals rarely developed antibody responses and maintained plasma viremia, whereas i.v. injection led to the development of HHV-6-specific antibody responses and clearance of viral DNA in the plasma. These results suggested that the neurological symptoms observed with i.v. injection might be due to the immune response developed against the virus rather than to the direct consequences of viral infection and spreading. This model therefore emphasizes the importance of the route of inoculation in viral pathogenesis, and provides a clear in vivo demonstration that HHV-6A can cause a neurological disease with MS-like symptoms. The marmoset model thus appears as an appropriate model for the analysis of HHV-6A-induced neurological disease, and confirms the correlation between HHV-6 infection and the development of multiple sclerosis.

MURINE MODELS

The possibility of using a murine model to study HHV-6 infection has been attractive to the scientific community since the discovery of HHV-6. However, mice were initially described to be resistant to HHV-6 infection (Lusso, 1996). Nevertheless, a few studies have described the use of in vitro or in vivo murine models for the study of HHV-6.

SUSCEPTIBILITY OF MURINE CELLS TO HHV-6 INFECTION

The susceptibility to infection by HHV-6A and HHV-6B of several human and non-human cell lines was analyzed in a few studies. Both viruses failed to replicate in the murine mammary carcinoma cell line FM3A and viral transcripts were not detected in these cells, suggesting that murine cells are not permissive to infection by HHV-6 (De Bolle et al., 2005a). However, another study showed that infection by HHV-6A and HHV-6B enables the transcription of viral genes in murine primary oligodendrocyte precursors, although viral replication was not observed (Mock et al., 2006), suggesting that the susceptibility to HHV-6 infection may, to some extent, depend on the cell type analyzed. In addition, both HHV-6A and HHV-6B could induce cell cycle arrest in these cells, similarly, to what was previously observed in human oligodendrocyte precursor cells (Dietrich et al., 2004), indicating that some murine cell types could be used as a model to study certain aspects of HHV-6 infection in vitro.

IN VIVO MURINE MODELS FOR THE STUDY OF HHV-6 INFECTION

It has been reported that natural resistance of mice to herpesvirus infection, particularly against herpes simplex virus (HSV) is genetically determined and linked to major histocompatibility complex (MHC) genes (Lopez, 1975). Balb/c mice were among the most susceptible lines and were recently used to analyze the link between HHV-6B infection and allergy (Svensson et al., 2010). Although systemic infection was not observed, inoculation of UV-inactivated virus resulted in the development of specific IgG responses and had protective effects against the development of allergy by limiting the inflammation in lungs, thus suggesting the immunosuppressive effects of HHV-6B in vivo.

To overcome natural resistance of mice to HHV-6 infection another approach using immunodeficient mice was developed, aiming to provide an in vivo environment for the study of human tissue rather than to analyze the infection in mice. For this purpose, severe combined immunodeficiency (SCID) mice were used. These mice carry a mutation which provokes profound T and B lymphopenia, allowing the engraftment of heterologous tissues (McCune, 1996). SCID mice were humanized by coimplanting human fetal thymus and liver under the murine kidney capsule, permitting the growth of a unique thy/liv organ which histologically resembles human thymus. Mice carrying thy/liv organ support human lymphopoiesis, thus allowing the study of human lymphoid cells in an in vivo context, and were used for the study of other human viruses, especially for human immunodeficiency virus (HIV; Van Duyne et al., 2009). Inoculation with HHV-6A or -6B was performed by direct injection in the implant and led to productive infection of human thymic cells, associated with a strong thymic depletion (Gobbi et al., 1999). That study demonstrated that HHV-6 infection is able to induce immunosuppression in an in vivo context, which may explain how HHV-6 could enhance the progression of immunodeficiency in AIDS patients. In this model, HHV-6 seemed to exhibit a particular tropism toward intra-thymic T progenitor cells (ITTPs), a rapidly dividing subset of thymic cells which gives rise to other thymocytes at later stages of maturation. This study suggested that lytic infection of ITTPs may play an important role in the HHV-6-induced thymic depletion.

Coinfection with HHV-6A or-6B and HIV-1 was later performed using the same model (Gobbi et al., 2000). Both viruses were found to be able to simultaneously infect the engrafted human tissue, yet infection with either virus did not seem to have any impact on the replication or virulence of the other.

TOWARD NOVEL TRANSGENIC MURINE MODELS

Other models of humanized mice are currently under investigation. A model of rag2-/- γc-/- mice, deficient for T and B lymphocytes and NK cells and engrafted with human hematopoietic stem cells (Chicha et al., 2005) is being developed for the analysis of HHV-6 (Tanner et al., 8th International Conference on HHV-6&7, April 2013). The use of this model has allowed numerous advances in the field of retrovirology (Van Duyne et al., 2009) and will certainly help in the understanding of HHV-6 immunopathogenesis.

Human herpesvirus-6 was shown to use the human protein CD46 as a cellular receptor for viral entry (Santoro et al., 1999). This transmembrane protein is involved in the protection of host cells against complement lysis (Liszewski et al., 1991), through binding to C3b and C4b components of the complement (Figure 1), and was identified as the receptor for a variety of pathogens, including measles virus (vaccine strains), several serotypes of adenovirus and some pathogenic bacteria (Riley-Vargas et al., 2004). Moreover, it was recently found to bind the immunoregulatory molecule Jagged 1, a member of the Notch system (Le Friec et al., 2012; Figure 1). CD46 is ubiquitously expressed in humans and is mostly conserved in other primates (Seya et al., 1998). As viral tropism is determined by the pattern of expression of virus-specific cellular receptors, these molecules are key players in viral infection. Contrary to most primate CD46 proteins, murine CD46 has a lower percentage of identity with the human protein and its expression is restricted to the testis, which may account for the resistance of mice to infection. Therefore the generation of transgenic mice expressing human CD46 with a ubiquitous distribution, as in humans, could provide new perspectives for the development of animal models for HHV-6 infection. We have produced several lines of CD46 transgenic mice (Horvat et al., 1996; Marie et al., 2002) and used them to analyze the pathogenesis of HHV-6 infection. HHV-6A seemed to establish long-term persistence in the brain of these mice, and to induce leukocyte infiltration (Reynaud et al., 8th International Conference on HHV-6&7, April 2013). Thus, CD46 transgenic mice may represent a potential new small animal model for the study of HHV-6A-induced neuroinflammation. Some studies have suggested that CD46 may not be the only receptor for HHV-6B entry (Mori et al., 2002, 2004), opening thus, perspectives for the development of additional transgenic models for this virus. The availability of many experimental tools for murine models should facilitate further studies of virus–host interaction and HHV-6 pathogenesis.


[image: image]

FIGURE 1. Schematic representation of human HHV-6 receptor CD46, expressed in transgenic mice. CD46 consists of an extracellular part, with indicated binding site for different known CD46 ligands, transmembrane domain and one of two cytoplasmic tails: short, Cyt-1 or long, Cyt-2. MV, Measles Virus; AdV, Adenovirus.



CONCLUSION

The development of relevant animal models is critical for a better understanding of viral pathogenesis, generating new diagnostic tools and assessing antiviral therapeutics and vaccines. Although animal models usually do not mimic all the aspects of the human disease, they do reproduce at least some of them and could thus help in a better understanding of certain aspects of viral pathogenesis. The number of animal models to study HHV-6 infection is still rather limited and mainly includes non-human primates. Utilization of pig-tailed macaques provided evidence for the HHV-6-induced acceleration of AIDS and recently HHV-6A infection in marmosets has strongly suggested a link with neurological diseases. The latent nature of HHV-6 infection makes most in vivo studies often difficult to carry out. Recent advances in the development of murine models for HHV-6 infection, with numerous and powerful tools available, should be of critical help for in-depth immunobiological and genetic studies of HHV-6 infection.
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Ebola and Marburg hemorrhagic fevers (EHF and MHF) are caused by the Filoviridae family, Ebolavirus and Marburgvirus (ebolavirus and marburgvirus), respectively. These severe diseases have high mortality rates in humans. Although EHF and MHF are endemic to sub-Saharan Africa. A novel filovirus, Lloviu virus, which is genetically distinct from ebolavirus and marburgvirus, was recently discovered in Spain where filoviral hemorrhagic fever had never been reported. The virulence of this virus has not been determined. Ebolavirus and marburgvirus are classified as biosafety level-4 (BSL-4) pathogens and Category A agents, for which the US government requires preparedness in case of bioterrorism. Therefore, preventive measures against these viral hemorrhagic fevers should be prepared, not only in disease-endemic regions, but also in disease-free countries. Diagnostics, vaccines, and therapeutics need to be developed, and therefore the establishment of animal models for EHF and MHF is invaluable. Several animal models have been developed for EHF and MHF using non-human primates (NHPs) and rodents, which are crucial to understand pathophysiology and to develop diagnostics, vaccines, and therapeutics. Rhesus and cynomolgus macaques are representative models of filovirus infection as they exhibit remarkably similar symptoms to those observed in humans. However, the NHP models have practical and ethical problems that limit their experimental use. Furthermore, there are no inbred and genetically manipulated strains of NHP. Rodent models such as mouse, guinea pig, and hamster, have also been developed. However, these rodent models require adaptation of the virus to produce lethal disease and do not mirror all symptoms of human filovirus infection. This review article provides an outline of the clinical features of EHF and MHF in animals, including humans, and discusses how the animal models have been developed to study pathophysiology, vaccines, and therapeutics.
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INTRODUCTION

The Family Filoviridae includes three accepted genera, Ebolavirus (ebolavirus), Marburgvirus (marburgvirus), and Cuevavirus (Figure 1) (Kuhn et al., 2011, 2013). Filoviruses are classified as biosafety level 4 (BSL-4) agents because they cause severe hemorrhagic fevers in humans and non-human primates (NHPs) with high case-fatality rates, ranging between 23 and 90% (Sanchez et al., 2007). Each of the Marburgvirus and Cuevavirus genera consists of a single species, Marburg marburgvirus and Lloviu cuevavirus, respectively. The genus Marburgvirus has two subspecies: Marburg virus (MARV) and Ravn virus (RAVV). The genus Ebolavirus is divided into five distinct species, Zaire ebolavirus (Ebola virus, EBOV), Sudan ebolavirus (Sudan virus, SUDV), Tai Forest ebolavirus (Tai Forest virus, TAFV), Bundibugyo ebolavirus (Bundibugyo virus, BDBV), and Reston ebolavirus (Reston virus, RESTV; Kuhn et al., 2013). EBOV is highly virulent to humans and NHPs with a mortality rate of up to 90% in African epidemics. The case fatality rate of SUDV and BDBV is ~50 and 25%, respectively; the only person known to have been infected with TAFV survived. RESTV has been known to cause symptomatic disease in NHPs but not in humans. Lloviu virus belonging to the genus Cuevavirus was identified in the absence of replicating isolates during an investigation of die-off bats in Spain and the virulence for humans and NHPs has not been assessed (Negredo et al., 2011).
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FIGURE 1. Phylogenetic analysis of filovirus based on nucleotide sequence. The phylogenetic tree based on complete viral genome sequences was constructed by using the neighbor-joining method. Numbers at branch points indicate bootstrap values (1000 replicates). The GenBank accession numbers of Tai Forest virus (TAFV), Bundibugyo virus (BDBV), Ebola virus (EBOV), Reston virus (RESTV), Sudan virus (SUDV), Lloviu virus (LLOV), Marburg virus (MARV), and Ravn virus (RAVV) are FJ217162, FJ217161, AF086833, AB050936, AY729654, JF828358, DQ217792, and EF446131, respectively.



Although there has been an increasing frequency of filovirus outbreaks reported from endemic regions of Africa and Asia in recent years, there are no licensed vaccines or effective therapeutics for filovirus hemorrhagic fever.

The primary source of patients with filovirus hemorrhagic fever was mainly linked to exposure to animal carcasses found in the forest or to the putative bat reservoir, resulting in subsequent transmission through direct person-to-person contact (Leroy et al., 2004, 2009). Filoviruses enter the body via direct contact with infectious blood and/or body fluids. After an incubation period of 2–21 days, non-specific initial symptoms such as fever, chills, fatigue, headache, and myalgia appear. About 5–7 days after onset, a maculopapular rash usually develops on the face, buttocks, trunk, and/or arms and later generalizes over the entire body. As disease progresses, systemic (prostration, lethargy), gastrointestinal (anorexia, vomiting, abdominal pain, diarrhea), respiratory (chest pain, breath shortness, cough, nasal discharge), vascular (conjunctival injection, postural hypotension, edema), and neurological (headache, confusion, coma) manifestations are observed. Some patients develop multiple foci of mucosal hemorrhage, which is especially evident in conjunctiva and gingiva together with bleeding from venipuncture sites. Hemorrhagic symptoms observed during the peak of the illness include petechiae, ecchymoses, epistaxis, mucosal hemorrhages, and/or visceral hemorrhagic effusions. In fatal cases, patients die with hypovolemic shock and multiple organ failure between Day 6 and 16.

Animal models of filovirus infection have been developed in mice, guinea pigs, hamsters, and NHPs (Connolly et al., 1999; Bente et al., 2009; Bradfute et al., 2012; Wahl-Jensen et al., 2012). The development of animal models that accurately reflect human disease is critical to understanding the pathogenesis of Ebola and Marburg hemorrhagic fevers (EHF and MHF, respectively), because filoviral outbreaks in humans are sporadic and there is limited clinical data and access to human tissue. Since the wild-type virus replicates to high titers in NHPs and the virus causes symptoms, including hemorrhage and shock, which are similar to those of patients with EHF and MHF, NHP models may be the most useful to evaluate the efficacy of candidate vaccines and treatment measures. However, small animal models are also needed for preliminary evaluation of vaccines and therapeutic interventions against filovirus diseases, because of the ethical and handling issues related to using NHPs.

Here, we summarize and discuss the animal models developed for the study of hemorrhagic fever caused by filoviruses.

MOUSE MODELS

In contrast to the development of the NHP and guinea pig models, as described in later sections, development of a mouse model of filovirus infection has been unsuccessful due to the fact that adult immunocompetent mice were resistant to wild-type filovirus infection. The intraperitoneal or intracerebral inoculation of newborn mice and 4-day-old suckling mice with non-mouse adapted EBOV was shown to cause lethal infections, but 8-day-old or older mice did not show any symptoms (Johnson et al., 1995; Bray, 2001). Serial passage of wild-type EBOV in suckling mice was needed for adaptation, in which the virus acquired lethal virulence to adult immunocompetent mice (Bray, 2001). Intraperitoneal inoculation of mouse-adapted EBOV with a 1–100 plaque forming unit (pfu) dose (30–3000 times the median lethal dose) caused lethal infection to 5-week-old BALB/c, C57BL/6 and ICR (CD-1) mice, but subcutaneous inoculation of the virus at a dose of 106 pfu did not cause symptomatic illness in 3-week-old adult mice (Bray, 2001). This phenomenon is not observed in NHP and guinea pig models, which are susceptible to wild-type EBOV infection through any route of inoculation. CD8+ T cells and perforin, but not B cells and CD4+ T cells, are required for resistance to subcutaneous inoculation of EBOV (Gupta et al., 2005). It is supposed that the presence of regional lymph nodes and/or Langerhans cells in the skin contributes to protection from filoviral subcutaneous infection via activation of CD8+ cells, however, there are no reports to prove this hypothesis.

It has been shown that mouse-adapted filovirus is fatal over a broad range of ages in BALB/c mice. Infected mice became acutely ill with symptoms of ruffled fur, reduced activity, and weight loss on Day 3–4 post-infection and died on Days 5–7, although these lengths differed depending on the challenge dose (Bray et al., 1999; Warfield et al., 2009). Virus titer in the liver and spleen exceeded 107 pfu/g within 3 days after infection and then reached a maximum of over 109 pfu/g at Day 5 post-inoculation. These titers exceeded the peak viral concentrations in the liver and spleen of infected guinea pigs (about 106 pfu/g) and NHPs (about 107 pfu/g; Bray et al., 1999). The virus is generally undetectable in serum on Day 1, but by Day 3 the viremia level peaks at approximately 107 pfu/ml, which was comparable to that in NHPs and exceeds that in guinea pigs (104−5 pfu/ml; Bray et al., 1999).

As seen in the NHP model, the systemic viral spread results in extensive infection and necrosis of the liver, spleen, and other organs (Bray et al., 1999; Warfield et al., 2009). In liver from mice infected with mouse-adapted EBOV or RAVV, viral replication was observed in hepatocytes, Kupffer cells, and sinusoidal endothelial lining cells. Histological lesions were observed by Day 4 after inoculation, including coalescing, foci of hepatocellular vacuolar change, degeneration, and necrosis of hepatocytes. In the spleen, viral antigen was detected on Day 2 after infection, at which point coagulopathy, such as disseminated intravascular coagulation (DIC) accompanied by prolongation of prothrombin time (PT) and activated partial thromboplastin time (aPTT), was not observed in the moribund mice (Bray et al., 2001; Warfield et al., 2009).

Mouse-adapted EBOV initially infects macrophages and other mononuclear phagocytes at the site of invasion and in regional lymph nodes. The major target cells of infection are as the same as those in humans, NHPs, and guinea pigs (Davis et al., 1997; Connolly et al., 1999; Zaki and Goldsmith, 1999; Gibb et al., 2001). Viral replication in mononuclear phagocytes in the lymph node, spleen, and thymus and an increase in the number of virus-infected Kupffer cells in the liver were observed by Day 3 after infection. Most mononuclear phagocytes throughout the body appear to be infected and the mice died by Days 5–6.

The adaptation of EBOV to adult mice resulted in 8 amino acid changes in both the coding and non-coding regions of the virus genome compared to the original wild-typed virus (Ebihara et al., 2006). Nucleotide substitutions leading to amino acid changes were found in VP35, VP24, NP, and L viral proteins. VP24 and VP35 are known as type I interferon (IFN) antagonists and interfere with type I IFN-mediated antiviral response in vitro (Bowen et al., 1980; Basler et al., 2000; Bente et al., 2009; Halfmann et al., 2011). VP24 functions as an IFN antagonist by binding karyopherin α and blocking nuclear accumulation of signal transducer and activator of transcription 1 (STAT1; Reid et al., 2007). VP35 is also implicated in blocking type I IFN responses by inhibiting phosphorylation of interferon regulatory factor (IRF) 3 and 7 by the Tank binding kinase-1 and I-Kappa-B kinase epsilon, and sequestering the viral RNA from detection by RIG-I like receptor (Ramanan et al., 2011, 2012). It is considered that there is a significant relationship between filoviral virulence and the ability of the virus to evade the type I IFN-induced antiviral response (van der Groen et al., 1979). The mutations in NP and VP24 genes were found to be critical for acquisition of EBOV virulence in adult mice, but not VP35 mutations (Ebihara et al., 2006). NP is tightly coupled with viral RNA and forms the nucleocapsid complex together with L, VP30, and VP35. Although it is unclear how NP is involved in the IFN response, NP is thought to confer evasion from the IFN-stimulated antiviral responses directly or indirectly in infected mice.

The mutations identified for adaptation of marburgvirus to mice differed from those required for that of ebolavirus. The amino acid mutations were found in VP40, VP35, NP, and VP30 in mouse-adapted RAVV compared to those of the wild-type virus derived from a patient (Warfield et al., 2009). It is still unclear what is the role and necessity of each of the mutations in mouse-adapted RAVV. Further experiments are required to clarify which mutations are critical for adaptation to mice.

Adult mice treated with antibodies against IFN-α/β became susceptible to infections with non-adapted EBOV or SUDV infected via the intraperitoneal route, and to mouse-adapted virus infected via the subcutaneous route (Bray, 2001). Furthermore, non-adapted EBOV, SUDV, MARV, or RAVV caused illness in KO mice lacking type I IFN receptors or the STAT1 protein (Bray, 2001). These results suggest that inhibition of type I IFN response against filovirus infections is critical for pathogenesis in mouse models.

Mice infected with the mouse-adapted filovirus are different from humans and NHPs infected with the original filoviruses in terms of a lack of severe coagulation disorder and fibrin deposition. Mouse models are useful tools for studying basic aspects of replication, pathogenesis, and immune responses and also serve as an irreplaceable platform for evaluating the efficacy of the wide range of the candidate vaccines and therapeutic agents.

GUINEA PIG MODELS

Guinea pigs are susceptible to several arenaviruses, Lassa fever virus, Junin virus, and Guanarito virus and used as animal models for human viral hemorrhagic fevers caused by these viruses (Bowen et al., 1977; Jahrling et al., 1982; Kenyon et al., 1990; Hall et al., 1996). However, infection of guinea pigs with wild-type filovirus usually causes only a transient febrile illness (Simpson et al., 1968; Robin et al., 1971; Bowen et al., 1977). Filoviruses need to be serially passaged in guinea pigs to acquire the ability to cause lethal infection in guinea pigs (Simpson et al., 1968; Robin et al., 1971; Ryabchikova et al., 1996). Guinea pigs inoculated with guinea pig (GP)-adapted virus showed similar symptoms such as fever, anorexia, and dehydration, to those reported in humans and NHPs infected with wild-type filovirus (Simpson et al., 1968; Robin et al., 1971; Connolly et al., 1999). GP-adapted EBOV-infected guinea pigs showed fibrin deposition coincident with decreases in platelet count during the late stage of infection (Connolly et al., 1999). GP-adapted EBOV replicated to high titers in the spleen, liver, adrenal gland, and lung, resulting in viremia in guinea pig models, although the peak titers were less than those demonstrated in NHPs. Viremia in guinea pigs developed within 2 days after inoculation and increased during the course of the disease, reaching a peak on Day 7 (>104 pfu/ml; Connolly et al., 1999; Subbotina et al., 2010). The guinea pigs infected with the GP-adapted filovirus died on 7–9 days after infection (Simpson et al., 1968; Robin et al., 1971; Connolly et al., 1999; Subbotina et al., 2010).

Histopathological changes in the liver of guinea pigs infected with GP-adapted filoviruses included replication of the viruses in Kupffer cells, multifocal necrosis of hepatocytes, and congestion and destruction of the sinusoid wall, which were also similar to those reported in humans and NHPs infected with wild-type filoviruses (Korb and Slenczka, 1971; Connolly et al., 1999; Ryabchikova et al., 2003). However, infiltrations of inflammatory cells in the liver and other organs were mild or absent (Connolly et al., 1999; Ryabchikova et al., 2003). Lymphoid necrosis was observed in the spleen and lymph nodes of guinea pig models.

Neutrophilia and lymphopenia became detectable in the guinea pig model as early as 2 days after infection and the severity continued to increase over the course of infection (Connolly et al., 1999; Subbotina et al., 2010). However, lymphocyte bystander apoptosis, an important feature in NHPs and mice, was not prominent in guinea pigs (Bray et al., 1999; Connolly et al., 1999; Bradfute et al., 2007). Thrombocytopenia was marked during the late stages of the disease when guinea pigs became moribund and platelets fell from a mean of ~500,000 to <50,000/μl. Fibrin deposition was a late event, beginning only modestly in the liver and spleen on Day 4, with increases in distribution and amount on Days 7–9, coincident with decreases in platelet counts.

Comparative sequence analysis of the complete genomes of the GP-adapted EBOV and wild-type virus showed 8 nucleotide differences, which led to 5 amino acid substitutions; single amino acid mutations in NP and L and 3 mutations in VP24 (Volchkov et al., 2000). Using a reverse genetics approach, it was shown that VP24 had a critical role in the pathogenesis and the amino acid changes in VP24 were essential to achieve EBOV virulence in guinea pigs. VP24 was demonstrated to antagonize IFN signaling by binding host karyopherin α proteins and prevent transport of the tyrosine phosphorylated transcription factor STAT-1 to the nucleus (Reid et al., 2007; Mateo et al., 2010; Zhang et al., 2012). One of the substitutions in VP24 of GP-adapted EBOV was located in the proximal domain, which was recently shown to be involved in karyopherin binding and required for efficient control of the IFN response (Mateo et al., 2010). However, the mutations associated with EBOV adaptation to the guinea pigs did not affect the ability of VP24 to inhibit IFN signaling (Mateo et al., 2011). VP24 participates in the assembly and/or proper formation of viral nucleocapsids. The lack of virulence of wild-type virus in guinea pigs was associated with an inability of the virus to replicate in and/or be released from hepatocytes and macrophages efficiently (Mateo et al., 2011). Wild-type VP24 is somehow incapable of participating in assembly of viral nucleocapsids in guinea pigs. Mutations in VP24 for adaption to guinea pigs recovered the ability of EBOV to replicate in both macrophages and hepatocytes and to facilitate the systemic spread of the virus.

SYRIAN GOLDEN HAMSTER MODELS

The pathogenesis of rodent-adapted filoviruses differs in some aspects from those of humans and NHPs infected with wild-typed virus (Table 1). Fever and cutaneous rash, which are major clinical signs of EHF and MHF in humans and NHPs, are absent in mice infected with mouse-adapted virus. Fever appears in guinea pigs infected with GP-adapted virus, but rash does not develop in these animals. Mice infected with mouse-adapted virus do not consistently display coagulation abnormalities. Compared to mice, guinea pigs infected with GP-adapted virus develop coagulation defects, including a drop in platelet counts and an increase in coagulation time, but coagulopathy (i.e., DIC) are not as marked as that observed in NHPs. Furthermore, lymphocyte apoptosis observed in humans, NHPs, and mice was not determined in the guinea pig model. Because of these differences in the rodent models, some vaccines (e.g., irradiated virion) and therapeutics (e.g., passive immunization with antiserum) that were effective in rodents challenged with adapted virus fail to protect NHPs challenged with wild-type virus (Wahl-Jensen et al., 2012).

Table 1. Comparison of pathological features of different animal models of filovirus infection.
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Moreover, in the guinea pig model, the lack of available reagents and tools, such as quantitative reverse-transcription polymerase chain reaction (qRT-PCR) and ELISA for cytokine profiling, makes the guinea pig model less desirable. Therefore, the development of other rodent models that better recapitulate EHF and MHF in humans was desired for more relevant pathogenesis studies and high throughput screening of prophylactic and post-exposure treatment prior to their testing in NHPs.

Syrian golden hamster (Mesocricetus auratus) is broadly used in animal models for human infectious diseases (Zivcec et al., 2011). Suckling hamsters were susceptible to wild-type MARV but disease was evident in only 40–80% of the animals following either intracerebral or intraperitoneal inoculation (Zlotnik, 1971). The symptoms and the mortality which was up to 90% were observed by inoculation with ninth passage materials in 5–6-week-old hamsters. While the pathological changes in the hamsters are similar to those observed in other animal models including patients, encephalitis, which is not observed in other animals, were constantly demonstrated in all suckling hamsters, irrespective of route of inoculation, and in adult hamsters, when the virus was inoculated intracerebrally.

The Syrian golden hamster model was developed for EHF based on infection with mouse-adapted EBOV. Six-week-old hamsters infected intraperitoneally with 103 focus forming unit (ffu) of mouse-adapted EBOV started to show clinical signs of disease, including ruffled fur and decreased activity, by Day 3 after infection and succumbed to disease within 4–5 days after infection. When inoculated subcutaneously, mouse-adapted virus failed to produce lethal infection in hamsters in the same way as the mouse model. Mouse-adapted EBOV-infected hamsters showed severe coagulopathy with prolonged PT, aPTT, and thrombin time (TT), in the late stage of infection (Ebihara et al., 2013). Other factors, including increased fibrinogen, decreased protein C activity, thrombocytopenia, and coagulation disorder were observed in the hamster model. The target organs were the mesenteric lymph node, spleen, liver, and adrenal gland. In the mesenteric lymph node, the target cells were the macrophages and dendritic cells (DCs). The viral antigens were found in macrophages, marginal reticular-like cells, and DC-like cells in the spleen, and Kupffer cells and hepatocytes in the liver. Histopathological changes, including inflammatory cell infiltration, cellular necrosis, and apoptosis, were mainly noted in the lymphoid organs (spleen and mesenteric lymph node) and liver. These pathological changes were similar to those demonstrated in NHPs and other rodent models (Baskerville et al., 1978; Fisher-Hoch et al., 1992; Jahrling et al., 1996; Ryabchikova et al., 1996, 1999; Bray et al., 1999; Connolly et al., 1999; Warfield et al., 2009). Fibrin deposits in liver sinuses, which are a hallmark of EBOV infection in humans and NHPs, were detected to a lesser extent in the hamster model (Ebihara et al., 2013). Suppression of type I IFN that enhances viral replication in target cells and contributes to lethal disease was observed (Ebihara et al., 2013).

It has been demonstrated that the mouse-adapted EBOV-based Syrian golden hamster model shows the most similar clinical and pathological features, including coagulation abnormalities, to those observed in humans and NHPs infected with wild-type EBOV.

NON-HUMAN PRIMATE MODELS

Although guinea pigs, mice, and hamsters models have been developed to study EHF and MHF as stated above, the rodent models are not ideal because mice and guinea pigs, except a novel hamster model, do not entirely exhibit coagulation disorders that are associated with human and NHPs filovirus infections (Table 1). Additionally the bystander death of large numbers of uninfected lymphocytes due to apoptosis that are hallmark features in filovirus-infected humans and NHPs is not present in infected guinea pigs. In mouse models, the bystander lymphocyte apoptosis was reported, but the process and morphology of lymphocyte apoptosis was different from those of filovirus-infecting humans and NHPs (Bradfute et al., 2007).

In NHP models, apoptosis was the primary reason for lymphocyte death, but the lymphocyte death in mouse models appeared to occur by apoptosis and apoptosis-like programmed cell death. Furthermore, NHPs are lethally infected with non-adapted filovirus isolates resulting in pathophysiology similar to that demonstrated in humans, although rodent models required serial passages of the virus for adaptation to produce lethal disease. Because of the aforementioned disadvantages and differences in the disease pathology, NHPs remain the most useful and reasonable model of EHF and MHF despite practical and ethical considerations leading to the restriction of experiments.

MARBURGVIRUS INFECTION IN NHPS

The first documented outbreak of MHF was associated with wild-caught African green monkeys (Chlorocebus aethiops) in Uganda and imported to Marburg and Frankfurt, Germany, and to Belgrade, Serbia Montenegro, former Yugoslavia, in 1967 (Martini, 1971). Since the first outbreak of MHF originated from the wild-caught African green monkeys, this species was an obvious choice for an animal model of MHF. At that time, rhesus macaques (Macaca mulatta) were found to be equally susceptible to infection and showed symptoms after inoculation with MARV (Hass and Maass, 1971). Cynomolgus macaques (Macaca fascicularis) were also well characterized as an MHF model (Hensley et al., 2011). After an incubation period of 2–6 days, the monkeys showed febrile illness, anorexia, diarrhea, skin rash, and hemorrhagic manifestations by any routes of MARV-inoculation (Simpson et al., 1968; Simpson, 1969; Murphy et al., 1971; Geisbert et al., 2007; Alves et al., 2010; Hensley et al., 2011). Death occurred by 6–13 days post-infection after a sudden decrease in body temperature and the mortality rate was almost 100%. It was shown that reducing the virus inoculum led to delayed onset of the disease and longer time to death without reduction in mortality rate (Hass and Maass, 1971). In the macaques, petechial rashes on the forehead, chest, axillae, and groins were prominent and resembled the rashes that appeared in patients with MHF, but intriguingly the rashes were not seen in African green monkeys (Simpson, 1969).

A marked lymphocytosis was observed at the beginning of the illness (Simpson et al., 1968; Simpson, 1969; Gonchar et al., 1991; Spiridonov et al., 1992; Johnson et al., 1996; Geisbert et al., 2007). Thrombocytopenia and leukocytosis due to increased neutrophilia were prominent on 5–6 days after infection (Hensley et al., 2011). Changes in coagulation systems, such as a decrease in circulating levels of protein C, an increase in levels of circulating D-dimer and fibrin deposition in tissues were noted at late stages of the disease (Geisbert et al., 2007; Hensley et al., 2011). The pathological changes in liver including multifocal necrosis of the parenchyma cells, and lymphocyte apoptosis in lymphoid tissues were prominent (Geisbert et al., 2000). Monocyte/macrophages and DCs in the lymphoid tissues as well as Kupffer cells and sinusoids lining cells in the liver were the primary target cells for infections with MARV (Hensley et al., 2011). The infection then progressed to parenchymal cells in the liver, adrenal gland, and high endothelial venules in lymphoid tissues. Finally, the infection spread to endothelial cells in a variety of organ tissues (Hensley et al., 2011). The virus or viral antigen was detected in liver, lymph nodes, spleen, adrenal grand, kidney, and blood in infected cynomolgus macaques. Onset of viremia occurred on Day 3, and in cynomolgus macaques and African green monkeys the maximum titer was 107−8 pfu/ml on Day 8 after infection (Hass and Maass, 1971; Hensley et al., 2011).

Under experimental conditions, the possibility of aerosol transmission of MARV was shown in macaque models, although such a transmission route has not been described in human outbreaks (Pokhodiaev et al., 1991; Alves et al., 2010).

EBOLAVIRUS INFECTION IN NHPS

African green monkeys, cynomolgus macaques, rhesus macaques, and hamadryas baboons (Papio hamadryas) have been employed as a model of EBOV infection (Baskerville et al., 1978, 1985; Bowen et al., 1978, 1980; Ellis et al., 1978; Fisher-Hoch et al., 1985, 1992; Johnson et al., 1995; Jaax et al., 1996; Jahrling et al., 1996; Davis et al., 1997; Ryabchikova et al., 1999; Ignatiev et al., 2000; Geisbert et al., 2003b,e). The monkeys infected with EBOV became febrile 3 days after infection with temperatures above 40°C. Pyrexia usually persisted throughout the course of the disease, which usually ended in a decrease in temperature followed by death, which occurred within 5–8 days after infection (Baskerville et al., 1978; Bowen et al., 1978, 1980; Ellis et al., 1978; Fisher-Hoch et al., 1985; Luchko et al., 1995). By Day 4, anorexia developed with a loss of drinking ability, causing severe weight loss and dehydration. Some monkeys that survived until Day 5 had diarrhea, rectal bleeding, and/or intermittent melena. Petechial skin rashes appeared on the forehead, fore and hind limbs, and chest 4–5 days post-infection in macaques, but on Day 7 in baboons (Bowen et al., 1978; Ellis et al., 1978; Luchko et al., 1995; Ignatiev et al., 2000; Geisbert et al., 2003b). African green monkeys did not develop the cutaneous rash as demonstrated in monkeys infected with MARV (Simpson, 1969; Baskerville et al., 1978). Viremia became detectable within 3 days after infection with the maximum virus titer at the level of 106.5−7 pfu/ml on Day 4–5 (Bowen et al., 1978; Fisher-Hoch et al., 1992; Jahrling et al., 1996; Geisbert et al., 2003b). The virus was positive in liver, spleen and lung on Day 4 and also appeared to have lower affinity for kidney, adrenal, lung, testis, lymph node, and pancreas (Baskerville et al., 1978, 1985; Bowen et al., 1978; Geisbert et al., 2003b). Mean virus titers in these organs increased progressively and reached the highest level of 105.5−8.6 pfu/g on Day 6 (Geisbert et al., 2003b).

Total blood cell counts revealed marked neutrophilia and lymphopenia in the monkeys. Neutrophils and immature neutrophils increased remarkably by Day 4 (Fisher-Hoch et al., 1985; Geisbert et al., 2003b; Ebihara et al., 2011). Coincident with this process, severe lymphopenia due to lymphocyte apoptosis developed by Day 3 (Fisher-Hoch et al., 1985; Geisbert et al., 2003b). Extensive lymphocyte apoptosis, both in the vasculature and in lymphoid tissue, appears to be critical to the pathogenesis of EHF. Especially within the CD8+ subset, the NK cell population dropped dramatically in the early stage of infection (Geisbert et al., 2003b). Lymphocytes were not productively infected and the apoptosis was not associated with direct viral infection (Geisbert et al., 2000). However, the mechanism underlying such apoptosis is unclear. Another characteristic feature was the abnormality of platelet function preceding thrombocytopenia (Fisher-Hoch et al., 1985; Geisbert et al., 2003b). Thrombocytopenia developed between 3 and 4 days and abnormalities in coagulation parameters, including prolonged PT, aPTT, and TT appeared (Geisbert et al., 2003b; Ebihara et al., 2011). Examination of coagulation parameters revealed that decreased protein C coagulation inhibitor activity due to excessive consumption triggered severe coagulopathy as indicated by prolonged coagulation times and decreased fibrinogen levels (Ebihara et al., 2011).

The NHP model has been proven to be valuable in providing new information regarding filoviral pathogenesis. EBOV spreads from the initial infection site via monocytes/macrophages and DCs to regional lymph nodes, likely via lymphatics, and to liver and spleen through the blood stream. Tissue macrophages, including Kupffer cells, DCs, and fibroblastic reticular cells become infected with EBOV at this stage. EBOV activates DCs by upregulating expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), which is expressed on DCs and mediates their cytotoxic activity (Geisbert et al., 2003b). Such overexpression of TRAIL is enhanced by overexpression of IFN-α in NHPs infected with EBOV and triggers lymphocyte apoptosis. Monocytes/macrophages infected with EBOV release various soluble factors including proinflammatory cytokines to recruit additional target cells to areas of infection. As disease progresses, increased levels of oxygen free radicals (e.g., nitric oxide) released from virus-infecting macrophages at the inflammatory sites trigger apoptosis of NK cells. The lymphocyte apoptosis caused by TRAIL and nitric oxide interferes with the innate immune response, resulting in escape of EBOV infection from mounting an adaptive response. Coagulation abnormalities are not the direct result of EBOV replication-induced cytolysis of endothelial cells, but are likely triggered by immune-mediated mechanisms (Geisbert et al., 2003d,e). Extensive viral replication leads to increased levels of additional proinflammatory cytokines, notably IL-6, which triggers the coagulation irregularities. This is probably through upregulation of tissue factor expression/release from virus-infected monocytes/macrophages. Tissue factor works as the primary cellular inhibitor of coagulation protease cascades. Activation of the coagulation cascade induces the fibrinogenic and fibrinolytic pathways and finally leads to DIC, hemorrhagic shock, thrombosis-related organ failure and death (Arai et al., 2000).

Monkey species-specific disease features of the pathogenesis of EBOV infection were observed, not only in the development of cutaneous rash but also in the impairment of the clotting systems of African green monkeys and baboons infected with EBOV. In African green monkeys, fibrin thrombosis was generalized in all visceral organs, while in baboons hemorrhages were prominent in visceral organs, most notably in the liver and spleen (Ryabchikova et al., 1999; Ignatiev et al., 2000). Genetic differences, even among the same animal species, and the origin of a species may influence disease presentation and progression.

The dose and species of challenge virus affects the progression of disease. Intramuscular inoculation of cynomolgus macaques with 103 pfu of EBOV produced a 100% lethal infection, with deaths occurring 6–7 days post-infection (Geisbert et al., 2002). When the challenge dose was lowered to 10 pfu, uniform lethality was still achieved, but deaths occurred 9–12 days post-infection (Geisbert et al., 2003c). Viremia was demonstrated as early as 24 h after subcutaneous infection of rhesus macaques with a high infectious dose (105 pfu) of EBOV. In rhesus and cynomolgus macaques infected with 103 pfu of EBOV, viremia is first detected by Day 3 after infection. SUDV causes slower disease progression than EBOV and it has been reported that some monkeys infected with SUDV did not die and recovered from the illness (Ellis et al., 1978; Bowen et al., 1980; Fisher-Hoch et al., 1992). One of four rhesus macaques infected with SUDV died on Day 12 but the other macaques survived and remained normal thereafter (Ellis et al., 1978). The dead macaque had small numbers of virus particles in the liver but no virus particles were found in the kidney, spleen, heart, lung, and brain. The liver, lung, and spleen from EBOV infected macaques, which were moribund and killed on Day 6 contained large numbers of virions. The apparent limitation of viral replication in the liver of SUDV-infected host and the contrasting widespread involvement of liver and other organs such as the spleen and lung of EBOV-infected host are similar in patients and macaques. RESTV, which is considered not to be virulent to humans, is clearly less pathogenic than EBOV and SUDV in African green monkeys and cynomolgus macaques (Fisher-Hoch et al., 1992; Jahrling et al., 1996). Only 5 of 16 monkeys infected with EBOV or SUDV survived, whereas 11 of 15 monkeys infected with RESTV survived (Fisher-Hoch et al., 1992). Viremia, clinical signs (temperature rise, anorexia, depression, or evidence of disturbed hemostasis), serum chemistry changes (elevated aspartate aminotransferase and lactate dehydrogenase activities) and pathological changes (necrosis of hepatocytes, adrenalcytes, and lymphoid elements of the spleen and prominent fibrin thrombi and fibrin precipitation) in RESTV infected monkeys developed slower and/or milder than those observed in monkeys infected with EBOV and/or SUDV.

Most human cases are thought to occur by direct contact with blood and/or body secretions from patients or animal cadavers. Aerosol transmission among humans has not been reported. However, evidence of intercage transmission of RESTV was observed in the 1989–1990 epizootic cases of RESTV in the Hazleton facility in Reston, Virginia, and demonstration of high concentrations of ebolavirus in nasal secretions and alveoli in experimental infection implicated the potency of aerosol transmission of ebolavirus (Baskerville et al., 1978, 1985; Bowen et al., 1978; Jahrling et al., 1990, 1996; Dalgard et al., 1992; Jaax et al., 1995; Miranda et al., 1999, 2002). Furthermore, the rhesus macaques experimentally challenged with aerosolized EBOV developed the same disease as macaques infected parenterally (Johnson et al., 1995). Regardless of the route of infection (intramuscular, subcutaneous, conjunctival, and aerosol injections), NHPs are highly susceptible to EBOV infection (Baskerville et al., 1978; Bowen et al., 1978, 1980; Ellis et al., 1978; Baskerville et al., 1985; Fisher-Hoch et al., 1985, 1992; Johnson et al., 1995; Jaax et al., 1996; Jahrling et al., 1996; Davis et al., 1997; Ryabchikova et al., 1999; Ignatiev et al., 2000; Geisbert et al., 2003b,e).

VACCINES

INACTIVATED WHOLE VIRION

The development of filovirus vaccines has been performed based on inactivated whole virion preparations. About half of the rhesus macaques or African green monkeys treated were protected against homologous MARV challenge, when formalin- or gamma-inactivated whole MARV virions were used as vaccine candidates (Ignat'ev et al., 1991; Ignatyev et al., 1996). Vaccination with formalin-inactivated EBOV virions protected 4 of 5 hamadryas baboons (Mikhailov et al., 1994), while other studies suggested that inactivated virus did not induce sufficient immunity to protect baboons against a lethal challenge (Chupurnov et al., 1995). Furthermore, vaccination with gamma-irradiated EBOV virions alone or in a form of liposomes containing lipid A failed to protect cynomolgus macaques against lethal infection (Geisbert et al., 2002). Overall, these vaccine candidates based on inactivated virions did not confer sufficient protection in NHP models. Furthermore, these vaccines are unlikely to be used in humans due to safety risk of incomplete inactivation. However, these results promoted the development of an alternative vaccine platform, such as DNA-based vaccines, recombinant viral vector, or virus-like particles as described below and Table 2.

Table 2. Efficacy of vaccines in animal models of filovirus infection.
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VENEZUELAN EQUINE ENCEPHALITIS VIRUS REPLICON

Venezuelan equine encephalitis virus (VEEV) replicons that express either GP or NP of MARV Musoke protected guinea pigs from viremia and death caused by GP-adapted MARV challenge (Hevey et al., 1998). Cynomolgus macaques administrated with MARV Musoke GP-expressing VEEV replicons alone or in combination with NP were also protected from lethal infection with the homologous Musoke strain, but not from heterologous RAVV (Hevey et al., 1998; Falzarano et al., 2011). additionally, vaccination with NP alone prevented death but not disease onset in two of three monkeys and allowed all animals to become viremic. For EBOV, EBOV GP-expressing VEEV replicons, alone or in combination with EBOV NP-expressing VEEV replicons, protected mice, and guinea pigs from lethal infection, whereas immunization with EBOV NP-expressing VEEV replicons alone protected mice but not guinea pigs (Pushko et al., 2001). Furthermore, vaccination with recombinant VEEV, expressing EBOV GP, NP, or both GP and NP, failed to protect cynomolgus macaques from a lethal EBOV infection (Geisbert et al., 2002). One recent study produced different results, whereby a VEEV-based vaccine was fully protective in cynomolgus macaques against EBOV, SUDV, and MARV (Friedrich et al., 2012). The results obtained from these studies are inconsistent, suggesting that VEEV-based vaccine may be promising although further research is needed.

ADENOVIRUS-BASED VACCINES

Adenovirus (AdV) vectors commonly used are based on serotype 5 (AdV5). A single infection of the recombinant MARV Angola GP-expressing AdV5 resulted in complete protection of cynomolgus macaques from illness and death by challenge with homologous virus (Geisbert et al., 2010a). Vaccination with a mixture of EBOV GP—expressing AdV5 and EBOV NP—expressing AdV5 have demonstrated 100% protection in cynomolgus macaques against homologous virus challenge (Sullivan et al., 2003). However, the genome insert size in this first generation AdV vector was restricted to as little as a single filovirus GP gene. The second generation AdV vector has the advantage of being able to express multiple antigens in a single construct over the first generation vector. The second generation bivalent AdV vector expressing GPs of EBOV and SUDV led to efficient induction of antibodies specific to EBOV and SUDV (Wang et al., 2006b). A trivalent AdV vector expressing MARV GPs of Ci67, Musoke and RAVV efficiently led to MARV-specific antibodies in mice and guinea pigs and showed complete protection of guinea pigs against MARV and RAVV infections (Wang et al., 2006a). Additionally, vaccination of cynomolgus macaques with second generation AdV vectors, which expressed multiple filovirus GPs of EBOV, SUDV, Ci67, Musoke, and RAVV, induced 100% protection against challenge with EBOV and SUDV and two different strains of MARV (Ci67 and Musoke; Swenson et al., 2008a). Although the AdV-based vaccines showed efficacy, the vaccines have a major obstacle: the prevalence of pre-existing immunity to AdV that may substantially limit their immunogenicity and clinical utility. It is estimated that the prevalence of antibody to AdV5 is up to 60% in the general human population and up to 85% in Africa (Schulick et al., 1997; Piedra et al., 1998). Indeed, macaques pre-immunized against AdV5 and vaccinated with EBOV GP-expressing AdV5 were not protected from lethal challenge with EBOV infection (Geisbert et al., 2010b). AdV serotype 26 and 35 segregated genetically from AdV5 exhibit lower seroprevalence in humans (Vogels et al., 2003; Abbink et al., 2007; Mast et al., 2010). Therefore, AdV serotype 26 and 35 vectors with expression of EBOV or SUDV GPs have been generated and the protective efficacy examined by using the NHP model, but these vectors failed to protect cynomolgus macaques against lethal EBOV challenge (Geisbert et al., 2011).

DNA

The plasmid coding the DNA of GP from MARV Musoke or RAVV demonstrated efficacy in protection of guinea pigs and cynomolgus macaques against lethal infection of each homologous strain (Riemenschneider et al., 2003). All of the guinea pigs vaccinated three or four times with DNA vaccines were aviremic and appeared healthy. In cynomolgus macaques, four of six monkeys immunized with 3 doses of DNA vaccine encoding Musoke GP were protected from homologous challenge with MARV Musoke (Riemenschneider et al., 2003). In a report of DNA vaccines encoding GP of MARV Angola strain, the 4 vaccination doses resulted in protection of all four vaccinated monkeys, but three of the four monkeys showed symptoms and/or lymphopenia (Geisbert et al., 2010a). A combination vaccine regimen (3 times injection with DNA and boost with recombinant Angola GP-expressing AdV vector) protected the monkeys from lethal infections but two of the four monkeys showed rash or lymphopenia. A single inoculation with AdV vaccine induced optimal immune responses to eliminate symptoms and death by itself. These data suggest that DNA vaccines do not optimally control MARV infection (Geisbert et al., 2010a). However, three-plasmid DNA vaccines encoding EBOV GP, SUDV GP, and EBOV NP were evaluated in a phase I trial as safe and immunogenic in humans (Martin et al., 2006). The EBOV DNA vaccine also protected mice and guinea pigs against a lethal challenge (Vanderzanden et al., 1998; Xu et al., 1998; Martin et al., 2006). In one study, cynomolgus macaques, which received 3 injections of DNA vectors encoding EBOV GP, SUDV GP, TAFV GP, and EBOV NP, were boosted with recombinant EBOV GP-expressing AdV (Sullivan et al., 2000). All four monkeys vaccinated survived and showed no symptoms of EBOV infection. This prime-boost strategy provided a sufficient immune response to clear the virus efficiently.

HUMAN PARAINFLUENZA VIRUS

In an outbreak of RESTV in the Hazleton facility in Reston, Virginia, aerosol transmission between NHPs may have occurred (Jahrling et al., 1990; Dalgard et al., 1992; Miranda et al., 1999, 2002). To address the assumed aerosol transmission of filovirus, a vaccine that induces a strong immune response in the respiratory tract was developed. Human parainfluenza virus type 3 (HPIV3), a common respiratory virus, was modified as a form of vaccine vector and used for development of a vaccine against EBOV. The HPIV3 vectors, which express EBOV GP or EBOV GP together with NP, protected guinea pigs and rhesus macaques against EBOV challenge (Bukreyev et al., 2006, 2007). In guinea pigs, a single intranasal inoculation with HPIV3 expressing EBOV GP or both GP and NP showed complete protection against signs of illness and death (Bukreyev et al., 2006). The rhesus macaques were immunized with a single dose of EBOV GP-expressing HPIV3, or EBOV GP and NP-expressing HPIV3, through a combined intranasal and intratracheal inoculation. Five of six monkeys immunized with the HPIV3 based vaccine survived and four of six monkeys did not show any clinical illness (Bukreyev et al., 2007). Two doses of intranasal immunizations showed greater efficacy, including complete protection of all three rhesus macaques against clinical illness and death. However, HPIV3 may not be effective as a vaccine vectors in humans, since HPIV3 is a common childhood pathogen and the majority of the population have pre-existing immunity to HPIV3. To overcome the problem of pre-existing immunity, a chimeric HPIV3, where both HPIV3 surface proteins, HN and F, were deleted and replaced with EBOV GP was developed (Bukreyev et al., 2009). A single immunization with the vaccine completely protected guinea pigs against a lethal infection. It was shown that the HPIV3 based vaccine, which expressed EBOV GP, was immunogenic equally among HPIV3-naïve and HPIV3 antibody-positive subjects and effective when vaccinated twice. However, pre-existing HPIV3-specific immunity in rhesus macaques reduced the replicative capacity of the HPIV3-based vaccine in the respiratory tract (Bukreyev et al., 2010). Nevertheless, this study indicated that the vaccination induced an appropriate antibody response.

VESICULAR STOMATITIS VIRUS

A vaccine to resolve the problem of pre-existing immunity utilized the recombinant vesicular stomatitis virus (VSV) vector, which expresses filovirus GP. VSV is mainly a veterinary pathogen and human infection with VSV is rare and not associated with disease in humans. A single intramuscular vaccination of cynomolgus macaques with recombinant VSV with expression of MARV Musoke GP elicited complete protection against a high dose (103 pfu) intramuscular challenge with both homologous Musoke strain and heterologous Popp strain, Angola strain, and RAVV (Jones et al., 2005; Daddario-Dicaprio et al., 2006a). For EBOV, a single immunization of cynomolgus macaques with recombinant VSV vector, which expresses EBOV GP, also elicited complete protection against EBOV challenge (Jones et al., 2005). The surviving macaques from lethal EBOV infection were re-challenged with heterologous SUDV, but the cross-protection was not observed (Jones et al., 2005). Administration of the EBOV GP-expressing VSV vaccine through the oral or intranasal route completely protected cynomolgus macaques from EBOV challenge (Qiu et al., 2009). A blended vaccine consisting of equal amounts of 3 different VSV vectors, which expresses GP of each of EBOV, SUDV, and MARV, generated complete protection of cynomolgus macaques against challenges with EBOV, TAFV, and MARV (Geisbert et al., 2009). Macaques vaccinated with the blended vaccine followed by challenge with SUDV showed mild clinical sign of illness including fever, lymphopenia, and mild anorexia, and the macaques recovered from illness. Importantly, none of the macaques vaccinated with the blended vaccine succumbed to a filovirus challenge. The efficacy of the recombinant VSV vaccine has been evaluated as a post-exposure prophylaxis for filovirus infections. Administration of recombinant VSV with MARV Musoke GP expression to rhesus macaques shortly after a homologous high-dose MARV challenge resulted in complete protection of all subjects from clinical illness and death (Daddario-Dicaprio et al., 2006b). Furthermore, administration of recombinant MARV Musoke GP-expressing VSV at 24 and 48 h following infection resulted in protection of 83 and 33% of rhesus macaques, respectively (Geisbert et al., 2010c). When recombinant EBOV GP-expressing VSV were administrated to mice 24 h prior to challenge, and 1 and 24 h post-challenge, all treated mice survived (Feldmann et al., 2007). In guinea pigs treated with EBOV GP-expressing VSV at 24 h prior to challenge, and 1 or 24 h post-challenge, the survival rates were 67, 83, and 50%, respectively. It was also demonstrated that post-exposure vaccination with the recombinant VSV GP vectors for EBOV and SUDV in rhesus macaques was effective against challenge with homologous viruses, although the protection rate was dependent on the species of ebolavirus. The survival rates of the EBOV- or SUDV-infected monkeys were 50 and 100%, respectively (Feldmann et al., 2007; Geisbert et al., 2008).

VIRUS-LIKE PARTICLE

Virus-like particle (VLPs), which mimic authentic virions structurally but do not contain infectious genetic material, are non-infectious and safer than replicating vaccines. The efficiency of a MARV vaccine consisting of VLPs with MARV Musoke GP and VP40 was assessed in guinea pig and cynomolgus macaque models (Swenson et al., 2008b). The guinea pigs and monkeys immunized three times with MARV-Musoke VLPs with RIBI or QS-21 adjuvant were challenged with Musoke strain, Ci67 strain, or RAVV. All guinea pigs and eight monkeys were protected from death and clinical illness following the lethal challenge, except for a single monkey. The monkey challenged with RAVV, which is the most genetically distinct strain of marburgvirus, developed minor signs of disease without detectable viremia. For ebolavirus, mice vaccinated with EBOV VLP in the presence or absence of adjuvant were protected from lethal EBOV infection in a dose-dependent manner (Warfield et al., 2003, 2007a; Sun et al., 2009). Furthermore, the efficacy of the EBOV VLP, which consists of EBOV GP, NP, and VP40 was evaluated in cynomolgus macaques (Warfield et al., 2007b). All five monkeys that received three injections of the EBOV VLPs with RIBI adjuvant were completely protected against EBOV challenge.

There are some other vaccine candidates, including an EBOV lacking VP30 (which encodes the essential transcription factor), an Fc portion of a human IgG fused to EBOV-GP, a bean yellow dwarf virus-derived replicon system, and a cytomegalovirus-based vaccine encoding an EBOV NP CTL epitope (Halfmann et al., 2009; Konduru et al., 2011; Phoolcharoen et al., 2011; Tsuda et al., 2011a). However, the immunogenic efficacy of these vaccines has only been confirmed in the rodent models and further studies are needed to evaluate the protective efficacy and safety in NHPs.

TREATMENTS

RECOMBINANT NEMATODE ANTICOAGULANT PROTEIN C2

Coagulation abnormalities are one of the most prominent hallmarks of filovirus infection. It has been suggested that tissue factor plays an important role in triggering the hemorrhagic complications in NHPs infected with filoviruses (Geisbert et al., 2003d). Overexpression of tissue factor that performs as the primary cellular inhibitor of the coagulation protease cascades is one of the causes of DIC and thrombosis-related organ failure. The effect of blocking the pathway leading from the complex of activated factor VII and tissue factor to thrombin was examined in filovirus infection. Recombinant nematode anticoagulant protein c2 (rNAPc2), which directly inhibits factor VII and tissue factor, provided partial post-exposure protection to rhesus macaques infected with filovirus (Geisbert et al., 2003a, 2009). In rNAPc2-treated rhesus macaques, the mean survival time (11.7 days) was longer than that in untreated control monkeys (8.3 days) and 33% of EBOV-infected macaques survived. In MARV Angola-infected rhesus macaques treated with rNAPc2, 1 of 6 (17%) monkeys survived and the mean survival time for the five dead monkeys was significantly prolonged compared with that of the untreated control monkeys. rNAPc2 demonstrated a clear improvement in terms of survival rate and an increase in mean survival time in a normally 100% lethal model of filovirus infection.

RECOMBINANT HUMAN ACTIVATED PROTEIN C

Activated protein C (APC) is generated from the protein C, which is a vitamin K-dependent plasma protein and inactivates factors V and VIII to down-regulate thrombin generation. It has been reported that circulating levels of protein C were rapidly and significantly reduced in cynomolgus macaques and rhesus macaques during EBOV infections, because the protein C might be produced in the liver, which is a main target of filovirus infection (Geisbert et al., 2003a). In rhesus macaque models, administration of recombinant human APC (rhAPC) at 30–60 min after challenge and continuing for 7 days, protected 2 of 11 (18%) monkeys against lethal EBOV infection (Hensley et al., 2007). The mean survival time in the rhAPC-treated monkeys was prolonged compared with the untreated monkeys (Hensley et al., 2007).

PHOSPHORODIAMIDATE MORPHOLINO OLIGOMER

Phosphorodiamidate morpholino oligomers (PMOs) inhibit targeted gene translation by steric blockage of ribosomal assembly. A combination of EBOV-specific PMOs targeting sequences of viral mRNAs for the VP24, VP35, and RNA polymerase L protected rodents in both pre- and post-exposure therapeutic regimens (Warfield et al., 2006). In rhesus macaque models, treatment with a combination of the PMOs of VP24, VP35, and L from 2 days prior to EBOV challenge through Day 9 of the infection protected 3 of 4 (75%) rhesus macaques against lethal infection (Warfield et al., 2006). Furthermore, it was demonstrated that the antiviral potency of PMOs could be enhanced by chemical modification, either by conjugating PMOs with peptides or by introducing positively charge to the PMOs (PMOplus™, Avi BioPharma, Inc.; Swenson et al., 2009). Subsequently, PMOplus targeting EBOV VP24 and VP35 or MARV Musoke VP24 and NP showed significant protection of mice and guinea pigs against lethal challenge with EBOV and MARV Musoke, respectively (Warren et al., 2010). AVI-6002 PMOplus against both EBOV VP24 and VP35, and AVI-6003 PMOplus against MARV VP24 and NP, were developed and tested for treatment efficacy using NHP models. These PMOs, delivered 30–60 min post-exposure, protected 62.5% of rhesus macaques against lethal EBOV infection and 100% of cynomolgus macaques against MARV Musoke infection (Warren et al., 2010). AVI-6002 and AVI-6003 are currently in phase I clinical trials.

RNA INTERFERENCE

RNA interference (RNAi) inhibits gene expression to the extent that their function is abrogated through a highly regulated enzyme-mediated process. It was demonstrated that small-interfering RNA (siRNA) down-regulated various MARV mRNA transcripts, resulting in a significant decrease in viral protein production and subsequent viral release in vitro (Fowler et al., 2005). Furthermore, siRNA targeting the EBOV RNA polymerase L protein formulated in stable nucleic acid-lipid particles (SNALPs) completely protected guinea pigs when administered shortly after a lethal EBOV infection (Geisbert et al., 2006). In rhesus macaques, a combination of siRNA targeting the EBOV L, VP24, and VP35 were formulated in SNALPs and administrated to the monkeys. Two of three monkeys, which were treated four times with siRNA at 30 min, 1, 3, and 5 days after challenge, survived lethal infection. Furthermore, all four monkeys treated seven times at 30 min, 1–6 days after challenge survived (Geisbert et al., 2010d).

THERAPEUTIC EFFICACY IN THE MOUSE MODEL AND IN VITRO

In the mouse model, administration of recombinant mannose-binding lectin and hexaamminecobalt (III) chloride showed efficacy in protecting against EBOV infections (Michelow et al., 2011). Mannose-binding lectin targets diverse microorganisms for phagocytosis and complement-mediated lysis by binding specific surface glycans. Hexaamminecobalt (III) chloride is a complex of a cobalt (III) ion surrounded by six ammonia ligands in a full octahedral coordination. Furthermore, by high-throughput screening, some compounds such as FGI-103, FGI-106, and NSC 62914 (a reactive oxygen species scavenger), were identified to have high antiviral activity against filoviruses (Aman et al., 2009; Warren et al., 2010). Some other substances, for example inhibitors of heat-shock protein 90 and Niemann-Pick C1, showed antiviral activity in vitro (Smith et al., 2010; Cote et al., 2011). As mentioned above (Table 3), several candidates are discussed as therapeutic agents for Ebola and Marburg HFs, but no licensed therapeutics are yet available (Friedrich et al., 2012).

Table 3. Efficacy of post-exposure treatment in animal models of filovirus infection.

[image: image]

CONCLUSIONS

Significant progress has been made in developing animal models, including mice, guinea pigs, hamsters and NHPs, for EHF and MHF. The NHPs are the most feasible model, because they are the only animals that are lethally infected with non-adapted virus isolates and the pathophysiology is close to that demonstrated in patients. The rodent models need serial passages of original filoviruses in rodents for acquiring lethal infection capacity and they have limited value, because the disease course in rodents differs from that demonstrated in humans and NHPs. However, the rodent models are the first choice for preliminary studies to explore vaccines and therapeutic agents, because of their ease to handling. The newly developed Golden hamster model will also be used for studies on pathogenesis and evaluation of efficacy of candidate vaccines and therapeutics because they show manifestations similar to those of patients and NHPs, including severity of coagulopathy that is lacking in mouse and guinea pig models. Among the candidate vaccines so far developed, recombinant VSV-based vaccines against EHF and MHF are confirmed to be effective in mouse, guinea pig, Golden hamster, and NHP models, and are the only platform with the potential to prevent lethal infection, especially via both vaccine and post-exposure treatment (Jones et al., 2005; Daddario-Dicaprio et al., 2006b; Feldmann et al., 2007; Geisbert et al., 2008, 2009, 2010c; Qiu et al., 2009; Tsuda et al., 2011b). Furthermore, the VSV have been used as a treatment following a recent laboratory exposure (Tuffs, 2009). Further research is needed to develop vaccines with sufficient long-term efficacy by single-dose vaccination, because expensive and time-consuming vaccinations may pose difficulties due to logistical and financial problems in developing countries, where EHF and MHF are endemic. Neither licensed vaccines nor therapeutic agents are available so far. The development of vaccines and therapeutic testing using the animal models has only recently begun to progress. We hope that further research facilitates progress toward elucidating the disease pathophysiology and developing prophylactic and therapeutic measures against EHF and MHF.
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Hepatitis C virus (HCV) is a major cause of cirrhosis and hepatocellular carcinoma (HCC) making the virus the most common cause of liver failure and transplantation. HCV is estimated to chronically affect 130 million individuals and to lead to more than 350,000 deaths per year worldwide. A vaccine is currently not available. The recently developed direct acting antivirals (DAAs) have markedly increased the efficacy of the standard of care but are not efficient enough to completely cure all chronically infected patients and their toxicity limits their use in patients with advanced liver disease, co-morbidity or transplant recipients. Because of the host restriction, which is limited to humans and non-human primates, in vivo study of HCV infection has been hampered since its discovery more than 20 years ago. The chimpanzee remains the most physiological model to study the innate and adaptive immune responses, but its use is ethically difficult and is now very restricted and regulated. The development of a small animal model that allows robust HCV infection has been achieved using chimeric liver immunodeficient mice, which are therefore not suitable for studying the adaptive immune responses. Nevertheless, these models allowed to go deeply in the comprehension of virus-host interactions and to assess different therapeutic approaches. The immunocompetent mouse models that were recently established by genetic humanization have shown an interesting improvement concerning the study of the immune responses but are still limited by the absence of the complete robust life cycle of the virus. In this review, we will focus on the relevant available animal models of HCV infection and their usefulness for deciphering the HCV life cycle and virus-induced liver disease, as well as for the development and evaluation of new therapeutics. We will also discuss the perspectives on future immunocompetent mouse models and the hurdles to their development.
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INTRODUCTION

Hepatitis C virus (HCV) is a small enveloped positive sense single-stranded RNA virus from the Flaviviridae family (Lindenbach et al., 2007). HCV is one of the main causative agents of liver disease worldwide and a major problem of public health with approximately 130 million chronically infected people and more than 350,000 deaths each year. Moreover, the World Health Organization estimates that three to four million people are newly infected every year. No vaccine is available so far, and the current standard of care combination treatment of interferon-alfa (IFNα) and ribavirin is not effective against all HCV genotypes and often not well tolerated by the patients (Poordad and Dieterich, 2012). The recently developed direct-acting antivirals (DAAs) have significantly improved the treatment of chronic HCV infection (Poordad and Dieterich, 2012) but can lead to the selection of DAA-resistant viral variants (Pawlotsky, 2011; Aloia et al., 2012). Thus, despite the advances made in recent years, HCV infection remains a global health problem. Furthermore, a vaccine is not available. Research efforts are thus still to be continued in order to decipher the details of the viral life cycle within its host and to propose new therapeutic alternatives to improve patient care.

Improved understanding of the phenomena related to the interaction of the virus with its host, in its entirety, relies on the use of a model allowing the study of the whole viral life cycle as well as the host responses against the virus, especially the immune responses. Only the use of a living organism allows to achieve this goal. Chimpanzees are the only animals reliably supporting HCV infection and allowing the study of anti-viral immune responses even though they do not develop fibrosis and cirrhosis and very rarely hepatocellular carcinoma (HCC; Muchmore et al., 1988; Lanford et al., 2001). However, the use of chimpanzees in medical research is ethically very controversial and increasingly limited (Harrington, 2012). To overcome this hurdle, small animal models have been developed during the last decade. Mouse models are of particular interest since mice are easy to breed and handle and can be genetically modified.

In this review, we will discuss the advantages and limitations of the different animal models regarding their potential in leading to a better comprehension of virus-host interactions and HCV pathogenesis, as well as their utility for preclinical evaluations prior translation to clinical trials in human.

NATURALLY HCV PERMISSIVE ANIMAL MODELS

Highly genetically HCV-related viruses from the hepacivirus gender can infect new world primates (Muerhoff et al., 1995; Simons et al., 1995), dogs (Kapoor et al., 2011), horses (Burbelo et al., 2012; Lyons et al., 2012) and bats (Quan et al., 2013). But so far, HCV was only found to infect few species other than human (reviewed in Simmonds, 2013), chimpanzees and non-rodent small mammal northern treeshrew (Tupaia belangeri).

CHIMPANZEES

Chimpanzees are tightly linked to the history of HCV discovery (Houghton, 2009). These animals can be chronically infected with the virus, using various sources as inoculum. Although the clinical course of HCV infection in chimps and humans is not identical (Bukh, 2004), chimp studies have greatly contributed to our understanding of innate and adaptive immune responses in the course of HCV infection (Bowen and Walker, 2005; Rehermann, 2009). A large body of evidence indicates that T cell responses play a major role in viral clearance as well as protection from HCV infection (Neumann-Haefelin and Thimme, 2013). Indeed, memory T cells as well as the activation of intra-hepatic natural killer (NK) cells and type I/II interferon production were demonstrated to prevent HCV re-infection in chimpanzees (Nascimbeni et al., 2003; Barth et al., 2011). Moreover, neutralizing antibodies may also contribute to protection from HCV infection in these animals.

Chimpanzees have also been very valuable for the evaluation of various antivirals and to date, chimpanzees are the only animals permitting extensive evaluation of the efficacy of potential vaccines against HCV (Houghton, 2011). It has especially been shown that therapeutic vaccines including structural proteins are better T cell stimulators than vaccines where only non-structural proteins are present (Dahari et al., 2010). But so far, it was not possible to clearly identify a safe and effective vaccine for humans (Bailey, 2010).

Despite the fact that studies of HCV infection in chimpanzees have greatly advanced our understanding of the immune responses that are required to efficiently clear viral infection, several limitations of this model have to be pointed out (Table 1). Indeed, data from chimpanzee studies are highly variable and difficult to interpret mainly because of the biological variability between individual animals and the small animal cohorts. Moreover, chronic infection appears in only 30–40% of infected animals while it can reach 85% in humans (Lanford et al., 2001). Furthermore, chronically infected chimpanzees do not readily develop cirrhosis or fibrosis and have much milder symptoms (Bukh et al., 2001). It is worth noting that HCC is only rarely observed in chimpanzees (Muchmore et al., 1988; Lanford et al., 2001). Finally, the limited availability, the cost for acquiring and maintaining animals as well as ethic considerations have also been major drawbacks to the use of this animal model. Indeed, the use of chimpanzees for biomedical and behavioural research is now legally forbidden in Europe since the new European Directive 2010/63 and has been recently banned by the NIH (Harrington, 2012) following the recommendations of the Institute of Medicine (Altevogt et al., 2011).

TABLE 1. Current animal models for the study of HCV infection.
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Tupaia belangeri

Tupaia belangeri, or Northern treeshrew, is a non-rodent small mammal susceptible to HCV infection (Xie et al., 1998; Xu et al., 2007; Amako et al., 2010). HCV entry factors CD81, scavenger receptor class B type I (SR-BI), claudin-1 (CLDN1) and occludin (OCLN) from tupaia origin have been shown to promote entry of HCV pseudoparticles or cell culture-derived HCV (HCVcc) into human or mouse cells engineered to express these host factors and primary tupaia hepatocytes are able to support HCV infection (Zhao et al., 2002; Barth et al., 2005; Tong et al., 2011). This model has recently been used to perform a metabolomic analysis upon HCV infection (Sun et al., 2013). In this study, the authors performed comprehensive metabolomics profiling and pathway analysis of large biological data sets in order to identify signaling pathways associated with HCV infection, but the HCV infection level of the animals was not clearly stated. Another study assessed the protective effect of xanthohumol, a main prenylated chalcone from hops, on HCV-induced hepatitis (Yang et al., 2013). Even though the authors were able to detect liver injury and HCV Core protein expression in the liver of HCV inoculated animals, neither serum HCV RNA nor anti-HCV antibodies could be detected. Indeed, despite the development of chronic liver disease in some animals, the infection rate of tupaia is weak and viremia appears to be low and rarely sustained (Xu et al., 2007; Amako et al., 2010; Table 1). Moreover, the limited availability of these animals, their cost of housing and the absence of tupaia-specific reagents to assess HCV-host interactions in this model still limit the use of tupaia for the study of HCV pathogenesis and vaccine design. The development of tupaia-adapted viruses may be one strategy to make this model more efficient and robust.

RODENT MODELS OF HCV INFECTION

Mice and rats are naturally resistant to HCV infection as rodent hepatocytes do not support HCV entry and replication (Ploss et al., 2009; Dorner et al., 2011). It is worth noting that in contrast to the early steps of the viral life cycle, HCV assembly and release do not appear to be restricted in mouse cells (Long et al., 2011; Vogt et al., 2013). With the advent of transgenic technology different mouse models for the study of HCV infection could be engineered. Several transgenic mice carrying different parts of the HCV genome were the first available mouse models to study HCV-host interactions (reviewed in Lerat et al., 2011; Billerbeck et al., 2013). These mice display liver pathologies mimicking human disease, principally steatosis and primary liver cancer. However, in contrast to the human setting, as the mouse immune system tolerates the transgenically expressed viral proteins, liver pathogenesis establishes in the absence of local inflammation. Moreover, the absence of active HCV RNA replication in these mice precludes the study of HCV infection. Research efforts thus further focused on developing rodent models supporting productive HCV infection mainly by humanizing mice or rats to render them permissive to HCV. Humanization can be achieved by two different strategies: (i) xenografting human cells or (ii) transgenesis.

THE uPA-SCID MOUSE MODEL

These immunodeficient (SCID) mice with hepatocyte-lethal phenotype due to the overexpression of the urokinase-type plasminogen activator (uPA) transgene in their liver can be efficiently engrafted with primary human hepatocytes in order to initiate infection with HCV (Table 1). The uPA-SCID mouse model was for the first time described more than 10 years ago (Mercer et al., 2001). It has been shown that the liver of these chimeric mice can be nearly completely repopulated by the transplanted human hepatocytes (Tateno et al., 2004). Such human liver chimeric mice then become susceptible to HCV infection. Following viral inoculation, HCV titers of more than 107 IU/mL can been observed (Hiraga et al., 2007; Vanwolleghem et al., 2010) and viral infection can be sustained up to 10 months (Mercer et al., 2001). As for chimpanzees, in addition to HCV-positive patient-derived serum of different genotypes (Mercer et al., 2001; Hsu et al., 2003; Bukh et al., 2010), HCVcc may also be used to inoculate these mice (Lindenbach et al., 2006; Akazawa et al., 2013) and this thus enables researchers to study a wide variety of different inocula.

The uPA-SCID model has been extensively used to evaluate different strategies to prevent or treat HCV infection. Targeting cell entry of the virus is one of these approaches. HCV entry is a crucial step to establish infection and can be blocked by using neutralizing antibodies binding to the virions or by monoclonal antibodies (mAbs) targeting host entry factors. Studies using neutralizing antibodies purified from blood of a genotype 1a infected patient demonstrated the efficacy of this approach to inhibit viral infection with homologous and heterologous HCV strains (Vanwolleghem et al., 2008; Meuleman et al., 2011b). Another study assessed the potential of neutralizing mAbs from a phage display library constructed from the bone marrow mononuclear cell RNA of a chronically infected patient (Law et al., 2008). These antibodies have been shown to bind to the HCV envelope glycoprotein E2 and to exhibit broadly cross-neutralizing activity against heterologous HCV quasispecies in the uPA-SCID model. In addition to antibodies targeting the virus, HCV entry can also been inhibited by targeting host factors essential for this process (Zeisel et al., 2013). MAbs against the HCV entry factors CD81 (Meuleman et al., 2008) and SR-BI (Lacek et al., 2012; Meuleman et al., 2012) have been successfully tested in the chimeric uPA-SCID mouse model and were proven to be efficient at inhibiting HCV infection in challenge studies with different genotypes. Moreover, chimeric-liver mice that were already infected for 3 days could still be efficiently treated with five injections of 400 μg of anti-SR-BI mAb (Lacek et al., 2012; Meuleman et al., 2012). The uPA-SCID model has also been successfully used to assess the efficacy of small molecule drugs (Lupberger et al., 2011; Sainz et al., 2012) and various other molecules targeting host entry factors (Matsumura et al., 2009; Meuleman et al., 2011a). Indeed, administration of the clinically approved drug erlotinib, which specifically targets the tyrosine kinase activity of epidermal growth factor receptor (EGFR), significantly delayed the kinetics of HCV infection with a genotype 2a infectious serum (Lupberger et al., 2011). Another study showed that pretreatment with ezetimibe, an antagonist of the HCV co-entry factor Niemann-Pick C1-like1 (NPC1L1), could prevent infection of some chimeric mice infected with a genotype 1b virus (Sainz et al., 2012).

Moreover, the uPA-SCID mouse model has also been efficiently used to assess the efficacy of recently developed DAAs specifically targeting HCV encoded proteins required for viral replication. One of the first HCV protease inhibitor, BILN 2061, has been evaluated by Vanwolleghem et al. (2007) in this mouse model. Although the authors could see a very rapid viral load decline of about 2.5 log10 after a 4-day treatment, they also observed a deteriorating effect of this compound on the mouse cardiomyocytes. This latter observation confirmed results already seen in rhesus monkeys where BILN 2061 also induced cardiotoxicity (Reiser et al., 2005). Of note, the clinical development of BILN 2061 was halted due to these toxic effects. More recently, the clinically licensed NS3-4A protease inhibitor telaprevir has been evaluated in this model, alone (Kamiya et al., 2010) or in combination with the NS5B inhibitor MK-0608 (Ohara et al., 2011). Furthermore, a study by Shi et al. (2013) evaluated the antiviral activity of different combinations of DAAs against genotype 1b, 2a, and 2b in these mice. The authors assessed the effect of the NS3 protease inhibitor BMS-605339, the NS5A inhibitor BMS-788329 and the NS5B non-nucleoside analog inhibitor BMS-821095 and showed that different combination therapies were very efficient against genotype 1b virus but not against genotype 2a or 2b strains. Quasispecies population before and after treatment as well as selection of mutations leading to the appearance of resistant variants were also analyzed by ultra deep sequencing in these animals (Shi et al., 2013). Furthermore, several other compounds with an effect on viral replication have also been tested with success as monotherapy against HCV infection (Nakagawa et al., 2007; Kneteman et al., 2009; Narjes et al., 2011).

The uPA-SCID mouse model has further been used to study the relevance of the genetic polymorphism near the interleukin-28B (IL-28B) region described to be associated with a better response to IFNα and ribavirin in patients (Ge et al., 2009; Suppiah et al., 2009; Tanaka et al., 2009). In this study, Watanabe et al. (2012) showed that there was no significant difference in response to IFNα treatment in mice with human hepatocytes with different types of polymorphism indicating that the effect observed in patients was attributable to their immune responses, since these mice do not have an adaptive immune system.

Although the uPA-SCID mouse model has proven its usefulness and has become relevant for the preclinical evaluation of novel antiviral compounds, this model has several limitations. Indeed, these mice are very fragile and have to be engrafted within the first weeks of life given that these animals are born with a hepatocyte-lethal phenotype (Meuleman et al., 2005; Vanwolleghem et al., 2010). Moreover, the uPA transgene can be deleted in some mice leading to the restoration of a wild-type phenotype and thus loss of the human hepatocyte graft (Sandgren et al., 1991). Another drawback of this model is the absence of a functional adaptive immune system. Due to the severe combined immunodeficiency background, these mice are deficient in functional mature T and B cells. Therefore, they cannot be used for the study of adaptive immune responses or for the evaluation of vaccines. Nevertheless, this model is not devoid of innate immunity and has been used to decipher HCV specific innate immune responses (Walters et al., 2006).

The Fah-/- Rag2-/-γ-c-/- (FRG) MOUSE MODEL

In order to overcome some of the limitations of the uPA-SCID mouse model, another model has been developed using immunodeficient mice with genetic alterations leading to a hepatocyte-lethal phenotype. These “FRG” mice are deficient for the Rag2 recombinase and the common γ-chain of the interleukin receptors, leading to a more profound immunodeficiency (Goldman et al., 1998; Mazurier et al., 1999). Moreover, they are deficient for the tyrosine catabolic enzyme fumarylacetoacetate hydrolase (Fah), which leads to liver degeneration (Grompe et al., 1993, 1995; Overturf et al., 1996). In this model, liver degeneration can be prevented as long as the 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) drug is provided to the mice. Thus, the time of transplantation of human hepatocytes is easier to control than in the uPA-SCID mouse model since it can be done at anytime in adult mice upon drug withdrawal. Moreover, in contrast to the uPA-SCID mouse model, spontaneous reversion of the hepatocyte-lethal phenotype does not occur since there is a full deletion within the Fah encoding gene (Grompe et al., 1993).

Upon NTBC withdrawal, FRG mice can be efficiently transplanted with human hepatocytes to obtain liver repopulation (Azuma et al., 2007; Bissig et al., 2007). Moreover, Bissig et al. (2010) successfully infected these transplanted mice with a genotype 2a HCV JFH-1 strain, a clinical isolate of HCV genotype 1a and chimeric genotype 1a/2a and 1b/2a viruses. Up to now, this study is the only one reporting HCV infection in the FRG model. Although this chimeric liver mouse model has so far been less extensively used than the uPA-SCID model, it should be as efficient to allow preclinical evaluation of antiviral compounds (Table 1) and several reports using this model are expected within the next years.

Like the uPA-SCID mouse model, the FRG model suffers from a lack of an immune system. Due to the Rag2 and γ-c deficiencies, these mice do not harbor T-, B- and NK-cells. These animals are therefore not more suitable than the uPA-SCID mice for the study of HCV immunopathogenesis and for the development and evaluation of vaccines.

AFC8-huHSC/Hep MICE

Recently, another model of HCV permissive mice has been developed to overcome the lack of immunity intrinsic to the uPA-SCID and FRG models. This model is based on immunodeficient Balb/c Rag2-/-γ-c-/- (BRG) mice that have been genetically modified to overexpress in the mouse liver a fusion protein of the FK506 binding protein (FKPB) and caspase-8 under the albumin promoter (AFC8; Washburn et al., 2011). Injection of AP20187 induces the homodimerization of the caspase-8 active domain leading to a suicidal activity of this enzyme and thus death of mouse hepatocytes (Pajvani et al., 2005). This induced hepatodeficiency improves the engraftment of human hepatocytes. These transgenic mice can therefore be transplanted, within the 5 first days of life, with human hepatocyte progenitor cells and CD34+ hematopoietic stem cells derived from the same fetal liver allowing human leukocyte antigen (HLA) matching between these cells. Following injection of AP20187, the authors demonstrated development of human immune cells and human hepatocytes in these mice. About 50% of these AFC8-huHSC/Hep mice were subsequently effectively infected with patient serum-derived HCV of genotype 1a but HCV RNA could only be demonstrated in the liver of these animals. No HCV RNA was detected in the blood of infected mice. Despite this absence of viremia, the authors observed human immune cell infiltration in the liver of HCV+ mice as well as HCV-specific CD4 and CD8 T cell responses. Specific B cell responses could not be observed in these animals. Interestingly, half of these HCV+ mice developed severe portal fibrosis with numerous septa. This was the first report on a small animal model of HCV infection exhibiting development of HCV-specific adaptive immune responses and virally induced immunopathogenesis (Table 1).

Although these mice represent a first breakthrough for the development of a fully immunocompetent mouse model for the study of HCV infection, the absence of serum HCV particles and the lack of fully functional B cells are important issues for the evaluation of potential antiviral drugs and vaccines. Furthermore, the education of the immune system from human HSC is done on the murine major histocompatibility complex (MHC). It is not yet clear whether the selection of human immune cells on mouse MHC will allow proper recognition of HCV infected HLA expressing human hepatocytes and be comparable with the human setting.

Rosa26-Fluc HCV ENTRY FACTOR HUMANIZED MICE

Another model of immunocompetent mice permissive to HCV infection has been developed shortly after the AFC8-huHSC/Hep. In contrast to the previous model, these mice have a fully functional murine immune system and liver. To overcome the species-specific restriction of viral entry and to achieve HCV susceptibility of the mouse liver, the authors targeted the mouse hepatocytes in vivo with adenoviral vectors to express human HCV entry factors CD81, SR-BI, CLDN1, and OCLN (Dorner et al., 2011; Figure 1). About 5% of the murine hepatocytes expressed all four human entry factors upon adenoviral transduction. The Rosa26-Fluc background of these mice allows to detect viral entry by in vivo bioluminescence. Indeed, as HCV does not efficiently replicate in mouse cells (Zhu et al., 2003; Uprichard et al., 2006; Lin et al., 2010), Dorner et al. (2011) engineered the virus to express the Cre recombinase (HCV-CRE). This latter, once expressed in the mouse liver, leads to the activation of a loxP-flanked luciferase reporter in the genome of the Rosa26-Fluc mice (Safran et al., 2003). The emitted photons then reflect viral entry into hepatocytes. This model was successfully used to study for the first time entry of HCVcc chimeras of different genotypes into mouse hepatocytes in vivo.
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FIGURE 1. Currently explored approaches aiming at developing new animal models for the study of hepatitis C virus infection. From left to right: xenotransplantation of human cells, genetic humanization by expression of defined human specific factors, viral adaptation of HCV to mouse cells. HLA transgenic mice can be crossed with the different models in order to improve immune responses.



The authors also assessed the efficacy of anti-CD81 and anti-E2 antibodies on HCV entry as well as a prophylactic vaccine based on recombinant vaccinia virus encoding HCV proteins from Core to NS2 of genotype 1a. With this vaccine approach, robust titers of anti-E2 antibodies and a decreased susceptibility to heterologous challenge with HCV-CRE harboring structural proteins of genotypes 1b, 2a, or 4a was observed. This is the first report of the usage of a fully immunocompetent small animal model for the study of HCV infection and, so far, this model is the only available mouse model for combined immunization and challenge studies. This is also the only mouse model with a perfect MHC matching between the immune system and infected hepatocytes, which would allow a better understanding of the entire immune responses induced by the virus (Table 1).

Although conceptually markedly advancing the field, the humanized Rosa26-Fluc model still has its limitations. First, there is no virus production by the infected mouse hepatocytes due to inefficient viral replication in these cells. This makes this model unsuitable for the evaluation of DAAs or antivirals targeting the assembly and egress steps of the viral life cycle. Moreover, the usage of adenoviral vectors to introduce the human entry factors into mouse hepatocytes leads to the induction of an immune response against the vector. This renders the study of HCV-specific immune responses difficult since the induction of interferon stimulated genes (ISGs) and a rapid NK cell-mediated innate immunity lead to the loss of adenovirus-transduced hepatocytes and therefore to the loss of HCV infected cells. Thus, it is not possible to study HCV-induced immunopathogenesis in this model. This model is currently being extended by developing transgenic mice stably expressing the human HCV entry factors and ultimately further engineering the mouse hepatocytes to support HCV replication. A first transgenic mouse expressing human CD81, SR-BI, CLDN1, and OCLN did not appear to be susceptible to HCV entry (Hikosaka et al., 2011) but technical limitations may have precluded detection of viral entry in this study. Follow-up studies using human entry factor transgenic mice are thus awaited to assess the potential of such mice for further studying HCV pathogenesis.

IMMUNOCOMPETENT RAT MODEL

Another immunocompetent small animal model susceptible to HCV infection was generated using rats tolerant to human hepatocytes (Ouyang et al., 2001). Fetal rats were intraperitoneally injected with human hepatoma Huh7 cells between 15 and 17 days of gestation in order to induce a specific tolerance of the rat immune system toward these cells. This tolerance allows the transplantation of Huh7 cells via an intrasplenic injection in newborn rats, within 24 h of birth. This results in survival of these cells without rejection by the rat immune system as demonstrated by human albumin detection in the liver as well as in the serum of the tolerized transplanted rats (Ouyang et al., 2001). These rats may then be inoculated with serum-derived HCV of genotype 1 one week after transplantation and are able to develop transient viremia as shown by an HCV viral load of 2 × 104 copies/mL by week 12 (Wu et al., 2005). Infected animals where characterized by inflammation of the liver as demonstrated by elevated serum alanine aminotransferase with a peak at week 13 as well as by mononuclear cell infiltration in the liver (Table 1).

Unfortunately, the set-up of this model is difficult since the intraperitoneal injection in fetal rats is challenging. Moreover, this model is limited by the fact that the transplanted cells are not primary human hepatocytes but a human hepatoma cell line. Furthermore, the number of transplanted cells is low and viremia remains weak, around 2 × 104 copies/mL, in comparison to viral loads observed in HCV-infected patients or human liver chimeric mice. Despite the fact that this animal model is immunocompetent and can be infected with HCV, the mismatch between human HLA and rat MHC prevents the study of adaptive immune responses against infected hepatoma cells. It is worth noting that this model has not been extensively used so far and only one publication reported its usage (Wu et al., 2005). Further reports would thus be useful in order to compare the potential of this model to the potential of the different mouse models to study HCV pathogenesis and assess antiviral strategies.

FUTURE DIRECTIONS

In the past years, much progress has been made in developing novel animal models for the study of HCV-host interactions. The major drawbacks of the different small animal models described so far are (i) absent or not fully functional adaptive immunity, (ii) low-level viral replication and absent viremia and consequently (iii) absent or low fibrosis and no cirrhosis. The uPA-SCID and FRG models both lack T and B cells. The AFC8-huHSC/Hep model is characterized by a human immune system educated on murine MHC molecules and absent viremia. The Rosa26-Fluc model has matched murine immune cells and hepatocytes but these latter are unable to efficiently replicate the viral genome and to egress the virus. Finally, the immune system of the immunocompetent rat model does not match the HLA molecules at the surface of the transplanted human hepatoma cells. Thus, additional immunocompetent mouse models need to be developed to study different aspects of HCV pathogenesis in the context of robust viral replication. So, ultimately, what would be the best model to study HCV infection? Different lines of development are currently pursued: (i) adapting the virus to mice to allow the virus to accomplish its entire life cycle in mouse hepatocytes, (ii) further humanizing mice to render these animals permissive to HCV and (iii) combining these two approaches (Figure 1).

HCV-ADAPTED IMMUNOCOMPETENT MOUSE MODEL

Given that mouse hepatocytes are resistant to HCV infection, a possibility to overcome this species-specific restriction of viral infection without genetically engineering the host is to adapt the virus to mouse cells, i.e., develop a virus able to complete its whole life cycle - entry, translation, replication, egress – in normal mouse hepatocytes (Figure 1). Bitzegeio et al. (2010) have explored this trail by the selection of a HCV Jc1-derived mutant (genotype 2a) adapted to the murine entry factor CD81. In contrast to wild-type Jc1, this HCV mutant is able to enter cells expressing mouse CD81. However, despite efficiently entering mouse cells, this selected HCV strain is unable to replicate in mouse hepatocytes, indicating that host factors limit productive infection downstream of virus cell entry (Bitzegeio et al., 2010). Several lines of evidence indicate that innate immune responses interfere with HCV replication and although HCV has evolved strategies to evade innate immunity in human cells, this may be less efficient in mouse cells (Lin et al., 2010; Billerbeck et al., 2013; Schoggins and Rice, 2013; Vogt et al., 2013). So potentially the selection of a mouse innate immune response-insensitive HCV strain might overcome the limitations imposed by mouse hepatocytes and lead to the development of viremia in immunocompetent mice. However, even though such a model might be achievable, it will remain to be determined to which extent it would be comparable to HCV infection in humans.

In order to mimic more precisely the human immune response, it might be of interest to use HLA expressing mice (Pajot et al., 2004), in line with a recent study where hepatitis B virus genome was introduced into the liver of HLA-A2/DR1 mice (Dion et al., 2013). However, the main limitation of such an approach is the fact that it will be very difficult to mimic the variability of HLA combinations present in humans. Thus, efforts should focus on defined HLA transgene combinations. Nevertheless, there is no certainty that the mouse immune responses developed against the virus would be comparable to those observed in human (Mestas and Hughes, 2004).

Therefore, another strategy to generate a fully immunocompetent mouse model for the study of HCV infection is to focus on the development of mice with humanized immune system and humanized liver (hu-IS/hu-Hep mice).

HUMAN IMMUNE SYSTEM – HUMAN HEPATOCYTE CHIMERIC MOUSE MODEL

The optimal way to assess the role of the immune system in response to HCV infection and to explore virus-induced immunopathogenesis in a setting comparable to humans would be to use mice harboring both human immune cells and human hepatocytes (Figure 1). The study by Washburn et al. (2011) described above paved the road to the development of such an animal model. However, the selection of human immune cells on murine MHC instead of HLA molecules may have precluded the development of very efficient T and B cell responses. An alternative approach would thus be to use hepatodeficient and immunodeficient HLA-expressing mice in order to allow the engraftment of HLA matched human hematopoietic stem cells (hHSC) and human hepatocytes. The selection of immune cells on HLA molecules and the recognition of the hepatocytes as being from self might give a better view of the immune response against HCV and allow the design of efficient vaccines and new therapeutic products.

Unfortunately, the development of all hematopoietic compartments from hHSC in mice is not efficient because of the inability of several mouse cytokines to stimulate human cells (Manz, 2007; Legrand et al., 2009). In order to ameliorate the immune reconstitution from hHSC, several approaches have been attempted using injection of exogenous recombinant cytokines or by creating transgenic or knock-in mice (reviewed in Willinger et al., 2011). However, to achieve a complete human immune reconstitution, several different human cytokines and growth factors would be necessary. Moreover, several mouse strains with different genetic backgrounds reject transplanted human cells because of the inefficient interaction between human CD47 and the mouse signal-regulatory protein alpha (SIRPα) expressed on macrophages (Takenaka et al., 2007). This inability of human CD47 to interact with mouse SIRPα leads to activation of the phagocytic activity of macrophages (Takizawa and Manz, 2007). In line with this observation, it has been shown that human progenitor cells expressing mouse CD47 can efficiently be engrafted in BRG mice leading to a better homeostasis of T- and NK-cells in lymphoid organs (Legrand et al., 2011). Similarly, the same BRG background, which is one of the most efficient to allow hHSC transplantation, has been used to create human SIRPα transgenic mice in order to improve engraftment of hHSC (Strowig et al., 2011). In order to avoid genetic manipulations and selection procedures of the cells to be transplanted, which can be in limited number at the time of the graft, other genetic backgrounds have been investigated for their efficiency to accept xenogenic transplantations. This lead to the selection of the non-obese diabetic (NOD) background which appears to be the best recipient for hHSC transplantation. Indeed, this strain exhibits a polymorphism of the gene encoding SIRPα, allowing a more efficient binding to human CD47 (Takenaka et al., 2007; Takizawa and Manz, 2007; Yamauchi et al., 2013). Therefore, the NOD background may be more suitable to introduce xenogenic cells without the need of genetic modification in order to achieve high degree of chimerism (reviewed in Ito et al., 2008). The recent advances in the field of induced pluripotent stem cells (iPS) may allow in the future to develop a mouse model engrafted with iPS-derived hepatocytes and HSC from the same donor (Espejel et al., 2010; Huang et al., 2011; Liu et al., 2011; Sekiya and Suzuki, 2011; Schwartz et al., 2012; Wu et al., 2012). This might overcome the issues of HLA-matching between the immune system and hepatocytes but will not resolve HLA matching with the host. However, this strategy using iPS cells, which could be available in large amount, would be easier to implement than the use of hHSC and fetal hepatocytes which are more complicated to access due to ethical reasons.

The hu-IS/hu-Hep mouse model would certainly be the best model to assess the immune responses against HCV, to decipher more deeply the immunopathogenesis developed during chronic infection, to explore HCV-host interactions during acute infection and to unravel the mechanisms leading to virus eradication as well as to develop vaccines and new therapeutic approaches.

GENETICALLY HUMANIZED MOUSE MODEL

Another explored approach in order to develop an immunocompetent mouse model of HCV infection relies on genetic modifications of mice by introducing essential human specific factors for the viral life cycle (Figure 1). It has previously been shown that viral entry, the first step of HCV infection, requires the presence of at least two human cell surface factors, CD81 and OCLN (Ploss et al., 2009). The study by Dorner et al. (2011) described above has shown that adenoviral expression of human entry factors in mouse liver enables viral entry into murine hepatocytes in vivo. HCV RNA replication thus appears to be the next and last essential step to overcome in mouse cells in order to reconstitute the entire viral life cycle since mouse cells are able to support viral assembly and egress (Long et al., 2011). Indeed, it has been shown that viral RNA is translated in mouse cells but is unable to replicate efficiently (McCaffrey et al., 2002; Dorner et al., 2011). It is worth noting that several studies have shown that HCV replicons can replicate in murine cell lines (Zhu et al., 2003; Uprichard et al., 2006; Frentzen et al., 2011), indicating that there are no dominant murine inhibitory factors implied in the low replication of HCV in mouse cells and that murine orthologs of host factor required for viral replication are able to participate in the full life cycle of HCV. The activation of mouse innate immune responses may thus most likely be responsible for the limited HCV replication in mouse cells (Schoggins and Rice, 2013). Indeed, it has been shown that inactivation of several antiviral cellular molecules involved in innate immunity enhances HCV replication and allows HCV production by mouse cells (Chang et al., 2006; Lin et al., 2010; Aly et al., 2011; Vogt et al., 2013). It might thus be wise to ascertain in vivo the relevance of these findings and to generate a mouse model devoid of some of these innate immune pathways or knock-in mice expressing human orthologs of these innate immune mediators.

CONCLUSIONS AND PERSPECTIVES

Since the development of the first small animal model of HCV infection – the uPA-SCID mouse model (Mercer et al., 2001), other increasingly sophisticated models emerged (Wu et al., 2005; Bissig et al., 2010; Dorner et al., 2011; Washburn et al., 2011). Each of these models allowed to significantly advance our understanding of defined aspects of HCV infection and HCV-host interactions and to pave the way for future animal models combining different characteristics and advantages of each model. Although the uPA-SCID mouse model has been most intensively used as a preclinical model in order to assess different classes of antivirals, none of the current models prevails over the others with respect to analysis of all aspects of viral infection (virus life cycle, immune response, pathogenesis, vaccine development…). The combination of different technologies and efforts will ultimately lead to the development of additional models better suited for the study of HCV immunopathogenesis and vaccine development. Given the natural history of HCV infection, requiring decades to evolve toward an HCC, one may consider that obtaining HCV-induced cirrhosis and HCC will be highly challenging in rodents, whose life expectancy is around 2 years. However, numerous models of HCC based on the transgenic expression of HCV proteins have been published (reviewed in Billerbeck et al., 2013), suggesting that HCV infection-induced HCC may be achievable, provided that sufficient host-responses are generated. As the chimpanzee model has to be abandoned in favor of small rodent models, the well known genetics of the mouse and the ease of modification of its genome should put this animal first in line to become the next gold standard for HCV research. Fully mouse or half human, the possibilities remain open. The complementarities of both approaches will raise new perspectives in the field of animal research for HCV and for the development of new therapeutic alternatives. The quest for the “holy Grail” is on, but the road is still long and full of pitfalls.
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Dengue Virus (DV) infects between 50 and 100 million people globally, with public health costs totaling in the billions. It is the causative agent of dengue fever (DF) and dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS), vector-borne diseases that initially predominated in the tropics. Due to the expansion of its mosquito vector, Aedes spp., DV is increasingly becoming a global problem. Infected individuals may present with a wide spectrum of symptoms, spanning from a mild febrile to a life-threatening illness, which may include thrombocytopenia, leucopenia, hepatomegaly, hemorrhaging, plasma leakage and shock. Deciphering the underlining mechanisms responsible for these symptoms has been hindered by the limited availability of animal models that can induce classic human pathology. Currently, several permissive non-human primate (NHP) species and mouse breeds susceptible to adapted DV strains are available. Though virus replication occurs in these animals, none of them recapitulate the cardinal features of human symptomatology, with disease only occasionally observed in NHPs. Recently our group established a DV serotype 2 intravenous infection model with the Indian rhesus macaque, which reliably produced cutaneous hemorrhages after primary virus exposure. Further manipulation of experimental parameters (virus strain, immune cell expansion, depletion, etc.) can refine this model and expand its relevance to human DF. Future goals include applying this model to elucidate the role of pre-existing immunity upon secondary infection and immunopathogenesis. Of note, virus titers in primates in vivo and in vitro, even with our model, have been consistently 1000-fold lower than those found in humans. We submit that an improved model, capable of demonstrating severe pathogenesis may only be achieved with higher virus loads. Nonetheless, our DV coagulopathy disease model is valuable for the study of select pathomechanisms and testing DV drug and vaccine candidates.
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INTRODUCTION

Dengue Virus (DV), the causative agent of dengue fever (DF), is the most important vector-borne human pathogen, infecting between 50 and 100 million people annually (Who, 2012). Moreover, DF is an escalating human problem that is increasingly spreading across the globe and extending in seasonality. This recent growth is attributed to the expansion in the niche of the virus-transmitting vectors, primarily Aedes albopictus and Aedes aegypti (Who, 2011). Thanks to the lack of vector control, increased human travel and global warming, DF, once considered a tropical disease, may reach a worldwide distribution.

The majority of DV infections are asymptomatic or mild, but for about a quarter of infected people, disease may present as an illness that is indistinguishable from other febrile diseases or as DF with minor hemorrhagic abnormalities, bone pain, decreases in platelet counts and leucopenia, the most common form of disease. Rarely, people present with the severe forms—dengue hemorrhagic fever (DHF) in which patients display hematomas with a marked thrombocytopenia or extremely low platelet counts and dengue shock syndrome (DSS), a disease similar to DHF but including plasma leakage/heme concentration, pleural effusion and the increased risk of multi-organ failure (Who and Tdr, 2009). Other symptoms (abnormal bleeding, melena, hepatomegaly, vomiting, etc.) have also been reported (Cobra et al., 1995). The majority of severe DHF/DSS cases in endemic countries occur in healthy adolescents 10–24 years of age (Tsai et al., 2012). Early identification of the causative agent and immediate hydration therapy with extensive monitoring of symptoms is important for resolving symptoms and preventing fatal outcomes (Who and Tdr, 2009). There is currently no targeted therapy to modulate disease severity of those most vulnerable.

It has been surmised that factors such as genetic susceptibility, developmental stage, environmental exposures and immune system programming induced by previous infections may predispose young adults to more severe disease (Halstead et al., 2007). Epidemiological data obtained from endemic countries reveal that DHF/DSS most often occurs in people with a secondary antibody response, which has led many to champion the antibody-dependent enhancement (ADE) of infection hypothesis (Endy et al., 2004; Fox et al., 2011). ADE proponents believe that weakly specific, cross-reacting antibodies facilitate virus entry into permissive cells, increasing titers and thus, disease. Though some ADE proponents suggest that dengue-specific antibody increases immunopathology without necessarily enhancing virus replication (Markoff et al., 1991; Lei et al., 2001; Oishi et al., 2003). On the contrary, many reports have failed to demonstrate an association of DHF/DSS with secondary infection (Murgue et al., 1999, 2000; Cordeiro et al., 2007; Guilarde et al., 2008; Libraty et al., 2009; Meltzer et al., 2012). A better association may exist between virus titers and disease severity (Murgue et al., 2000; Libraty et al., 2002). Despite the uncertainty over ADE, it is required that this potential risk factor be considered during the formulation of all vaccines under development (Who, 2011). Standard preventative modalities incorporate representative antigens of each serotype in effort to simultaneously induce protection to all four DV strains.

In the past, vaccines were designed without an exact understanding of the mechanism(s) responsible for disease pathogenesis; this was done by selecting for candidates that reduced viremia and elicited strong antibody responses (Cox, 1953; Togo, 1964). Unfortunately this approach has failed with DV, a pathogen that does not elicit strong humoral immunity in natural infections. Neutralizing antibody to DV can be elicited in a variety of primates (chimpanzees, cynomolgus macaques, African green monkeys, etc.) after primary infection, but they are often weak and short-lived (Scherer et al., 1978; Bernardo et al., 2008; Martin et al., 2009). In addition, protection from viremia has been reported in rhesus macaques that develop poor neutralizing antibody titers (Scott et al., 1980; Putnak et al., 1996) and after the response waned (Raviprakash et al., 2000). Interestingly, some evidence suggests that humans may also be protected from disease during high viremia without ever developing specific antibodies (Stramer et al., 2012; Perng and Chokephaibulkit, 2013); these observations raise concern that neutralizing antibody quantification is not the best approach to evaluate vaccine efficacy.

A more thorough understanding of the mechanisms contributing to disease and protection in humans is clearly needed to accelerate progress toward better drug and vaccine candidates. Severe disease is known to arise after the clearance of viremia, suggesting that DHF/DSS and lethality are more likely immune than viral-mediated (Who and Tdr, 2009). In fact, immune activities elicited via antibodies (Saito et al., 2004), complement (Avirutnan et al., 2006) and T cells (Green et al., 1999) have been associated with disease in human studies. Importantly, the delay in severe disease presentation until late after infection limits our ability to interrogate early events that set the stage for immunopathogenesis. Thrombocytopenia, plasma leakage, and coagulation abnormalities appear to be the critical phenomena to prevent in patients, but the events preceding these phenomena have been incompletely elucidated. Carefully controlled experiments performed in relevant animal models are needed to explore the dynamics of hematological dysfunction and other factors potentially involved in dengue disease. Unfortunately an adequate animal model that is capable of recapitulating human disease is largely unavailable.

DEVELOPMENT OF DV INFECTION ANIMAL MODEL SYSTEMS

The search for animal model systems began in the early 1900s, far before the availability of cell culture techniques to propagate or quantify virus stocks. Pathogens had to be amplified in animals that were permissive and quantified by mortality studies. Unfortunately none of the animals tested (hamster, mouse, rat, lizard, etc.) ever displayed signs of disease, limiting the progress in studying DV (Simmons et al., 1931). The research that was conducted often involved virus propagation in human volunteers, who suffered from typical DF (Simmons et al., 1931). Eventually, a young suckling mouse model inoculated intracranially with DV that displayed mild disease was developed (Sabin and Schlesinger, 1945). This model was quite limited, with paralysis observed only after 3–4 weeks in 10–20% of the mice, but this provided a starting point for virus adaptation and lead to the first small animal infection model.

MOUSE MODEL

There are a number of mouse breeds that have been employed in DV investigations–wildtype, engrafted-SCID, AG129, RAG-hu, and the NOD/SCID/IL-2Rγ/human CD34 transplant or humanized mouse (Lin et al., 1998; Kuruvilla et al., 2007; Zhang et al., 2007; Mota and Rico-Hesse, 2011; Zompi et al., 2011). AG129 mice have been the most commonly utilized strain; they are highly susceptible to dengue, replicate virus to high titers and display vascular leakage (Shresta et al., 2006; Zompi and Harris, 2012). The NOD/SCID/IL-2Rγ mice reconstituted with human CD34+ cells are infrequently used but have the greatest potential as future mouse models. These animals demonstrate several symptoms of human disease (fever, erythema, thrombocytopenia) (Mota and Rico-Hesse, 2011; Cox et al., 2012).

However, the symptomatology observed with inbred, immune-compromised mice differs from that seen in humans, likely because of the susceptibility of various cell lineages and the extensive differences in immune system dynamics (Nussenblatt et al., 2010). AG129 mice predominantly display neurological symptoms and splenomegaly (Schul et al., 2007; Zompi and Harris, 2012) and engrafted-SCID mice present with paralysis (Zompi and Harris, 2012). While the humanized mouse may be the closest to replicating patient pathology, there still remain a few caveats to using this model. Challenges involved in humanized mouse preparation and data interpretation are compounded by the considerable mouse-to-mouse variation observed (Akkina et al., 2011). Additionally this mouse model, with murine stroma and endothelium, cannot completely mimic the immune response of humans. A number of mechanisms suspected to play critical roles in dengue pathology are differentially regulated in these mice. Processes that are dependent on stromal cell interactions, such as B lymphocyte maturation and specific antibody production (Akkina, 2013), and involve endothelial microparticle signaling, such as the coagulation cascade (Mairuhu et al., 2003; Lynch, 2007), may unfold differently in these mice and lead to alternative outcomes. The human CD34+ engrafted mouse model system can provide a great starting point in interpreting important biological processes involved in human DV disease but results will still need to be confirmed in non-human primate (NHP) species.

NON-HUMAN PRIMATE (NHP) MODELS

It has been hypothesized that the close genetic relationship between primates and humans and the presence of a comparable immune responses make NHPs the best models for studying DV. While this may be, NHPs have been particularly unreliable at modeling DV pathology, producing mild symptoms at best (Scherer et al., 1972; Halstead et al., 1973b). Monkeys thus far appear to be incapable of succumbing to life-threatening DV disease. However, several Old and New World primate species are in fact permissive to experimental DV infection (Scherer et al., 1978; Schiavetta et al., 2003; Onlamoon et al., 2010; Yoshida et al., 2012). A recently published review detailed the characteristics of viremia in many of these species (Hanley et al., 2013). Table 1 summarizes the pathology and immunopathology observed thus far in ~20 NHP species from 15 different genera.

Table 1. Summary of in vivo DV studies.
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The most consistent pathological finding in these animals have been lymphadenopathy of the inguinal and auxiliary lymph nodes (Halstead et al., 1973a; Marchette et al., 1973; Scherer et al., 1978; Schiavetta et al., 2003). In one species, Chlorocebus aethiops sabaeus, the absence of lymphomegaly (Martin et al., 2009) and in a few reports, splenomegaly (a rare symptom in humans) were noted (Scherer et al., 1978; Schiavetta et al., 2003). Fever is a valid parameter to assess, but its recording in DV-infected primates is logistically difficult, and is therefore rarely reported (Scherer et al., 1972). NHPs in general have higher body temperatures and greater variability than human bodies (Scherer et al., 1972; Fuller et al., 1985), so unless readings are measured on awake animals by telemetry, the anesthesia used profoundly alters the body's temperature, making accurate readings impossible (Baker et al., 1976). Another human dengue symptom, cutaneous rashes, are not commonly observed in primates but may be underreported; also tourniquet tests are never performed on primates to assess capillary fragility. Behavioral changes, like lethargy, have been documented in only a few studies (Chandler and Rice, 1923; Scherer et al., 1978; Schiavetta et al., 2003). In general, primates kept and bred in captivity rarely display overt disease.

Despite the low incidence of pathology observed in these studies, dengue infections in primates share many characteristics with human disease. The onset and duration of viremia is similar to humans, or about 3–6 days starting from the second day after inoculation (Freire et al., 2007; Koraka et al., 2007). Leucopenia has been observed (Onlamoon et al., 2010). Thrombocytopenia has never been captured in NHPs, likely because of their naturally high platelet counts, but moderate platelet decreases have been document in M. mulatta (Halstead et al., 1973a; Onlamoon et al., 2010). A DV-induced reduction of dengue-specific antibodies during the early phases of secondary homologous infection, a phenomenon observed in viremic patients, has been seen in marmosets (Omatsu et al., 2011). The anti-dengue antibodies that are elicited in primates are highly cross-reactive against other closely related flaviviruses (Scherer et al., 1978). DV infection of monkeys elicits a vigorous innate response (Sariol et al., 2007) leading to activation and marked shifts in circulating subsets of T, NK, and NK-T cells in the marmoset model (Yoshida et al., 2013). The role of DV specific cell-mediated responses in NHP models has received relatively less attention, although some studies reported recognition of non-structural proteins in addition to viral components by both CD4+ and CD8+ T cells (Koraka et al., 2007; Mladinich et al., 2012). However, such responses have been difficult to detect in immunized monkeys, even in those that show protection from challenge (Chen et al., 2007; Porter et al., 2012).

The similarities observed in these studies imply that primates may present with more suitable symptoms than mouse models upon further manipulation. A comparison of the benefits to using the NHP and murine animal models is given (Table 2). Several strategies to improve the NHP model may be explored—for instance increasing the number of permissive cells or altering the immune environment. Here we discuss boosting viremia with different virus delivery strategies.

Table 2. Relative advantages in using primate and murine model systems to study DV disease.
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VIRUS DELIVERY

Only a limited number of studies have attempted determining the infectious dose delivered during natural dengue infection. One study suggests the amount of DV transmitted by A. aegypti ranges from 1 × 104 to 1 × 105 (Gubler and Rosen, 1976). However, there are disagreements over the best methods to conduct such studies; the controversial points include mosquito species, generation number, feeding strategy, infection method, incubation temperature and length, virus strain and technique used to quantify transmitted virus. All these variables have the potential to affect the infection dynamics and alter the conclusions of the study (Chamberlain et al., 1954; Grimstad et al., 1980; Mellink, 1982; Watts et al., 1987; Colton et al., 2005; Smith et al., 2005). Some studies have suggested levels as high as 1 × 108.7 genome equivalents or almost 1 × 107 PFUs can be transmitted, though rarely (Colton et al., 2005; Styer et al., 2007). Currently we know as few as 1000 PFUs can cause viremia and disease symptoms in humans (Sun et al., 2013). Ultimately the natural inoculum dose is more suggestive of the amount of virus needed for continual DV transmission in vivo and does not necessarily reflect the quantity required for disease induction. Viremia levels and disease may be less dependent on inoculum size and more contingent on host-pathogen interactions. These matters should be considered when modeling DV infection in animals.

Virus delivery to the proper tissues is important for inducing the appropriate interactions with the host and promoting disease presentation. DV deposition is believed to occur exclusively by direct inoculation into the subcutaneous layer by mosquitoes. However, the subcutaneous infection route does not promote adequate virus dissemination (Marchette et al., 1973; Pamungkas et al., 2011). Potentially the virus is restricted by less frequent encounters with migrating cells and immobilization by attachment to extracellular matrix proteins (Anez et al., 2009). Consider that mosquito feeding involves the probing of all layers of skin, including the cutaneous layer and capillaries, to find a blood meal. These tissues are an integral part of the arbovirus-vector lifecycle and are frequently evaluated in transmission studies (Chamberlain et al., 1954; Styer et al., 2007). Virus injected directly into these tissues have better access to and faster dissemination throughout the body, affording the virus more opportunities to rapidly reach distant target cells (Pamungkas et al., 2011). Additionally, pathology induction is likely promoted by rapid viral dissemination and replication in distant cells and organs. This assumption led us to hypothesize that an intravenous infection strategy would favor wide dissemination and allow for rapid simultaneous replication of virus in various tissues, invoking a more pronounced innate immune response, potentially reflective of the human immune environment during high viremia. Although the kinetics of viremia did not markedly differ between subcutaneous and intravenous DV2 infection (Onlamoon et al., 2010; Omatsu et al., 2011), it will be critical to delineate the overall kinetics of DV dissemination to and replication in various tissues and how this relates to the induction of symptoms.

RHESUS MACAQUE MODEL OF COAGULOPATHY

Only a few NHP dengue investigations have reported rashes post-infection (PI) (Lavinder and Francis, 1914; Halstead et al., 1973b; Onlamoon et al., 2010). In most of these studies, hemorrhaging was a rare event. However, our group reported a reproducible coagulopathy disease model in the Indian rhesus macaque when 9 out of 9 monkeys inoculated intravenously with 1 × 107 PFUs of DV2 (16681) displayed evidence of subcutaneous hemorrhage (Onlamoon et al., 2010). The viremia noted in these animals remained at the high end of the range typically reported in other NHP studies and were reached relatively consistently at early time points PI.

The most prominent symptoms observed in our studies with the Indian rhesus macaque were cutaneous hemorrhages, starting at Days 3 and 4 PI and lasting as long as 10 days (Figure 1A) (Onlamoon et al., 2010). In a pilot study using Chinese rhesus macaques, disease presentation with the same virus was more modest, suggesting that these NHPs may be less susceptible to disease. Large hematomas developed in only one of the two primates infected intravenously with DV2 (Figure 1B).
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FIGURE 1. Hematomas are seen in intravenously inoculated rhesus macaques. (A) Indian rhesus macaques were injected intravenously with 1 × 107 PFUs of DV2 16681 as previously reported (Onlamoon et al., 2010). Hematomas of various degrees of severity were present on Days 3 till 14 PI. Prominent ecchymoses were visible in two young male animals, RNell and RYc11, on Day 7. (B) Four Chinese rhesus macaques were injected intravenously (n = 2) or subcutaneously (n = 2) with 1 × 107 PFUs of DV2 16681 strain. Hemorrhaging was only observed in 1 of 2 IV-injected monkeys (GT49), depicted in the picture above on Day 6 PI. No hematomas were observed in subcutaneously inoculated macaques.



The dynamics of various leukocyte subsets were followed longitudinally PI. Similar to human dengue, these animals experienced the typical leucopenia or a modest but consistent decrease in white blood cells that reached a nadir at Day 7 PI, but returned to normal levels by Day 10 (Onlamoon et al., 2010). Platelets also modestly decreased until Day 3, corresponding to the time of peak DV RNA load (Noisakran et al., 2012). While these leukocyte values did not fall out-of-range for macaques the changes were clearly noticeable and consistent. There was also a modest decrease in hematocrit, which resolved with the clearance of viremia at Day 7, in spite of continuous blood and bone marrow (BM) draws (Onlamoon et al., 2010).

A longitudinal monitoring of coagulatory parameters hinted that a number of features may be important for hemorrhage formation (Onlamoon et al., 2010). Increased time to clotting was noted during blood collection of some Indian rhesus macaques, indicating an increased susceptibility toward bleeding. However, thromboplastin and prothrombin times did not indicate abnormal clotting. Protein C and anti-thrombin III levels did not vary from pre-inoculation values, but they were predominantly in the high end of the reference range. Marked elevations were noted for D-dimers, TAT complexes and protein S, with peaks most consistently present on Days 5–10 PI, corresponding to the resolution of viremia. This data requires further confirmation with additional time points, more animals spanning various ages and other DV isolates. However, we submit that we might for the first time have a model to investigate coagulopathy similar to DHF, which can allow for better evaluation of preventative and therapeutic strategies to prevent pathogenesis, not just infection.

Interestingly, analysis of serum chemistry parameters indicated relatively modest changes for all parameters except creatine phosphokinase (CK), which was markedly elevated on Day 7 (Onlamoon et al., 2010). CK is a component in energy metabolism (with multiple isoenzymatic forms: MM, MB, and BB) that are altered in individuals with a number of different illnesses (Roberts and Sobel, 1973; Saks et al., 1978). Heightened levels of CK have been noted in Crimean Congo and Influenza patients (Middleton et al., 1970; Ergonul et al., 2004). Additionally, a recent report confirms elevation of this enzyme in dengue patients and suggests it is linked to muscle weakness/dysfunction during malaise (Misra et al., 2011). However, CK is a non-specific biomarker that is elevated in various conditions, and thus its diagnostic value is limited. Since these enzymes are quite highly elevated during DV infection, there could be a meaningful relationship between CK and disease. CK and creatine phosphates in combination are known as ADP scavengers and participate in modulating platelet activities, such as aggregation (Chignard et al., 1979; Chesney et al., 1982; Krishnamurthi et al., 1984; Jennings, 2009), which may consequently modulate immune cell activation/function and by extension, pathogenesis (Wong et al., 2013).

BONE MARROW (BM) TARGETING

The BM can be involved in hemodynamic defects; alterations in the BM environment may result in altered leukocyte function and contribute to pathogenesis (Wilson and Trumpp, 2006; Duffy et al., 2012). DV has long been known to alter hematopoiesis in human BM (Bierman and Nelson, 1965; La Russa and Innis, 1995). However, collecting BM aspirates from DV patients is contraindicated. Additionally, infections in patients can be misleading due to the variability in disease onset and the uncertainty of sample time points. Experimentation in animal models in which the induction of infection is known allows for better analysis in real time. Our rhesus monkeys were sampled for BM repeatedly on a rotating basis resulting in the collection of at least 3 samples at each time point spanning Days 1–14 PI. This has allowed for us to confirm that BM cellularity is indeed depressed during early acute DV infection (Noisakran et al., 2012). Aspirates were also monitored for the presence of DV in attempts to identify the initial cellular reservoirs of infection. While the general consensus is that DV targets phagocytes, such acquisition could be secondary to amplification in other cell types. In vitro both human and monkey BMs are permissive for DV replication, and similar to in vivo, peak titers differ by 1000-fold (Figure 2) (Clark et al., 2012). Characteristics of the early host cells were also evaluated in our model both in vivo and in vitro (Clark et al., 2012; Noisakran et al., 2012). Of interest DV antigen was primarily detected in CD41+ CD61+ cells during the first 3 days, followed by a gradual shift toward CD14+ phagocytes at later time points, coinciding with viral clearance (Clark et al., 2012). The results suggest that megakaryocytes represent the initial target of DV in BM, rather than a member of the monocytic lineage. Direct infection of these cells may account for the altered megakaryocyte composition (Nelson et al., 1964), impaired platelet function (Srichaikul and Nimmannitya, 2000; Cheng et al., 2009) and the incidence of platelet phagocytosis observed in previous studies (Nelson et al., 1966; Honda et al., 2009; Onlamoon et al., 2010). Platelet activation and function during the course of infection has been under-investigated but may be critical for unraveling the mechanisms responsible for dengue pathology.
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FIGURE 2. Peak DV titers in rhesus macaque BMs is markedly lower than that of humans. BMs were acquired and infected as previously described (Clark et al., 2012). Samples from Days 1 through 14 were quantified by realtime PCR. Human (red) and monkey (green) titers are depicted in RNA copy numbers per ml. The in vitro experimentation of whole BM indicates that human BM is able to produce far more virus than monkey BM. Titers appear to max out on average closer to Day 1 in monkey BM but reach their peak (~1000-fold higher) on Day 3 PI in humans.



PLATELET ACTIVITIES

The role of platelets in the crafting of the immune response is imperfectly defined and only recently becoming recognized (Klinger and Jelkmann, 2002; Ombrello et al., 2010). These anucleated cells are able to associate with and deliver signals to other lineages and shape immune responses. Abnormal platelet behavior during dengue infection may play a significant role in modifying lymphocyte, monocyte and granulocyte function. When platelet-leukocyte interactions were quantified in vivo, macrophages/monocytes appeared to be the most commonly associated cell lineage with platelets (Onlamoon et al., 2010), with a majority of these monocyte-platelet aggregates expressing activation marker CD62P (Onlamoon et al., 2010). This data is reminiscent of other reports linking activated monocytes to disease pathology in humans (Mustafa et al., 2001; Bozza et al., 2008; Durbin et al., 2008).

Platelets binding to neutrophils and lymphocytes were less frequent (Figures 3A–C) (Onlamoon et al., 2010). Only about 20–40% of neutrophils were bound with platelets, with 30–60% expressing CD62P. However, the extend of neutrophil-platelet aggregatation may be underestimated, since these cells are short-lived and other markers for neutrophil (CD11b and CD66b) and platelet (CD154, cleaved PAR1, CD63) activation were not tested (Heijnen et al., 1999; Claytor et al., 2003; Kinhult et al., 2003; Sprague et al., 2008). Lymphocyte-platelet aggregation occurred the least (Figures 3B,C). This was examined with Indian and Chinese rhesus macaques during primary DV2 (16681) infection and in Chinese macaques during secondary DV3 (Hawaii) infection (Figures 3B,C respectively). Since the dominant phenotype of the lymphocyte-platelet aggregate (LymPA) population was CD62P negative, this was the only population evaluated. Chinese and Indian macaques have different baseline levels of CD41+CD61+CD62P− lymphocytes, approximately 2% and 12%, respectively (Figures 3B,C). The average response from 5 Indian macaques suggests that the LymPA population is down-regulated (to about 7%) during infection but returns to normal levels after viral clearance (Figure 3B). In Chinese macaques, there appeared to be higher LymPA frequencies with the IV-inoculated monkeys, ranging up to 8% but only as high as 4% in SC-inoculated primates (Figure 3C). There was a late phase expansion of this population after primary but not after secondary infection. The functional significance of such changes is unclear at the present, but it would be interesting to compare these findings with other viral infections, like influenza, which produce robust long-lived B cell memory responses (Ikonen et al., 2010; Li et al., 2012). It remains to be seen whether this observation represents a common immune phenomenon or a DV specific response, which would potentially open a new line of investigation.
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FIGURE 3. Dynamics of lymphocyte-platelet aggregates (LymPA) during DV infection. Indian and Chinese rhesus macaques were infected as detailed in Figure 1. In addition, the Chinese macaques were challenged 2 months later with DV3 strain Hawaii. Peripheral blood samples obtained on Days 1 through 14 were subjected to flow cytometric analysis with CD45, CD41, CD61, and CD62P fluorescent antibodies. The frequencies of CD45+CD41+CD61+CD62P− cells over time is graphed. (A) Panels to illustrate the gating strategy employed to analyze lymphocyte-platelet aggregates (LymPA). (B) The kinetics of LymPA in Indian rhesus macaques. The top graph displays LymPA frequencies from 3 individual macaques and the bottom graph, the average population frequency from 5 primates. The LymPA population is down-regulated during DV infection in Indian rhesus macaques. (C) LymPA kinetics in subcutaneously and intravenously infected Chinese rhesus macaques during primary DV2 (green line) and secondary DV3 infection (red line). The frequency of LymPA increases late after primary but not after secondary infection.



POTENTIAL REFINEMENTS TO THE COAGULOPATHY MONKEY MODEL

VIRUS SELECTION

While the data obtained with our rhesus macaque model appears promising, many parameters remain to be examined and refined. Arguably, the most important factor to evaluate is different strains. The viruses we used had been propagated extensively in cell culture, and thus the next step will be to evaluate primary DV strains, which are considered more capable of inducing pathology. Interestingly, the earliest DV studies (pre-1940s) in primates were conducted with human-derived virus that had never been propagated through cell culture (Lavinder and Francis, 1914; Chandler and Rice, 1923; Blanc et al., 1929; Simmons et al., 1931), yet these investigations induced minimal overt disease. The human-derived Hawaiian and New Guinea strains from Sabin's work were pathogenic in humans (when inoculated intradermally) but demonstrated no pathology in Rosen's study when inoculated into various primate species via a subcutaneous or intraperitoneal route (Sabin, 1952; Rosen, 1958). In recent studies, a large number of the strains employed were recent clinical isolates minimally passaged in vitro (Freire et al., 2007; Omatsu et al., 2011; Pamungkas et al., 2011; Yoshida et al., 2012). While these viruses are often close in sequence to the original isolate, these strains are not necessarily the most virulent or capable of achieving the targeted pathology in primates (Omatsu et al., 2011) and may require further evaluation before use in vivo.

The major drawbacks of primate models are the logistics and cost. Ideally one would perform preliminary experiments and evaluate strain virulence through a screening tool before in vivo studies with NHPs. Virulence could be assessed by testing the induction of disease in the humanized mouse or potentially by growth characteristics in monkey whole BM. Alternatively, passage of dengue in organisms (humanized mice or rhesus macaques) may ensure that the strain is more fit for these studies. It has been suggested that mouse-passaged viruses are more capable at causing viremia in NHPs than in vitro-passaged strains (Scherer et al., 1972).

Considering the viruses that have already been tested in NHPs, a select few appear promising for future studies. WP-74 (DV1) and S16803 (DV2) caused extreme lethargy in owl monkeys (Schiavetta et al., 2003) but not in cynomolgus (Koraka et al., 2007) or rhesus macaques (Ajariyakhajorn et al., 2005; Robert Putnak et al., 2005). Besides the 16681 DV2 virus, strains 49313 (DV1), 16007 (DV1), and 43283 (DV4) were associated with hemorrhage in previous studies (Halstead et al., 1973b; Scherer et al., 1978). Testing these strains in our Indian macaque model could lead to a more frequent presentation of coagulopathy and models for 3 of the 4 dengue serotypes. For future preclinical vaccine and drug studies, one strain of each serotype that can induce easily quantifiable disease will be needed for better vaccine evaluation.

OTHER PARAMETERS

A number of additional parameters may be manipulated in rhesus macaques that could amplify disease severity. Factors from infected mosquito saliva may potentiate the virus in down-modulating immune responses during the initiation of infection and help raise peak titer levels (Cox et al., 2012; Reagan et al., 2012; Surasombatpattana et al., 2012; Le Coupanec et al., 2013). Mosquito inoculation of DV into NHPs was modeled long ago without inducing much disease (Simmons et al., 1931). However, a number of confounding factors (preexisting immunity, inoculum quality, etc.) were not accounted for in these studies, indicating that this approach is worth revisiting.

Modulation of in vivo cell populations with drug treatments has rarely been attempted (Marchette et al., 1980; Yoshida et al., 2012). Potential treatment of macaques with megakaryocytic growth factors, like thrombopoetin, could increase the number of early permissive targets and enhance peak viral load if indeed megakaryocytes are the primary replication site for DV (Nakorn et al., 2003). General immunosuppression has been attempted but led to chronic viremia, which does not mimic human DV disease (Marchette et al., 1980). Depletion of macrophages, neutrophils or other innate immune responders may enhance titers by altering the dynamics of viral clearance. One previous attempt at CD16+ natural killer cell depletion did not modulate virus titers (Yoshida et al., 2012), although such depletions are generally partial at best. Additionally, various inoculum sizes and alternative inoculation routes may be tested. The intradermal inoculation route was suggested to lead to better virus tissue distribution, but did not result in better dissemination to the BM (Pamungkas et al., 2011). Characterization of these parameters are necessary for the further refinement of the coagulopathy disease animal model.

HOST CHARACTERISTICS OR GENETIC FACTORS THAT INCREASE SUSCEPTIBILITY TO COAGULOPATHY

Epidemiological studies of dengue patient characteristics, including age, sex and genetic polymorphisms have been frequently studied, but none of these findings have been validated in animal models (Loke et al., 2001; Stephens et al., 2002; Cordeiro et al., 2007; Kalayanarooj et al., 2007; Soundravally and Hoti, 2007; Stephens, 2010). In humans, the age of greatest susceptibility to disease is seen in young adults (Tsai et al., 2012). In our Indian rhesus macaques, we have evaluated age as a contributing factor to viremia by comparing the titers of DV when propagated in whole BM in vitro (unpublished data). However, no difference was noted in virus growth kinetics or magnitude related to age of BM donors (n = 11), which spanned 2–15 years of age. In vivo, anecdotal observations suggested that coagulopathy appeared to be more extensive in older female macaques when compared to young males, which were the populations included in the study, although sample size was too low to be conclusive. This nevertheless raises an interesting question about the potential for host factors contributing to the severity of symptoms.

Various MHC alleles, blood group and platelet antigens have been found to be associated with dengue disease and protection (Kalayanarooj et al., 2007; Soundravally and Hoti, 2007; Alagarasu et al., 2013; Weiskopf et al., 2013). Although in general these associations are weak as biomarkers of disease. One of our goals is to assess gene alleles involved with regulating platelet activation and the coagulatory cascade e.g., HPA1, HPA2 for association with disease presentation. Available techniques, such as Macaca mulatta typing and gene expression analyses, will need to be an integral part of future experiments with the rhesus monkey model to facilitate identification of genetic factors involved with dengue-induced abnormal coagulation.

CONCLUSION

The induction of disease symptoms upon the inoculation of DV in primates has been an elusive objective. Recently a coagulopathy disease model was developed using the serotype 2 strain 16681 injected intravenously into Indian rhesus macaques. We submit that this approach provides a strategy for detailed investigation of the mechanisms potentially involved in DHF. Moreover, the model provides an attractive algorithm for testing the efficacy of preventative vaccines and therapeutics that not only limit virus replication but also prevent disease development in vivo. Various host and viral parameters can begin to be evaluated in vivo to help us gain a better understanding of dengue biology and disease pathogenesis. Can pathology be induced in other NHPs by switching to the intravenous route? Will different virus strains promote coagulopathy, or other symptoms? Can we alter other parameters and achieve a more severe disease model? The establishment of this new rhesus macaque infection model has proved insightful on ways to improve disease presentation in primates.
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Human T cell leukemia virus type 1 (HTLV-1) is the etiological agent of adult T cell leukemia/lymphoma (ATLL) and several inflammatory diseases. Tax, the protein encoded by HTLV-1, may be responsible for the development of the diseases caused by this virus. To investigate the pathogenic role of Tax, several transgenic mouse strains expressing Tax have been developed in recent years. These mice develop various tumors including large granular lymphocytic leukemia, as well as inflammatory diseases such as arthritis. These results suggest that Tax expression alone is sufficient to cause both malignant neoplastic diseases and inflammatory diseases. However, until recently, there were no tax transgenic mice that develop T cell leukemia and lymphoma resembling ATLL. The first successful induction of leukemia in T cells was pre-T cell leukemia generated in transgenic mice in which a mouse lymphocyte-specific protein tyrosine kinase p56lck (lck)-proximal promoter was used to express the tax gene in immature T cells. Subsequently, transgenic mice were established in which the lck-distal promoter was used to express Tax in mature T cells; these mice developed mature T cell leukemia and lymphoma that more closely resembled ATLL than did earlier mouse models.
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INTRODUCTION

Human T cell leukemia virus type 1 (HTLV-1) was the first human retrovirus to be isolated (Poiesz et al., 1980). It is estimated that 10–20 million people worldwide are infected with HTLV-1, which is endemic in southwestern Japan, the Caribbean Islands, South America, and Africa. Infection with HTLV-1 can result in an aggressive malignancy known as adult T cell leukemia/lymphoma (ATLL) or in inflammatory diseases, such as HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP), after a prolonged period of latency often lasting between 20 and 50 years (Watanabe, 1997). The lifetime incidence of ATLL among carriers of HTLV-1 was estimated to be 1–5%, whereas that of HAM/TSP was 0.3–4.0% (Verdonck et al., 2007). The lifetime incidence of HTLV-1-associated diseases in general, including ATLL, HAM/TSP, and other inflammatory diseases, such as uveitis, polymyositis, arthropathy, and infective dermatitis, may be close to 10% (Verdonck et al., 2007). However, the reasons why HTLV-1-infected individuals develop different types of diseases and the mechanisms through which HTLV-1 causes these diseases remain unclear. To address these questions, an appropriate animal model is required.

HTLV-1 GENOME

The HTLV-1 genome consists of a diploid plus-strand RNA. Like other retroviruses, the integrated HTLV-1 proviral genome contains long-terminal-repeat (LTR) regions flanking the genes encoding the major structural proteins, gag, pol, and env. The genome also has an extra sequence designated pX. The pX region has four partially overlapping open reading frames designated I, II, III, and IV, which encode the proteins p12, p13, and p30, Rex, and Tax, respectively (Grassmann et al., 2005; Matsuoka and Jeang, 2007). Tax and Rex act in combination to regulate HTLV-1 gene expression and replication in both positive and negative pathways (Yoshida, 2005). p12 is thought to facilitate persistent viral infection (Albrecht et al., 2000). p30 attenuates HTLV-1 transcription by suppressing Tax protein synthesis (Nicot et al., 2004). The role of p13 is currently unclear. The HTLV-1 minus-strand RNA encodes a basic leucine zipper factor (HBZ) and the protein is synthesized in an antisense fashion from the 3′ LTR (Larocca et al., 1989; Gaudray et al., 2002). HBZ inhibits Tax-mediated transactivation of viral transcription (Arnold et al., 2006; Lemasson et al., 2007; Clerc et al., 2008). However, several researchers have reported that HBZ mRNA, but not HBZ protein, could induce T cell proliferation and to promote cell survival (Satou et al., 2006; Arnold et al., 2008). At present, the role of HBZ in HTLV-1 infection is controversial. More recently, Satou et al. (2011) created hbz transgenic mice and reported that more than one-third of these mice developed T cell lymphoma after a long latent period.

The transcription activator protein, Tax, is one of the regulatory proteins encoded by the pX region that has been extensively studied in vitro. Tax is a 40 kDa phosphoprotein that is essential for both viral replication and cellular transformation (Yoshida, 2001; Jeang et al., 2004). Transactivation of Tax is thought to initiate the processes that lead to ATLL or inflammatory diseases (Sun and Yamaoka, 2005; Matsuoka and Jeang, 2007; Currer et al., 2012; Yamagishi and Watanabe, 2012).

tax TRANSGENIC MICE

One of the best ways to investigate the oncogenic role(s) of tax in vivo is to generate a transgenic mouse model expressing HTLV-1 Tax (Table 1). The first HTLV-1 tax transgenic mice, in which Tax was expressed under the control of the HTLV-1 LTR, developed thymic involution, neurofibroma, and early death (Hinrichs et al., 1987; Nerenberg et al., 1987). Studies of these mice indicated that Tax expression alone was sufficient to induce tumorigenesis in transgenic mice. Iwakura et al. subsequently reported a very high incidence of inflammatory arthritis in transgenic mice carrying the HTLV-1 env–pX region (pX transgenic mice) or tax with the HTLV-1 LTR promoter (Iwakura et al., 1991; Habu et al., 1999). Arthropathy develops in pX transgenic mice as early as 4 weeks of age, and inflammatory arthropathy was also reported in another tax transgenic mouse model (Saggioro et al., 1997). These reports suggest that Tax expression induces inflammatory diseases in mice. Other transgenic mice were reported to develop Sjögren’s-like syndrome (Green et al., 1989) and skeletal abnormalities (Ruddle et al., 1993).

TABLE 1. Representative tax transgenic mouse models.
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However, none of these transgenic mouse models developed leukemia and lymphoma. The HTLV-1 LTR was used to regulate tax expression in these models. Other promoters were used in transgenic constructs to restrict tax expression to the lymphoid compartment and establish a better model of ATLL-like malignancies. Grossman et al. (1995) used the granzyme B promoter to drive tax expression in the mature T cell compartment. Those mice developed large granular lymphocytic leukemia, demonstrating that Tax expression alone in the lymphocyte compartment is sufficient for the development of leukemia.

T CELL LEUKEMIA IN tax TRANSGENIC MICE

Tax expression in transgenic mice caused large granular lymphocytic leukemia, but none of the transgenic mice developed T cell leukemia and lymphoma resembling ATLL. Recently, Hasegawa et al. (2006) established transgenic mice in which tax expression was restricted to thymocytes by using the lymphocyte-specific protein tyrosine kinase p56lck (lck)-proximal promoter. These mice developed pre-T cell (CD4-CD8-CD44+CD25+) leukemia and lymphoma. Histological analysis showed diffuse, large-cell lymphomas involving the spleen, lymph nodes, liver, thymus, bone marrow, kidney, lung, meninges, and skin. The histopathological findings were identical to those observed in ATLL patients. The mice were functionally immunocompromised and developed opportunistic infections, which are also characteristics of ATLL. The leukemic cells were transplantable to severe combined immunodeficient mice. These transgenic mice demonstrated that Tax expression in the lymphocyte compartment is sufficient for the development of T cell leukemia and lymphoma. One major difference between these mice and humans with the disease is in the phenotype of the tumor cells, as the most common phenotype in ATLL in humans is CD4+ mature T cells (Watanabe et al., 1997; Matsuoka and Jeang, 2007; Verdonck et al., 2007).

We created a transgenic mouse model of HTLV-1 using the distal promoter of lck to express tax in mature T cells (Ohsugi et al., 2007). The expression of the lck gene is regulated by two distinct promoter elements, a proximal and a distal promoter (Voronova et al., 1987; Perlmutter et al., 1988; Takadera et al., 1989). The lck-proximal promoter is most active in immature thymocytes, whereas the activity of the distal promoter is higher in mature thymocytes and peripheral T lymphocytes (Reynolds et al., 1990; Wildin et al., 1991; Allen et al., 1992). Tax mRNA expression in various organs of the transgenic mice was examined by quantitative real-time RT-PCR. The thymus and spleen strongly expressed Tax mRNA. Over 2 years, 28.1% of the tax transgenic mice developed mature T cell leukemia/lymphoma compared with just 1% of non-transgenic littermates.

PHENOTYPE OF T CELL LEUKEMIA IN tax TRANSGENIC MICE

The final cell specification to the T cell lineage takes place within the thymus. An overview of thymic T cell development is illustrated in Figure 1, and involves a series of distinct stages that can be defined by the expression of cell-surface markers. Early T cells are CD4-CD8- double-negative (DN) and can be further subdivided into DN1 (CD44+CD25-), DN2 (CD44+CD25+), DN3 (CD44-CD25+), and DN4 (CD44-CD25-) stages based on their expression of CD25 and CD44 (Koch and Radtke, 2011). The productive rearrangement of the T cell receptor (TCR) β chain locus occurs during the DN3 to DN4 transition, and leads to the expression of the pre-TCR. Only cells expressing functional pre-TCR proliferate and differentiate into CD4+CD8+ double-positive (DP) cells. However, most DP cells die through negative selection or neglect because their TCRs have too high or too low affinity for peptide–major histocompatibility complex molecule complexes. The cells that mature successfully migrate to the periphery as functional CD4+CD8- or CD4-CD8+ single-positive T cells.
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FIGURE 1. T cell development in the thymus. Hematopoietic stem cells arise in the bone marrow and migrate to the thymus. Early committed T cells do not express CD4 or CD8, and are referred to as double-negative (DN; i.e., CD4- or CD8-) thymocytes. DN thymocytes can be further subdivided into four stages of differentiation (DN1, CD44+CD25-; DN2, CD44+CD25+; DN3, CD44-CD25+; and DN4, CD44-CD25-). At the DN3 stage, DN cells express a pre-T cell receptor (TCR) and its surface expression triggers the upregulation of CD4 and CD8 expression on the cell surface, and progression to the CD4+CD8+ double-positive (DP) stage. DP cells then mature into either CD4+ or CD8+ single-positive (SP) T cells. lck-proximal tax transgenic mice develop pre-T-cell leukemia originating from DN2/3 stage cells, whereas lck-distal tax transgenic mice develop mature leukemia originating after the progression to DP stage cells.



	 
The phenotype of T cell leukemia in lck-proximal tax transgenic mice was CD4-CD8-, but CD44+, CD25+, and CD117- (also known as c-kit-; Hasegawa et al., 2006). These results suggest that the malignant leukemic cells were derived from DN2/3 stage cells in the thymus. Transgenes controlled by the lck-proximal promoter are expressed very early in T cell development and can be detected in DN1 cells, although their expression in the early progenitors is not homogeneous until the DN3/4 stage (Cleverley et al., 1999; Buckland et al., 2000). Various studies have suggested that the Lck tyrosine kinase plays an important role in thymocyte development as a signaling molecule downstream from pre-TCR (Mombaerts et al., 1994; Wallace et al., 1995; van Oers et al., 1996; Fehling et al., 1997), while pre-TCR was first detected in the CD44-CD25+ DN3 subset (Saint-Ruf et al., 1994; Bruno et al., 1995). A green fluorescent protein (GFP) transgenic mouse was created in which gfp expression was under the control of the proximal promoter of lck, and the earliest GFP-positive cells were found among the CD44+CD25- DN1 stage cells (Shimizu et al., 2001). Interestingly, pre-T cell leukemia in lck-proximal tax transgenic mice was probably derived from DN2/3 stage cells, even though the lck-proximal promoter is active in DN1–DN4 stage cells.

The phenotype of T cell leukemia in lck-distal tax transgenic mice displayed CD4+, CD8+, or CD4+CD8+ (DP) T cells. Overall, 60% of the leukemic cells were CD8+CD25- T cells, 25% were CD4+CD25- T cells, and 15% were CD4+CD8+ T cells (Ohsugi et al., 2007). As the Tax expression level did not vary in these cell populations, it remains unclear why CD8+ T cells comprised approximately 60% of the total mature T cell leukemia cells in the lck-distal tax transgenic mice.

TAX-RELATED DISEASES IN tax TRANSGENIC MICE

ARTHROPATHY

tax transgenic mice develop an inflammatory arthropathy (Iwakura et al., 1991; Saggioro et al., 1997) that is pathologically similar to human rheumatoid arthritis and to mouse models of rheumatoid arthritis, with synovial proliferation and the expression of rheumatoid factor (Lee and Weinblatt, 2001; Luross and Williams, 2001; Firestein, 2003). By 24 months of age, our established lck-distal tax transgenic mice without leukemia developed severe arthropathy, with a cumulative incidence of 22.8% (Ohsugi and Kumasaka, 2011), but no arthropathic mouse was reported among the lck-proximal tax transgenic mice. The lck-distal tax transgenic mice with arthropathy differ in several aspects from other transgenic mice. They develop arthropathy after a prolonged latency period of at least 9 months, whereas the arthropathy that develops in the pX transgenic mice occurs as early as 4 weeks of age. At 3 months of age, 60% (BALB/c background), 25% (C3H/He background), and 0% (C57BL/6 background) of pX transgenic mice displayed arthropathy (Iwakura et al., 1998). The genetic background of our established lck-distal tax transgenic mice was the F1 generation of a BDF1 (DBA/2×C57BL/6) cross with C57BL/6. We attempted to generate lck-distal tax transgenic mice with the BALB/c background (backcross generation 8: N8), but did not observe a high incidence of arthropathy by 24 months of age. The expression of the cytokines interleukin-1β (IL-1β), IL-6, and macrophage migration inhibitory factor (MIF) was markedly enhanced in the joints of the lck-distal tax transgenic mice, but the expression of tumor necrosis factor-α (TNF-α) was not elevated. Ashino et al. (2007) also found that serum IL-1β and IL-6 concentrations were significantly higher in pX transgenic mice than those in non-transgenic or non-arthritic pX transgenic mice. Consistent with our arthropathic mice, their serum TNF-α concentrations were low, with no significant differences between the groups (Ashino et al., 2007). IL-6 is a key proinflammatory cytokine that is abundant in the synovium and synovial tissues of patients with rheumatoid arthritis (Okamoto et al., 1997). Taken together, these data suggest that proinflammatory cytokines, other than TNF-α, are important in the development of the inflammatory arthropathy associated with Tax expression.

HAM/TSP-LIKE DISEASE

Eight out of 297 lck-distal tax transgenic mice developed HAM/TSP-like disease with symmetrical paraparesis of the hind limbs, whereas these symptoms were absent in their non-transgenic littermates and in other mouse strains at our animal facilities (Ohsugi et al., in press). The tax transgenic mice with HAM/TSP-like disease had spinal cord lesions in the lumbar vertebrae that were caused by the infiltration of bone marrow-derived histiocytic sarcoma cells. Mice with HAM/TSP-like disease also displayed abnormal expression of cytokines and chemokines, including TNF-α and IL-6. Constitutive exposure to high levels of proinflammatory cytokines is thought to be protumorigenic (Balkwill, 2009; Grivennikov et al., 2009). Therefore, we speculated that tax-expressing T cells stimulate the proliferation of histiocytic cells in bone marrow through the activities of cytokines or chemokines. The transformed histiocytic cells may then predominantly invade the lumbar spinal cord (Ohsugi et al., in press).

To my knowledge, there have been no reports of spontaneous symmetrical paraparesis caused by histiocytic sarcoma in mice. However, the lesions in patients with HAM/TSP show marked T cell infiltration, and the disease is associated with an inflammatory state (Sakai et al., 2001; Kubota et al., 2002; Goon et al., 2003; Muraro et al., 2003). Therefore, it is important to note that the etiology of HAM/TSP-like disease in lck-distal tax transgenic mice differs substantially from that of HAM/TSP in humans. Nevertheless, the present results indicate that the relationship between HTLV-1 infection and histiocytic disorders should be the focus of future studies. In particular, those studies should examine whether the cytokines and chemokines secreted from HTLV-1-infected T cells induce the growth or oncogenic transformation of histiocytic cells in humans. A recent paper proposed that, in a murine model of multiple sclerosis, there is a gateway through which immune cells can enter the central nervous system (Arima et al., 2012). The authors described an entry site by the dorsal blood vessels of the fifth lumbar cord through which immune cells can enter the central nervous system. Histiocytic sarcoma grew predominantly in the spinal cord of the fifth to sixth lumbar vertebrae in HAM/TSP-like mice. Further studies are required to confirm that histiocytic sarcoma cells can access the central nervous system via the spinal cord at the fifth lumbar vertebra. Such studies may clarify the mechanisms underlying the movement of Tax-positive T cells into the central nervous system in humans with HAM/TSP.

CONCLUSION

Several strains of HTLV-1 tax transgenic mice have been developed over recent years. Studies in these mice have shown that Tax expression alone is sufficient to cause both malignant neoplastic diseases, including T cell leukemia and lymphoma, and inflammatory diseases, such as arthropathy. These mice will be widely used to study the pathogenesis of HTLV-1 and to evaluate new anticancer and anti-inflammatory agents for HTLV-1-related diseases. However, until now, none of the tax transgenic mice developed HAM/TSP-like disease, a systemic immune-mediated inflammatory disease that resembles the disease in humans. Further studies are required to establish a transgenic mouse model of HAM/TSP with the selection of appropriate promoters.

REFERENCES

Albrecht, B., Collins, N. D., Burniston, M. T., Nisbet, J. W., Ratner, L., Green, P. L., et al. (2000). Human T-lymphotropic virus type 1 open reading frame I p12I is required for efficient viral infectivity in primary lymphocytes. J. Virol. 74, 9828–9835.

Allen, J. M., Forbush, K. A., and Perlmutter, R. M. (1992). Functional dissection of the lck proximal promoter. Mol. Cell. Biol. 12, 2758–2768.

Arima, Y., Harada, M., Kamimura, D., Park, J. H., Kawano, F., Yull, F. E., et al. (2012). Regional neural activation defines a gateway for autoreactive T cells to cross the blood–brain barrier. Cell 148, 447–457.

Arnold, J., Yamamoto, B., Li, M., Phipps, A. J., Younis, I., Lairmore, M. D., et al. (2006). Enhancement of infectivity and persistence in vivo by HBZ, a natural antisense coded protein of HTLV-1. Blood 107, 3976–3982.

Arnold, J., Zimmerman, B., Li, M., Lairmore, M. D., and Green, P. L. (2008). Human T-cell leukemia virus type-1 antisense-encoded gene, Hbz, promotes T-lymphocyte proliferation. Blood 112, 3788–3797.

Ashino, T., Arima, Y., Shioda, S., Iwakura, Y., Numazawa, S., and Yoshida, T. (2007). Effect of interleukin-6 neutralization on CYP3A11 and metallothionein-1/2 expressions in arthritic mouse liver. Eur. J. Pharmacol. 558, 199–207.

Balkwill, F. (2009). Tumour necrosis factor and cancer. Nat. Rev. Cancer 9, 361–371.

Bruno, L., Rocha, B., Rolink, A., Von Boehmer, H., and Rodewald, H. R. (1995). Intra- and extra-thymic expression of the pre-T cell receptor α gene. Eur. J. Immunol. 25, 1877–1882.

Buckland, J., Pennington, D. J., Bruno, L., and Owen, M. J. (2000). Co-ordination of the expression of the protein tyrosine kinase p56lck with the pre-T cell receptor during thymocyte development. Eur. J. Immunol. 30, 8–18.

Clerc, I., Polakowski, N., Andre-Arpin, C., Cook, P., Barbeau, B., Mesnard, J. M., et al. (2008). An interaction between the human T cell leukemia virus type 1 basic leucine zipper factor (HBZ) and the KIX domain of p300/CBP contributes to the down-regulation of tax-dependent viral transcription by HBZ. J. Biol. Chem. 283, 23903–23913.

Cleverley, S., Henning, S., and Cantrell, D. (1999). Inhibition of Rho at different stages of thymocyte development gives different perspectives on Rho function. Curr. Biol. 9, 657–660.

Currer, R., Van Duyne, R., Jaworski, E., Guendel, I., Sampey, G., Das, R., et al. (2012). HTLV Tax: a fascinating multifunctional co-regulator of viral and cellular pathways. Front. Microbiol. 3:406. doi: 10.3389/fmicb.2012.00406

Fehling, H. J., Iritani, B. M., Krotkova, A., Forbush, K. A., Laplace, C., Perlmutter, R. M., et al. (1997). Restoration of thymopoiesis in pTα-/- mice by anti-CD3ε antibody treatment or with transgenes encoding activated Lck or tailless pT alpha. Immunity 6, 703–714.

Firestein, G. S. (2003). Evolving concepts of rheumatoid arthritis. Nature 423, 356–361.

Gaudray, G., Gachon, F., Basbous, J., Biard-Piechaczyk, M., Devaux, C., and Mesnard, J. M. (2002). The complementary strand of the human T-cell leukemia virus type 1 RNA genome encodes a bZIP transcription factor that down-regulates viral transcription. J. Virol. 76, 12813–12822.

Goon, P. K., Igakura, T., Hanon, E., Mosley, A. J., Asquith, B., Gould, K. G., et al. (2003). High circulating frequencies of tumor necrosis factor alpha- and interleukin-2-secreting human T-lymphotropic virus type 1 (HTLV-1)-specific CD4+ T cells in patients with HTLV-1-associated neurological disease. J. Virol. 77, 9716–9722.

Grassmann, R., Aboud, M., and Jeang, K. T. (2005). Molecular mechanisms of cellular transformation by HTLV-1 Tax. Oncogene 24, 5976–5985.

Green, J. E., Hinrichs, S. H., Vogel, J., and Jay, G. (1989). Exocrinopathy resembling Sjogren’s syndrome in HTLV-1 tax transgenic mice. Nature 341, 72–74.

Grivennikov, S., Karin, E., Terzic, J., Mucida, D., Yu, G. Y., Vallabhapurapu, S., et al. (2009). IL-6 and Stat3 are required for survival of intestinal epithelial cells and development of colitis-associated cancer. Cancer Cell 15, 103–113.

Grossman, W. J., Kimata, J. T., Wong, F. H., Zutter, M., Ley, T. J., and Ratner, L. (1995). Development of leukemia in mice transgenic for the tax gene of human T-cell leukemia virus type I. Proc. Natl. Acad. Sci. U.S.A. 92, 1057–1061.

Habu, K., Nakayama-Yamada, J., Asano, M., Saijo, S., Itagaki, K., Horai, R., et al. (1999). The human T cell leukemia virus type I-tax gene is responsible for the development of both inflammatory polyarthropathy resembling rheumatoid arthritis and noninflammatory ankylotic arthropathy in transgenic mice. J. Immunol. 162, 2956–2963.

Hasegawa, H., Sawa, H., Lewis, M. J., Orba, Y., Sheehy, N., Yamamoto, Y., et al. (2006). Thymus-derived leukemia–lymphoma in mice transgenic for the Tax gene of human T-lymphotropic virus type I. Nat. Med. 12, 466–472.

Hinrichs, S. H., Nerenberg, M., Reynolds, R. K., Khoury, G., and Jay, G. (1987). A transgenic mouse model for human neurofibromatosis. Science 237, 1340–1343.

Iwakura, Y., Itagaki, K., Ishitsuka, C., Yamasaki, Y., Matsuzawa, A., Yonehara, S., et al. (1998). The development of autoimmune inflammatory arthropathy in mice transgenic for the human T cell leukemia virus type-1 env-pX region is not dependent on H-2 haplotypes and modified by the expression levels of Fas antigen. J. Immunol. 161, 6592–6598.

Iwakura, Y., Tosu, M., Yoshida, E., Takiguchi, M., Sato, K., Kitajima, I., et al. (1991). Induction of inflammatory arthropathy resembling rheumatoid arthritis in mice transgenic for HTLV-I. Science 253, 1026–1028.

Jeang, K. T., Giam, C. Z., Majone, F., and Aboud, M. (2004). Life, death, and tax: role of HTLV-I oncoprotein in genetic instability and cellular transformation. J. Biol. Chem. 279, 31991–31994.

Koch, U., and Radtke, F. (2011). Mechanisms of T cell development and transformation. Annu. Rev. Cell Dev. Biol. 27, 539–562.

Kubota, R., Soldan, S. S., Martin, R., and Jacobson, S. (2002). Selected cytotoxic T lymphocytes with high specificity for HTLV-I in cerebrospinal fluid from a HAM/TSP patient. J. Neurovirol. 8, 53–57.

Larocca, D., Chao, L. A., Seto, M. H., and Brunck, T. K. (1989). Human T-cell leukemia virus minus strand transcription in infected T-cells. Biochem. Biophys. Res. Commun. 163, 1006–1013.

Lee, D. M., and Weinblatt, M. E. (2001). Rheumatoid arthritis. Lancet 358, 903–911.

Lemasson, I., Lewis, M. R., Polakowski, N., Hivin, P., Cavanagh, M. H., Thebault, S., et al. (2007). Human T-cell leukemia virus type 1 (HTLV-1) bZIP protein interacts with the cellular transcription factor CREB to inhibit HTLV-1 transcription. J. Virol. 81, 1543–1553.

Luross, J. A., and Williams, N. A. (2001). The genetic and immunopathological processes underlying collagen-induced arthritis. Immunology 103, 407–416.

Matsuoka, M., and Jeang, K. T. (2007). Human T-cell leukaemia virus type 1 (HTLV-1) infectivity and cellular transformation. Nat. Rev. Cancer 7, 270–280.

Mombaerts, P., Anderson, S. J., Perlmutter, R. M., Mak, T. W., and Tonegawa, S. (1994). An activated lck transgene promotes thymocyte development in RAG-1 mutant mice. Immunity 1, 261–267.

Muraro, P. A., Wandinger, K. P., Bielekova, B., Gran, B., Marques, A., Utz, U., et al. (2003). Molecular tracking of antigen-specific T cell clones in neurological immune-mediated disorders. Brain 126, 20–31.

Nerenberg, M., Hinrichs, S. H., Reynolds, R. K., Khoury, G., and Jay, G. (1987). The tat gene of human T-lymphotropic virus type 1 induces mesenchymal tumors in transgenic mice. Science 237, 1324–1329.

Nicot, C., Dundr, M., Johnson, J. M., Fullen, J. R., Alonzo, N., Fukumoto, R., et al. (2004). HTLV-1-encoded p30II is a post-transcriptional negative regulator of viral replication. Nat. Med. 10, 197–201.

Ohsugi, T., and Kumasaka, T. (2011). Low CD4/CD8 T-cell ratio associated with inflammatory arthropathy in human T-cell leukemia virus type I Tax transgenic mice. PLoS ONE 6:e18518. doi: 10.1371/journal.pone.0018518

Ohsugi, T., Kumasaka, T., Okada, S., and Urano, T. (2007). The Tax protein of HTLV-1 promotes oncogenesis in not only immature T cells but also mature T cells. Nat. Med. 13, 527–528.

Ohsugi, T., Wakamiya, M., Morikawa, S., Matsuura, K., Kumar, J. M., Kumasaka, T., et al. (in press). Invasion of histiocytic sarcoma into the spinal cord of HTLV-1 Tax transgenic mice with HTLV-1-associated myelopathy/tropical spastic paraparesis-like disease. Oncol. Res. (in press).

Okamoto, H., Yamamura, M., Morita, Y., Harada, S., Makino, H., and Ota, Z. (1997). The synovial expression and serum levels of interleukin-6, interleukin-11, leukemia inhibitory factor, and oncostatin M in rheumatoid arthritis. Arthritis Rheum. 40, 1096–1105.

Perlmutter, R. M., Marth, J. D., Lewis, D. B., Peet, R., Ziegler, S. F., and Wilson, C. B. (1988). Structure and expression of lck transcripts in human lymphoid cells. J. Cell. Biochem. 38, 117–126.

Poiesz, B. J., Ruscetti, F. W., Gazdar, A. F., Bunn, P. A., Minna, J. D., and Gallo, R. C. (1980). Detection and isolation of type C retrovirus particles from fresh and cultured lymphocytes of a patient with cutaneous T-cell lymphoma. Proc. Natl. Acad. Sci. U.S.A. 77, 7415–7419.

Reynolds, P. J., Lesley, J., Trotter, J., Schulte, R., Hyman, R., and Sefton, B. M. (1990). Changes in the relative abundance of type I and type II lck mRNA transcripts suggest differential promoter usage during T-cell development. Mol. Cell. Biol. 10, 4266–4270.

Ruddle, N. H., Li, C. B., Horne, W. C., Santiago, P., Troiano, N., Jay, G., et al. (1993). Mice transgenic for HTLV-I LTR-tax exhibit tax expression in bone, skeletal alterations, and high bone turnover. Virology 197, 196–204.

Saggioro, D., Rosato, A., Esposito, G., Rosenberg, M. P., Harrison, J., Felber, B. K., et al. (1997). Inflammatory polyarthropathy and bone remodeling in HTLV-I Tax-transgenic mice. J. Acquir. Immune Defic. Syndr. Hum. Retrovirol. 14, 272–280.

Saint-Ruf, C., Ungewiss, K., Groettrup, M., Bruno, L., Fehling, H. J., and Von Boehmer, H. (1994). Analysis and expression of a cloned pre-T cell receptor gene. Science 266, 1208–1212.

Sakai, J. A., Nagai, M., Brennan, M. B., Mora, C. A., and Jacobson, S. (2001). In vitro spontaneous lymphoproliferation in patients with human T-cell lymphotropic virus type I-associated neurologic disease: predominant expansion of CD8+ T cells. Blood 98, 1506–1511.

Satou, Y., Yasunaga, J., Yoshida, M., and Matsuoka, M. (2006). HTLV-I basic leucine zipper factor gene mRNA supports proliferation of adult T cell leukemia cells. Proc. Natl. Acad. Sci. U.S.A. 103, 720–725.

Satou, Y., Yasunaga, J., Zhao, T., Yoshida, M., Miyazato, P., Takai, K., et al. (2011). HTLV-1 bZIP factor induces T-cell lymphoma and systemic inflammation in vivo. PLoS Pathog. 7:e1001274. doi: 10.1371/journal.ppat.1001274

Shimizu, C., Kawamoto, H., Yamashita, M., Kimura, M., Kondou, E., Kaneko, Y., et al. (2001). Progression of T cell lineage restriction in the earliest subpopulation of murine adult thymus visualized by the expression of lck proximal promoter activity. Int. Immunol. 13, 105–117.

Sun, S. C., and Yamaoka, S. (2005). Activation of NF-κB by HTLV-I and implications for cell transformation. Oncogene 24, 5952–5964.

Takadera, T., Leung, S., Gernone, A., Koga, Y., Takihara, Y., Miyamoto, N. G., et al. (1989). Structure of the two promoters of the human lck gene: differential accumulation of two classes of lck transcripts in T cells. Mol. Cell. Biol. 9, 2173–2180.

van Oers, N. S., Lowin-Kropf, B., Finlay, D., Connolly, K., and Weiss, A. (1996). αβ T cell development is abolished in mice lacking both Lck and Fyn protein tyrosine kinases. Immunity 5, 429–436.

Verdonck, K., Gonzalez, E., Van Dooren, S., Vandamme, A. M., Vanham, G., and Gotuzzo, E. (2007). Human T-lymphotropic virus 1: recent knowledge about an ancient infection. Lancet Infect. Dis. 7, 266–281.

Voronova, A. F., Adler, H. T., and Sefton, B. M. (1987). Two lck transcripts containing different 5′ untranslated regions are present in T cells. Mol. Cell. Biol. 7, 4407–4413.

Wallace, V. A., Kawai, K., Levelt, C. N., Kishihara, K., Molina, T., Timms, E., et al. (1995). T lymphocyte development in p56lck deficient mice: allelic exclusion of the TcR β locus is incomplete but thymocyte development is not restored by TcR β or TcR αβ transgenes. Eur. J. Immunol. 25, 1312–1318.

Watanabe, T. (1997). HTLV-1-associated diseases. Int. J. Hematol. 66, 257–278.

Watanabe, T., Mochizuki, M., and Yamaguchi, K. (1997). HTLV-1 uveitis (HU). Leukemia 11(Suppl. 3), 582–584.

Wildin, R. S., Garvin, A. M., Pawar, S., Lewis, D. B., Abraham, K. M., Forbush, K. A., et al. (1991). Developmental regulation of lck gene expression in T lymphocytes. J. Exp. Med. 173, 383–393.

Yamagishi, M., and Watanabe, T. (2012). Molecular hallmarks of adult T cell leukemia. Front. Microbiol. 3:334. doi: 10.3389/fmicb.2012.00334

Yoshida, M. (2001). Multiple viral strategies of HTLV-1 for dysregulation of cell growth control. Annu. Rev. Immunol. 19, 475–496.

Yoshida, M. (2005). Discovery of HTLV-1, the first human retrovirus, its unique regulatory mechanisms, and insights into pathogenesis. Oncogene 24, 5931–5937.

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

Received: 29 January 2013; accepted: 21 February 2013; published online: 08 March 2013.

Citation: Ohsugi T (2013) A transgenic mouse model of human T cell leukemia virus type 1-associated diseases. Front. Microbiol. 4:49. doi: 10.3389/fmicb.2013.00049

This article was submitted to Frontiers in Virology, a specialty of Frontiers in Microbiology.

Copyright: © 2013 Ohsugi. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in other forums, provided the original authors and source are credited and subject to any copyright notices concerning any third-party graphics etc.








	 
	REVIEW ARTICLE
published: 08 November 2013
doi: 10.3389/fmicb.2013.00328
	[image: image1]





Mechanisms of pathogenesis induced by bovine leukemia virus as a model for human T-cell leukemia virus

Yoko Aida1*, Hironobu Murakami1,2, Masahiko Takahashi3 and Shin-Nosuke Takeshima1

1Viral Infectious Diseases Unit, RIKEN, Wako, Saitama, Japan

2Laboratory of Animal Health II, Azabu University, Sagamihara, Kanagawa, Japan

3Division of Virology, Niigata University Graduate School of Medical and Dental Sciences, Niigata, Japan

*Correspondence:

Yoko Aida, Viral Infectious Diseases Unit, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
 e-mail:  aida@riken.jp

Edited by:
Akio Adachi, The University of Tokushima Graduate School, Japan

Reviewed by:
Toshiki Watanabe, The University of Tokyo, Japan
Takeo Ohsugi, Kumamoto University, Japan

Bovine leukemia virus (BLV) and human T-cell leukemia virus type 1 (HTLV-1) make up a unique retrovirus family. Both viruses induce chronic lymphoproliferative diseases with BLV affecting the B-cell lineage and HTLV-1 affecting the T-cell lineage. The pathologies of BLV- and HTLV-induced infections are notably similar, with an absence of chronic viraemia and a long latency period. These viruses encode at least two regulatory proteins, namely, Tax and Rex, in the pX region located between the env gene and the 3′ long terminal repeat. The Tax protein is a key contributor to the oncogenic potential of the virus, and is also the key protein involved in viral replication. However, BLV infection is not sufficient for leukemogenesis, and additional events such as gene mutations must take place. In this review, we first summarize the similarities between the two viruses in terms of genomic organization, virology, and pathology. We then describe the current knowledge of the BLV model, which may also be relevant for the understanding of leukemogenesis caused by HTLV-1. In addition, we address our improved understanding of Tax functions through the newly identified BLV Tax mutants, which have a substitution between amino acids 240 and 265.
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INTRODUCTION

Bovine leukosis was first reported in 1871 as the presence of slightly yellow nodules in the enlarged spleen of cattle (Leisering, 1871). Spleen disruption consecutive to tumor formation is one of the most important clinical manifestations of bovine leukemia. Bovine leukosis is classified into two types, sporadic bovine leukosis (SBL) and enzootic bovine leukosis (EBL), which are characterized by T- and B-cell leukosis, respectively (Gillet et al., 2007). The occurrence of EBL in cattle is much higher than that of SBL (Theilen and Dungworth, 1965; Onuma et al., 1979). Bovine leukemia virus (BLV), which belongs to the Retroviridae family and Deltaretrovirus genus, is the etiologic agent of EBL, although it remains unknown what causes SBL (Gillet et al., 2007). The natural hosts of BLV are domestic cattle and water buffaloes; however, experimental infection with BLV in sheep can lead to the development of lymphoma (Djilali and Parodi, 1989). Interestingly, BLV is consistently associated with leukemia only in cattle and sheep, even though it can infect many cell lines (Graves and Ferrer, 1976) and can be experimentally transmitted to rabbits (Wyatt et al., 1989; Onuma et al., 1990), rats (Altanerova et al., 1989), chickens (Altanerova et al., 1990), pigs, goats, and sheep (Mammerickx et al., 1981). Most BLV-infected cattle are asymptomatic, but approximately one-third of them suffer from persistent lymphocytosis (PL) characterized by non-malignant polyclonal B-cell expansion and 1–5% of them develop B-cell leukemia/lymphoma after a long latency period (Gillet et al., 2007). On the other hand, sheep that are experimentally inoculated with BLV develop B-cell tumors at a higher frequency and with a shorter latency period than those observed in naturally infected cattle (Ferrer et al., 1978; Burny et al., 1979; Kenyon et al., 1981; Aida et al., 1989). Interestingly, the transformed B-lymphocytes in cattle are CD5+ IgM+ B-cells (Aida et al., 1993), whereas in sheep they are CD5- IgM+ B-cells (Murakami et al., 1994a,b), suggesting that the mechanisms of leukemogenesis induced by BLV may differ (Graves and Ferrer, 1976; Djilali and Parodi, 1989).

BLV is closely related to human T-cell leukemia virus type 1 (HTLV-1), which is the causative agent of adult T-cell leukemia (ATL) and a chronic neurological disorder known as tropical spastic paraparesis or HTLV-1-associated myelopathy HAM/TSP (Gessain et al., 1985; Osame et al., 1986; Gillet et al., 2007). Therefore, studies on BLV may facilitate our understanding of the mechanism of leukemogenesis induced by HTLV-1.

BLV AND HTLV-1

All retroviruses are encoded by gag, pro, pol, and env essential genes, which are necessary for the production of infectious virions, and are flanked by two identical long terminal repeats (LTRs; Figure 1). The gag, pro, pol, and env genes encode the internal structural proteins of the virion, the viral protease, the reverse transcriptase, and the envelope glycoproteins of the virion, respectively. The genome sequences of BLV and HTLV-1 are different, but have a unique sequence called the pX situated between the env gene and the 3′LTR and encoded by the regulatory gene (Figure 1). The pX sequence is not of host cell origin; that is, it is not an oncogene. It has been reported that both viruses have an ability to immortalize primary cells in vitro (Grassmann et al., 1989; Willems et al., 1990). Because their structure and properties differ from any other class of retroviruses, BLV and HTLV-1 viruses were classified into a new group of retroviruses (Gillet et al., 2007). In both viruses the regulatory proteins Tax and Rex are encoded in the pX region. The R3 and G4 proteins are encoded in the BLV pX region, while p12I, p13II, and p30II are encoded in the HTLV-1 pX region (Sagata et al., 1984b; Franchini et al., 2003; Figure 1). Interestingly, the HTLV-1 genome codes for HBZ, a unique gene encoded by the minus strand chain (Gaudray et al., 2002; Figure 1). The major functions of the viral proteins encoded in the BLV and HTLV-1 pX regions are summarized in Table 1. The Tax protein has been extensively studied, and it is believed to play a critical role in leukemogenesis induced by BLV and HTLV-1 (Katoh et al., 1989; Tanaka et al., 1990; Willems et al., 1990). The Rex protein is responsible for nuclear export of viral RNA and promotes cytoplasmic accumulation and translation of viral messenger mRNA in BLV- and HTLV-1-infected cells (Felber et al., 1989). BLV R3 and G4 proteins contribute to the maintenance of high viral load (Willems et al., 1994; Florins et al., 2007). The G4 protein is particularly relevant to leukemogenesis, since it can immortalize primary rat embryo fibroblasts (REFs; Lefebvre et al., 2002). HTLV-1 p12I is similar to the R3 protein, in that it contributes to the maintenance of infectivity (Collins et al., 1998), and both proteins are located in the nucleus and cellular membranes (Gillet et al., 2007). On the other hand, HTLV-1 p13II protein resembles the G4 protein, since both proteins bind to farnesyl pyrophosphate synthetase, which farnesylates Ras (Lefebvre et al., 2002), and the p13II protein promotes Ras-dependent apoptosis (Hiraragi et al., 2005). HTLV-1 p30II protein regulates gene transcription through its interaction with the cAMP responsive element (CRE) binding protein (CREB)/p300 (Zhang et al., 2001). The HBZ protein plays a critical role in the leukemogenesis of HTLV-1, and HBZ knockdown inhibits the proliferation of ATL cells (Satou et al., 2006). However, since the BLV genome does not code for HBZ, it is assumed that the Tax protein plays a central role in the leukemogenesis of BLV.
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FIGURE 1. Schematic representation of genome organization of retroviruses. HTLV-1 and BLV encode unique regulatory and accessory proteins in the pX region. RSV, Rous sarcoma virus; MuLV, murine leukemia virus.




TABLE 1. Viral proteins are encoded in BLV and HTLV-1 pX regions.
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The infection route of BLV and HTLV is by horizontal and vertical transmission. BLV is transmitted via direct contact (Kono et al., 1983), milk, and insect bites (Ferrer and Piper, 1978), while HTLV-1 is transmitted via milk and sexual intercourse (Bangham, 2003). Moreover, the artificial transmission of BLV is caused by iatrogenic procedures such as dehorning, ear tattooing, and reuse of needles (Hopkins and DiGiacomo, 1997), whereas the artificial transmission of HTLV-1 is caused by blood transfusion and needle sharing among drug abusers (Robert-Guroff et al., 1986). Since cell contact is required for the efficient transmission of both BLV and HTLV-1, cell-free infection by these viruses is believed to be very inefficient, most probably due to virion instability (Voneche et al., 1992; Johnston et al., 1996; Igakura et al., 2003).

As shown in Figure 2, an infection with BLV is characterized by three progressive stages of disease, including an asymptomatic stage, PL, and lymphoma. Most BLV-infected cattle are asymptomatic, but approximately one-third of them suffer from PL characterized by a permanent and relatively stable increase in the number of B-lymphocytes in the peripheral blood. PL is considered to be a benign form of the disease resulting from the accumulation of untransformed B-lymphocytes. Finally, 1–5% of BLV-infected cattle develop B-lymphoma in various lymph nodes after a long latency period (Schwartz and Levy, 1994; Florins et al., 2008). Although BLV can also infect CD4+ T-cells, CD8+ T-cells, γ/δ T-cells, monocytes, and granulocytes in cattle (Williams et al., 1988; Stott et al., 1991; Schwartz et al., 1994; Mirsky et al., 1996; Wu et al., 1996; Panei et al., 2013), a large number of the tumor cells are derived from CD5+ IgM+ B-cell subpopulations (Schwartz and Levy, 1994). Interestingly, the full-length BLV proviral genome is maintained in each animal throughout the course of the disease (Tajima et al., 1998a). In addition, previous studies have shown that both large and small deletions of proviral genomes may be very rare events in BLV-infected cattle. Thus, the proviral loads were significantly increased at the PL stage compared with the aleukemic stage and were further increased at the lymphoma stage (Jimba et al., 2010, 2012; Figure 2B). These findings clearly demonstrated that the BLV proviral copy number increases with increasing severity of the disease. On the other hand, unlike BLV, HTLV-1 is associated with ATL and with the chronic neurological disorder, HAM/TSP, and induces not only a malignant tumor but also an inflammatory disease (Gessain et al., 1985; Osame et al., 1986). Although the pathogenesis of HTLV-1 is slightly different from BLV, HTLV-1, like BLV, can infect many cells in addition to T-cells, including B-cells and monocytes (Koyanagi et al., 1993; Schwartz and Levy, 1994). In contrast to BLV, defective HTLV-1 proviral genomes have been found in more than half of all examined patients with ATL (Konishi et al., 1984; Korber et al., 1991; Ohshima et al., 1991; Tsukasaki et al., 1997).
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FIGURE 2. BLV-induced leukemogenesis is a multistep process. (A) An infection with BLV is characterized by three progressive stages of disease: asymptomatic stage, persistent lymphocytosis (PL), and lymphoma. BLV infects to cells non-specifically. Among them, BLV Tax protein immortalizes a part of BLV-infected cells, probably only CD5+ IgM+ B-cells, and induces polyclonal proliferation of the cells. However, the Tax protein does not have the ability to transform the cells. For lymphoma to develop, a malignant transformation needs to occur with the help of host factors, such as p53 mutation, TNF-α activities or bovine leukocyte antigen (BoLA) class II phosphorylation. (B) The provirus load increases with disease progression.



MECHANISM OF LEUKEMOGENESIS BY BLV

Animal retroviruses, which belong to the Alpharetrovirus and Gammaretrovirus genera, induce tumors by one of two mechanisms: either by activation of the “viral oncogene” or by “insertional activation” of a cellular gene such as a proto-oncogene (Weiss et al., 1985; Figure 1). By contrast, BLV lacks a known oncogene (Sagata et al., 1984a,b) and does not integrate into preferred sites in their host cell genomes, which related to the disruption of the host gene but not to the suppression of viral gene expression (Murakami et al., 2011b).

Most studies of BLV-induced leukemogenesis have focused on the Tax protein because it is believed to be a potent transcriptional activator of viral gene expression. In addition to its function as a transcriptional activator, Tax induces immortalization of primary REFs (Willems et al., 1990, 1998). Furthermore, Tax cooperates with the Harvey rat sarcoma viral oncoprotein (Ha-ras) for the induction of full transformation of primary REF (Willems et al., 1990). Importantly, the Tax transformed cells induce tumors in nude mice. The ability of the Tax protein to induce immortalization may be the first step in the BLV-mediated transformation process. Moreover, after the infection of cattle and during the latency period, the expression of BLV becomes blocked at the transcriptional level (Kettmann et al., 1982; Lagarias and Radke, 1989). Such repression appears to be very important for the escape of BLV from the host’s immunosurveillance system, and later only a certain small proportion of infected animals rapidly develop a terminal disease (Gillet et al., 2007). Indeed, transcription of the BLV genome in fresh tumor cells or in fresh peripheral blood mononuclear cells (PBMCs) from infected individuals is almost undetectable by conventional techniques (Kettmann et al., 1982; Tajima et al., 2003b; Tajima and Aida, 2005). In situ hybridization has revealed the expression of viral RNA at low levels in many cells, and at a high level in only a few cells within PBMCs freshly isolated from BLV-infected asymptomatic animals (Lagarias and Radke, 1989). Thus, BLV infection is probably not sufficient for leukemogenesis and some additional events such as gene mutations might be involved in the leukemogenic process (Figure 2A). Taken together, Tax may induce immortalization of only CD5+ IgM+ B-cells among BLV-infected B-cells, CD4+ T-cells, CD8+ T-cells, γ/δ T-cells, monocytes, and granulocytes in cattle, thereby conferring a selective transformation advantage to the infected CD5+ IgM+ B-cells by a second event.

A mutation in the p53 tumor suppressor gene is one of several genetic changes known to be involved in the development of lymphoma (Figure 2A). The protein encoded by the p53 tumor suppressor gene plays a critical role in transducing a signal from the damaged DNA to genes that control cell cycle and apoptosis. Approximately half of the solid tumors induced by BLV in cattle (Dequiedt et al., 1995; Ishiguro et al., 1997; Zhuang et al., 1997; Tajima et al., 1998b) and three of four bovine B-cell lymphoma lines (Komori et al., 1996) were shown to harbor missense mutations in p53. By contrast, very few mutations were found in B-cells from cows with PL and none of the uninfected cattle harbored a mutated p53 gene. These observations indicate that p53 mutations frequently occur at the final stage of lymphoma in cattle. A previous study of the molecular mechanism of mutations at codons 206, 207, 241, and 242, which were identified in lymphoma, showed that these mutations may potentially alter the wild-type function of the bovine p53 protein, including the conformation and transactivator and growth suppressor activities, and then cause lymphoma (Tajima et al., 1998b). These four mutations were clearly divided into two functionally distinct groups: (i) the mutant forms with substitutions at codons 241 and 242, which were mapped within an evolutionarily conserved region and corresponded to the human “hot-spot” mutations, and had completely lost the capacity for transactivation and growth suppression while gaining transdominant repression activity in p53-null SAOS-2 cells; and (ii) the mutations at codons 206 and 207, which were located outside the evolutionarily conserved regions and partially retained the capacity for transactivation and growth suppression. Collectively, these naturally occurring mutations may potentially alter the wild-type function, and in addition, out of the four missense mutations, at least two mutations may be sufficient to cause lymphoma. However, since the other two mutations may be insufficient to induce lymphoma, it is possible that other cancer-related genes may contribute to lymphoma in concert with the p53 mutations.

A major factor involved in the clinical progression of BLV-infected animals is the bovine leukocyte antigen (BoLA; Figure 2A), which plays a crucial role in determining immune responsiveness (Lewin and Bernoco, 1986; Lewin et al., 1988; Zanotti et al., 1996; Takeshima and Aida, 2006). Several studies have shown that genetic variations in BoLA-DRB3, which is a functionally important and the most polymorphic BoLA class II locus in cattle, influence resistance and susceptibility to a wide variety of infectious diseases, including lymphoma (Aida, 2001) and PL (Xu et al., 1993; Sulimova et al., 1995; Starkenburg et al., 1997; Juliarena et al., 2008), and affect BLV proviral load (Miyasaka et al., 2013). For example, the presence of the amino acids Glu–Arg (ER) at positions 70–71 of the BoLA-DRβ chain was associated with resistance to PL in BLV-infected cattle (Xu et al., 1993). Furthermore, the BoLA-DRB3 alleles encoding Glu, Arg, and Val at positions 74, 77, and 78, respectively, of the BoLA-DRβ chain might be associated with resistance to tumor development (Aida, 2001). In a related study, Nagaoka et al. (1999) and Konnai et al. (2003) found that the ovine leukocyte antigen (OLA)-DRB1 alleles encoding the Arg–Lys (RK) and the Ser–Arg (SR) motifs at positions 70–71 of the OLA-DRβ chain are associated with resistance (RK motif) and susceptibility (SR motif) to the development of lymphoma after experimental infection of sheep with BLV. The sheep with alleles encoding the RK motif produced neutralizing antibodies against BLV and interferon-γ, eliminated BLV completely, and did not develop lymphoma (Konnai et al., 2003). The susceptibility to the monoclonal expansion of BLV-infected B-lymphocytes is thus associated with specific alleles of BoLA system.

A polymorphism in the promoter region of the tumor necrosis factor (TNF)-α gene is one of several genetic changes involved in the development of lymphoma (Figure 2A). A previous study found that, in sheep experimentally infected with BLV, the frequency of the TNF-α-824G allele, which has been associated with low transcription activity of the promoter/predicted enhancer region of the bovine TNF-α gene, was higher in animals with lymphoma than in asymptomatic carrier animals. In addition, a tendency was observed for increased BLV-provirus load in cattle homozygous for the TNF-α-824G/G allele compared to cattle homozygous for the TNF-α-824A/A or TNF-α-824A/G alleles. These data suggest that the observed polymorphism in the promoter region of the TNF-α gene could at least in part contribute to the progression of lymphoma in BLV infection (Konnai et al., 2006).

The BLV studies have also focused on understanding the process of signal transduction such as B-cell receptor (BCR) signaling (Alber et al., 1993), since many signal transduction factors have been implicated in leukemogenesis of B-cells in humans (Murakami et al., 2011a). For example, the immunoreceptor tyrosine-based activation (ITAM) motifs present in the transmembrane gp30 proteins of the BLV envelope are important for the incorporation of envelope proteins into the virion (Inabe et al., 1999) and are required for infectivity in vivo (Willems et al., 1995). In addition to the viral signaling motif, the spleen tyrosine kinase (Syk) mRNA expression was significantly increased in PL samples, whereas it was decreased in tumor samples, suggesting that Syk mRNA expression dynamics is closely related to the progression of BLV-induced disease (Murakami et al., 2011a).

BLV TAX FUNCTION

As mentioned above, the Tax gene is a key contributor to the oncogenic potential, as well as a key protein involved in the replication of the virus. Table 1 summarizes the functions of the Tax protein. The Tax open reading frame is mainly encoded in the pX region, and its translation occurs upstream of the pol stop codon. The Tax protein is modified by phosphorylation of two serine residues and is detected as a 34–38 kDa product (Chen et al., 1989; Willems et al., 1998). In addition, the Tax protein has T- and B-cell epitopes corresponding to regions 110–130/131–150 and 261–280, respectively (Sakakibara et al., 1998). One of the best characterized functions of Tax is the activation of viral transcription. The Tax protein acts on a triplicate 21 bp enhancer motif known as the Tax-responsive element (TxRE) in the U3 region of the 5′LTR, and it stimulates transactivation of the viral genome (Derse, 1987; Willems et al., 1987; Katoh et al., 1989). The TxRE consists of a cyclic AMP-response element (CRE)-like sequence, and it has been suggested that Tax binds to this element indirectly through cellular factors, such as the members of the CREB/activating transcription factor (ATF) family of basic leucine zipper proteins that have been shown to bind to the CRE-like sequence (Adam et al., 1994, 1996; Boros et al., 1995). Furthermore, the Tax protein modulates the expression of cellular genes that are involved in the regulation of cell growth (Tajima and Aida, 2002). In addition to its function in the regulation of cellular and viral transcription, the Tax protein can induce immortalization of primary REF and cooperates with Ha-Ras oncogene to fully transform the primary cells (Willems et al., 1990). On the other hand, the transactivation and transformation of Tax may be independently induced by each mechanism, since phosphorylation of Tax is required for its transformation but not for its activation (Willems et al., 1998). Moreover, the expression of Tax in primary ovine B-cells, which depends on CD154 and interleukin-4, affects B-cell proliferation, cell cycle phase distribution, and survival, leading to cytokine-independent growth (Szynal et al., 2003). This immortalization process is also associated with increased B cell leukemia/lymphoma 2 (Bcl-2) protein levels, nuclear factor kappa B (NF-κB) accumulation, and a series of intracellular pathways that remain to be characterized (Klener et al., 2006). In addition, Tax inhibits base-excision DNA repair of oxidative damage, thereby potentially increasing the accumulation of ambient mutations in cellular DNA (Philpott and Buehring, 1999).

NEGATIVE REGULATION OF BLV TAX BY THE REGION BETWEEN RESIDUES 240–265

Our studies (Tajima and Aida, 2000) demonstrated new functions of the region between amino acids 240 and 265 of BLV Tax. As shown in Figure 3, a series of mutants with at least one amino acid substitution between amino acids 240 and 265 of BLV Tax were identified, including TaxD247G and TaxS240P, which exhibit an enhanced ability to stimulate and reduce viral LTR-directed transcription respectively, compared to the wild-type protein (Tajima and Aida, 2000). Transient expression analysis revealed that the TaxD247G mutant increased the production of viral protein and particles from a defective recombinant proviral BLV clone to a greater extent than the wild-type Tax (TaxWT). Conversely, the TaxS240P mutant was unable to induce the release of viral particles. The microarray data in human HeLa cells and its validation of differentially expressed genes at the RNA and protein levels in bovine 23CLN cells revealed several alterations in genes involved in many cellular functions such as transcription, signal transduction, cell growth, apoptosis, and the immune response (Arainga et al., 2012). In both of human HeLa cells and bovine 23CLN cells, the TaxD247G mutant induced higher gene expression compared with TaxWT and TaxS240P and many of these genes were expressed at the lowest level in the TaxS240P-transfected cells. In particular, our results showed that Tax activates the proteins which are involved in activator protein 1 (AP-1) signaling pathway [FBJ osteosarcoma oncogene (FOS), jun proto-oncogene (JUN), etc.] via interactions with other transcriptional pathways (G-protein, GTP-binding proteins, etc.). Likewise, the TaxD247G mutant induced apoptosis in transfected cells more effectively than the TaxWT (Takahashi et al., 2005). These results suggest that the region between amino acids 240 and 265 of the Tax protein might act as a negative regulatory domain, and missense mutations in this region might lead to enhanced transactivation activity of Tax, expression of many cellular genes and induction of apoptosis. Our results raise the possibility that the target sequence specificity of retroviral enhancers of Tax might be limited by this region because TaxD247G, but not TaxS240P, was found to activate other retroviral enhancers such as HTLV-1, HIV-1, and mouse mammary tumor virus (MMTV) and Moloney murine leukemia virus (M-MuLV), and c-fos, which are not activated by TaxWT (Tajima and Aida, 2000; Figure 3B). The microarray data also raised the possibility that BLV Tax regulates the innate immune response (Figure 3B): the largest group of downregulated genes was related to the immune response, and the majority of these genes belonged to the interferon family of antiviral factors, such as interferon-induced protein with tetratricopeptide repeats 1 (IFIT1; Arainga et al., 2012). Interferons are major components of the innate immune system, and are recognized for their antiviral function in addition to their antiproliferative and immunomodulatory effects on cells (Hu et al., 1993). It is likely that BLV Tax downregulates the innate immune response, thereby increasing the production of viral protein.


[image: image]

FIGURE 3. Schematic representations of BLV Tax protein mutants and function. (A) Missense mutations between amino acids 240 and 265 containing D247G and S240P influence the transactivation activity of the BLV Tax protein. A putative zinc finger structure (amino acids 30–53) and a leucine-rich activation domain (amino acids 157–197) are also indicated. (B) Multiple functions of the region between amino acids 240 and 265.



An infectious molecular clone of BLV encoding the TaxD247G was examined for the viral expression and propagation, as well as for the induction of apoptosis in a sheep model (Tajima et al., 2003a; Takahashi et al., 2004, 2005). Interestingly, the infectious molecular clone of BLV encoding the TaxD247G produced more viral particles and was transmitted at an elevated rate in vitro, but with no significant differences in the proviral load and the expression of viral RNA between sheep experimentally injected with BLVs encoding the TaxWT or the mutant TaxD247G proteins (Tajima et al., 2003a). These findings suggest the presence of a dominant host defense mechanism regulating BLV–LTR-directed transcription by Tax that may play an important role in viral silencing in vivo (Figure 4). Likewise, although the transient expression of TaxD247G induced apoptosis in transfected cells in vitro more effectively than TaxWT, higher level of protection against apoptosis was observed in PBMCs isolated from sheep infected with TaxD247G-encoded BLV compared to TaxWT-encoded BLV (Takahashi et al., 2005; Figure 4). These findings demonstrate that TaxD247G has an increased potential to induce apoptosis, which could be beneficial for BLV propagation like other viruses (Wurzer et al., 2003; Richard and Tulasne, 2012). One possible explanation for our results might be that TaxD247G-induced apoptosis is modulated by a dominant mechanism ex vivo, so the function might be suppressed.
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FIGURE 4. Proposed mechanism for the regulation of BLV expression and apoptosis induction in TaxD247G-encoded BLV-infected sheep.



CONCLUSION

BLV is the etiologic agent of EBL, which is the most common neoplastic disease in cattle. It infects cattle worldwide, thereby imposing a severe economic burden on the dairy cattle industry. In this review, we evaluated existing information on the mechanism of BLV-induced leukemogenesis. We propose that, since BLV Tax induces immortalization of only CD5+ IgM+ B-cells within BLV-infected B-cells, CD4+ T-cells, CD8+ T-cells, γ/δ T-cells, monocytes, and granulocytes in cattle, it may confer a selective transformation advantage to the infected CD5+ IgM+ B-cells by a second event, such as p53 mutation, polymorphisms of BoLA, or the promoter region of the TNF-α gene. We also propose new functions of the region between amino acids 240 and 265 of BLV Tax (Figure 3). Namely, the transactivation activity and target sequence specificity of BLV Tax might be limited or negatively regulated by this region. The most interesting point regarding the ability of TaxD247G to enhance BLV expression and apoptotic induction in vitro is that it might be suppressed in vivo or ex vivo. Thus, we hypothesize that there could be dominant mechanisms controlling the functions of TaxD247G ex vivo and in vivo, as shown in Figure 4. For HTLV-1, it has been reported that CD8+ cell-mediated cytotoxic T-lymphocytes (CTLs) target Tax-expressing cells, thereby reducing the number of infected cells (Hanon et al., 2000). Likewise, BLV-infected cells expressing Tax may be exposed to the host defense system, and BLV may evolve in a manner that promotes the shielding of their potential abilities. Therefore, a strong transactivation activity of BLV Tax might not be advantageous for the propagation of BLV in vivo. Taken together, the findings discussed in this review suggest that there might be a dominant mechanism involved in the induction of apoptosis and expression of HTLV-1 in vivo. To address our hypothesis, it seems necessary to evaluate whether possible host responses against BLV infection, such as the induction of CTLs, genetic, and epigenetic alterations in apoptosis-regulatory genes, and DNA and chromatin modifications of BLV promoter for the suppression of viral expression, could be enhanced in animals infected with TaxD247G-encoded BLV. Thus, future investigations of the relationship between apoptosis and viral expression using BLV containing the mutant D247G Tax as a model will broaden our understanding of the replication and propagation of HTLV-1, and leukemia progression.
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Increasing evidence indicates that the host range of primate lentiviruses is in part determined by their ability to counteract innate restriction factors that are effectors of the type 1 interferon (IFN-1) response. For human immunodeficiency virus type 1 (HIV-1), in vitro experiments have shown that its tropism may be narrow and limited to humans and chimpanzees because its replication in other non-human primate species is hindered by factors such as TRIM5α (tripartite motif 5 alpha), APOBEC3G (apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like 3), and tetherin. Based on these data, it has been hypothesized that primate lentiviruses will infect and replicate in a new species if they are able to counteract and evade suppression by the IFN-1 response. Several studies have tested whether engineering HIV-1 recombinants with minimal amounts of simian immunodeficiency virus sequences would enable replication in CD4+ T cells of non-natural hosts such as Asian macaques and proposed that infection of these macaque species could be used to study transmission and pathogenesis. Indeed, infection of macaques with these viruses revealed that Vif-mediated counteraction of APOBEC3G function is central to cross-species tropism but that other IFN-induced factors may also play important roles in controlling replication. Further studies of these macaque models of infection with HIV-1 derivatives could provide valuable insights into the interaction of lentiviruses and the innate immune response and how lentiviruses adapt and cause disease.
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INTRODUCTION

Early studies on primate lentiviruses identified key host cell factors required for replication (Hatziioannou and Evans, 2012). More recent investigations have shown that overcoming the suppressive effects of innate restriction factors is also necessary for human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency viruses (SIVs) to replicate in human and non-human primate hosts, respectively. Viral accessory proteins play key roles in antagonizing these inhibitory factors, which are effectors of the type 1 interferon (IFN-1) response (Harris et al., 2012). However, their functional activities are commonly limited to susceptible host species, suggesting that innate immunity may be a significant barrier to transmission of lentiviruses. We, and others, have engineered HIV-1 recombinants with minimal SIV sequences conferring resistance to specific restriction factors and infected macaques to experimentally test this hypothesis. Investigations utilizing these macaque-tropic HIV-1 derivatives may lead to a greater understanding of inter-species transmission of primate lentiviruses as well as the development of a macaque model of HIV-1 infection and disease.

MACAQUE AIDS MODEL DEVELOPMENT AND SPECIES TROPISM OF PRIMATE LENTIVIRUSES

The development of non-human primate acquired immunodeficiency syndrome (AIDS) models provided initial insights into the species tropism of lentiviruses. In particular, these experiments demonstrated a narrow species tropism for HIV-1. Gibbons and chimpanzees are susceptible to HIV-1 (Gardner and Luciw, 1989; Fultz, 1993). However, due to their endangered status and maintenance cost, they are not reasonable model hosts. On the other hand, Asian macaques, including Macaca mulatta (rhesus macaques, RM) and M. fascicularis (cynomolgus monkeys, CM) and cells from these species appear to be resistant to HIV-1 (Agy et al., 1992; Cowan et al., 2002; Munk et al., 2002), suggesting genetic barriers to infection. In retrospect, these findings are not surprising given that HIV-1 evolved from a novel recombinant SIV infecting chimpanzees (SIVcpz; Gao et al., 1999; Bailes et al., 2003). Uniquely, one species, M. nemestrina (pigtailed macaques, PTM), has been found to be susceptible to transient infection but not disease (Agy et al., 1992, 1997; Gartner et al., 1994), demonstrating that a potent resistance mechanism(s) may indeed control viral replication.

With the absence of a susceptible non-human primate host for HIV-1, a SIV-AIDS macaque model was developed accidently following the discovery that Asian macaques housed with sooty mangabeys at a US primate center had developed AIDS like disease (Gardner, 1996; Apetrei et al., 2005). Although African monkey species harbor SIVs and live with high virus loads without developing disease (Klatt et al., 2012b), SIVs isolated from sooty mangabeys (SM, Cercocebus atys) cause AIDS at varying rates when inoculated into Asian macaques. As a result, SIV infection of macaques has become the most widely used model for studies of AIDS immunopathogenesis and viral fitness (Kimata, 2006; Hatziioannou and Evans, 2012). Quite interestingly, PTMs appear to be more susceptible to infection and disease induced by SIV than RMs, which may be due to a higher level of immune activation and gastrointestinal immune dysfunction (Klatt et al., 2012a; Canary et al., 2013).

Genetic differences in reverse transcriptase and protease of HIV-1 and SIVmac make it difficult to evaluate the efficacy of antiretroviral drugs that target these proteins using the SIVmac-RM model. Evaluating vaccines against HIV-1 is also impossible since cytotoxic T cell epitopes may differ and neutralizing antibodies are not cross-reactive. These shortcomings have been partially addressed by constructing chimeric SIV/HIV-1 viruses (SHIVs) that include certain HIV genes in the SIVmac239 backbone (Shibata et al., 1991; Figure 1).
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FIGURE 1. Genetic organization of HIV-1, SIV, and HIV-1/SIV chimeric proviruses. HIV-1 sequences are in white. SIV sequences are shaded gray.



Aside from the obvious utility for translational studies, the development of SHIVs revealed important clues about the functional activity of HIV-1 proteins in macaques. SIVmac based chimeras that include HIV-1 gene substitutions in env, tat, and rev (Env-SHIV) or nef (Nef-SHIV) are pathogenic in macaques (Li et al., 1995; Luciw et al., 1995; Reimann et al., 1996; Sinclair et al., 1997; Alexander et al., 1999). Chimeras with HIV-1 rt substitutions (RT-SHIVs) also persistently replicate in macaque hosts (Uberla et al., 1995; Ambrose et al., 2007). While not required, vpu of HIV-1 enhances the pathogenicity of Env-SHIV (Stephens et al., 2002). Thus, a significant amount of HIV-1 sequences can functionally replace SIV sequences, but determinants within gag–pol and vif of SIV appear necessary for infection of Asian macaques.

INNATE RESTRICTION FACTORS OF PRIMATE LENTIVIRUSES

Several cellular restriction factors have been identified that can limit replication of primate lentiviruses in different species, but whose activities are specifically inhibited or evaded (Table 1). These include apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like 3 (APOBEC3) proteins, tripartite motif 5 alpha (TRIM5α) and related TRIM5–cyclophilin A fusion proteins (TRIMcyp), tetherin/BST2/CD317, and sterile alpha motif (SAM) domain and HD domain-containing protein 1 (SAMHD1; Thippeshappa et al., 2012). All are regulated by IFN-1, suggesting that innate immunity plays a critical role in preventing infection and that viral adaptations that antagonize or escape the effects of the factors may be required for successful transmission of lentiviruses.

TABLE 1. Restriction factors and primate lentivirus infection.
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The APOBEC3 (A3) proteins belong to a seven-member family of cytidine deaminases (Jarmuz et al., 2002). A3G was identified as a Vif-targeted inhibitory factor of HIV-1 during a screen for cellular factors that blocked post-entry steps of infection prior to integration (Sheehy et al., 2002). In the absence of Vif, it interferes with viral replication by incorporating into the virion and disrupting reverse transcription or causing accumulation of deleterious G to A mutations (Mangeat et al., 2003; Zhang et al., 2003; Bishop et al., 2008). Hypermutated viral genomes may be degraded or produce non-functional truncated or misfolded viral proteins that are processed and serve as antigens for cellular immune responses (Casartelli et al., 2010).

In virus producing cells, Vif binds A3G and links it to an E3 ubiquitin ligase complex, thereby redirecting it for degradation by the proteasome (Conticello et al., 2003) and preventing its incorporation into assembling virions. Interestingly, Vif function appears to be species-specific. For example, the HIV-1 Vif antagonizes the human A3G protein but not A3G of other non-human primate species. By contrast, the Vif protein of SIVagm antagonizes African green monkey (AGM) A3G but not human A3G (Mariani et al., 2003). These findings suggest that Vif-mediated inhibition of the A3G proteins is likely essential for transmission of a virus to a new host species.

Of the innate restriction factors, only TRIM5α was initially discovered as an inhibitory factor of HIV-1 in Old World Monkeys (OWMs; Stremlau et al., 2006; Grutter and Luban, 2012). TRIM5α blocks a post-entry stage of HIV-1 replication through an interaction with the capsid protein. It belongs to the tripartite family of proteins, and contains a RING finger, B-box2, and coiled coil domain, which are responsible for E3 ubiquitin ligase activity and higher order self-association. It also has a B30.2/SPRY domain that detects the incoming viral capsid proteins, linking the viral core to an ubiquitin-proteasome-dependent pathway. This disrupts the preintegration complex, thereby blocking reverse transcription. However, in cases where the proteasome pathway is inhibited, nuclear entry of viral DNA is impaired. Recent studies also establish TRIM5α as an innate immune sensor of the retroviral capsid (Pertel et al., 2011). Sequence variation in B30.2/SPRY of TRIM5α and amino acid variations in the viral capsid are responsible for species-specific restriction and evasion, respectively (Nakayama et al., 2005; Sawyer et al., 2005). Additionally, allelic variation in TRIM5 influences transmission and modulates disease progression in SIV-infected RM (Kirmaier et al., 2010; Lim et al., 2010b; Reynolds et al., 2011). Interestingly, PTMs do not express a TRIM5α isoform, partially explaining their unique susceptibility to HIV-1 (Brennan et al., 2007).

Novel TRIMcyp also interfere with post-entry steps in HIV/SIV infection. First identified in New World Owl Monkeys (Sayah et al., 2004), the fusion protein appears to have arisen via line-mediated retrotransposition of the cyclophilin A gene into the TRIM5 locus. Subsequent studies have also identified TRIMcyp fusion proteins in RM, CM, and PTM that evolved independently (Brennan et al., 2008; Newman et al., 2008; Virgen et al., 2008; Wilson et al., 2008; Dietrich et al., 2011). Allelic variation in the cyclophilin A domain of the macaque TRIMcyp proteins affects recognition and inhibition of HIV-1 and 2 and SIVagm but not SIVmac. Interestingly, RMs and CMs are polymorphic for TRIM5α alleles and TRIMcyp, although geographically distinct CM populations show different frequencies of TRIMcyp. PTMs, on the other hand, are homozygous for TRIMcyp, again demonstrating a unique genotype for PTMs in comparison to other Asian macaques (Brennan et al., 2008; Newman et al., 2008; Kuang et al., 2009; Dietrich et al., 2011; Saito et al., 2012).

Tetherin or BST2 is interferon inducible type II membrane protein that interferes with the release of HIV-1 progeny virions from the surface of infected human T cells and also functions as an innate immune sensor of viral infection to promote inflammatory responses (Neil et al., 2008; Van Damme et al., 2008; Galao et al., 2012). Initially, it was discovered that the HIV-1 protein Vpu inhibits tetherin and is required for the efficient release of progeny virions (Neil et al., 2008; Van Damme et al., 2008). Subsequent studies have shown that primate lentiviruses that do not encode Vpu evolved other strategies to antagonize tetherin. For example, HIV-2 and SIV use Env- and Nef-dependent mechanisms to counteract the restrictive effect of tetherin (Jia et al., 2009; Le Tortorec and Neil, 2009), respectively. Additionally, the effects of the viral antagonists are specific for the host species in which they evolved. The HIV-1 Vpu evolved to overcome the activity of human tetherin, but it is ineffective against tetherin from chimpanzees, RM, AGM, and mustached monkeys (Jia et al., 2009; Sauter et al., 2009; Lim et al., 2010a; Yang et al., 2010). Despite the close relatedness of HIV-1 and SIVcpz, Vpu of SIVcpz does not antagonize chimpanzee tetherin. Instead it uses Nef to downregulate chimpanzee tetherin expression like other SIVs, which also exhibits species-specific activity (Jia et al., 2009; Zhang et al., 2009).

SAMHD1 is a restriction factor that inhibits HIV-1 infection of myeloid cells (Hrecka et al., 2011; Laguette et al., 2011). Although its exact biological function is unclear, mutations in SAMHD1 can result in Aicardi Goutieres syndrome whose symptoms mimic that of a viral infection (Rice et al., 2009). Vpx protein from either HIV-2 or the SIVsm lineage inhibit human SAMHD1, resulting in its degradation through the proteasome. It has been noted that Vpx expression or SAMHD1 depletion increases the amount of dNTP’s in macrophages, which suggests that SAMHD1 decreases the dNTP pool required for viral cDNA synthesis (Lahouassa et al., 2012). Structural studies also indicate that SAMHD1 is a dNTP triphosphate triphosphohydrolase (Goldstone et al., 2011). Interestingly, SAMHD1 only restricts infection of HIV-1 in non-dividing cells such as macrophages and resting T cells but not activated proliferating T cells (Baldauf et al., 2012; Descours et al., 2012). New data also indicate that phosphorylation may regulate SAMHD1’s restriction activity (Cribier et al., 2013; White et al., 2013).

Like the other restriction factors, Vpx appears to antagonize SAMHD1 in a species-specific manner since human and gibbon SAMHD1 can be degraded by Vpx proteins from HIV-2rod, SIVmac, and SIVsm but not by Vpx from SIVrcm and SIVmnd2. However, Vpx proteins from different SIV and HIV-2 strains can induce degradation of RM and SMSAMHD1 (Laguette et al., 2012; Lim et al., 2012). Interestingly, some SIVs inhibit SAMHD1 of their natural hosts via Vpr. Thus, targeting SAMHD1 appears critical for replication and persistence of SIVs in OWMs. It is therefore interesting that HIV-1 does not have a mechanism to antagonize SAMHD1 in human cells. One hypothesis is that this may help the virus avoid immune sensing.

Other innate restriction factors such as interferon inducible transmembrane proteins (IFITM), and 2′,3′-cyclic-nucleotide 3′-phosphodiesterase (Lu et al., 2011; Wilson et al., 2012) have been shown to interfere with early and late stages of the viral life cycle, respectively. However, whether these factors have species-specific activity against primate lentiviruses is unknown.

ENGINEERING MACAQUE-TROPIC HIV-1 DERIVATIVES

The species-specific effects of innate restriction factors and requirement for particular SIV sequences for replication competent SHIV chimeras suggested that engineering macaque-tropic recombinant viruses consisting of mainly HIV-1 sequences may be possible as long as the virus can evade or antagonize key host restriction factors (Figure 1). Hatziioannou et al. (2006) generated the initial HIV-1 chimera with minimal SIV sequences that could replicate in RM peripheral blood mononuclear cells (PBMCs; stHIV-1sca-sv). The virus included ca and vif substitutions from SIVmac in order to escape restriction by RM TRIM5α and A3G, respectively. In other studies, a macaque-tropic HIV-1 derivative with the SIV vif gene and a short 21 base pair segment corresponding to the HIV-1 cyclophilin A binding loop from SIV was constructed (NL-DT5R; Kamada et al., 2006; Igarashi et al., 2007). The virus showed increased infectivity in both CM and PTM T cells. However, only after passaging in a CM T cell line was the virus able to replicate efficiently in CD8+ cell-depleted PBMCs from either PTM or RM. While these HIV-1 derivatives infected PTM, they were rapidly controlled and did not cause disease. Additional studies selected gag variants better able to escape restriction by CM TRIMcyp (e.g., MN4-5S), but replication only modestly improved in CMs (Kuroishi et al., 2009; Saito et al., 2011).

Because of the absence of a post-entry block to HIV-1 infection and potential for more rapid AIDS progression, PTMs were hypothesized to be the most susceptible to macaque-tropic HIV-1 derivatives. Indeed, substituting vif in HIV-1 with alleles from SIVmne (HSIV-vif) or SIVmac or HIV-2 (stHIV-1) is sufficient for HIV-1 to replicate in PTM CD4+ T cells (Hatziioannou et al., 2009; Thippeshappa et al., 2011). Infection of PTMs with mtHIV-1 resulted in acute infection and viremia that was controlled within 25 weeks post-infection. Interestingly, replication of HSIV-vif in PTMs extended for over 90 weeks post-infection, although plasma viral loads were low. Moreover, one animal demonstrated a steep drop in CD4+ T cell counts, persistent but low viremia, and opportunistic infections after three years of infection (unpublished observations). It will be important to reisolate variants from this animal and examine the genetic and phenotypic changes that have occurred during infection. Since the different variants of HIV-1 and SIV used in these studies seem to make a difference in persistence and disease, other variants should be considered for future in vivo infection experiments.

What accounts for virological control in the PTMs remains unclear. There is suggestion from CD8+ cell-depletion studies that cellular immune responses may be limiting replication of the macaque-tropic HIV-1 clones (Hatziioannou et al., 2009). Additionally, the IFN-1 response might restrict viral replication. IFNs are upregulated during HIV-1 and SIV infections (Neil and Bieniasz, 2009; Thippeshappa et al., 2012). Thus, these viruses must be able to overcome the induction of restrictive interferon-stimulated genes (ISGs) in order to replicate to high levels and cause disease. Indeed, new studies demonstrate that the prototype macaque-tropic HIV-1 derivatives are inhibited by IFNα in PTM cells. By contrast, pathogenic SIVmne and SIVmac clones are highly resistant to IFNα-induced inhibition (Bitzegeio et al., 2013; Thippeshappa et al., 2013). Interestingly, suppression of replication of the HIV-1 derivatives by IFNα may not be due to the induction of known restriction factors such as tetherin, TRIM5α, TRIMcyp, A3G, or SAMHD1, indicating that other ISGs may be responsible for potently blocking replication of macaque-tropic HIV-1 in PTMs. Furthermore, IFNα resistance may be acquired by mutations in env, enabling escape from an early block in replication (Thippeshappa et al., 2013). Infection of PTMs with this variant could provide insight into whether evasion of IFNα is critical for viral replication in the host.

SUMMARY AND CONCLUSIONS

The engineering of macaque-tropic HIV-1 derivatives has shed light on the significance of counteracting or escaping restriction factors of the innate immune response for cross-species transmission. Macaque models have provided experimental in vivo systems to demonstrate the importance of Vif-mediated antagonism of A3 proteins and evasion of TRIM5 isoforms. Indeed, in the absence of inhibitory TRIM5α or TRIMcyp alleles in the PTM, Vif-mediated inhibition of A3G is necessary and sufficient for transmission and persistence of HIV-1 in PTMs. However, the SIV Vif is not sufficient for robust replication of macaque-tropic HIV-1 chimeras in PTMs because these viruses fail to adequately overcome the IFNα-induced antiviral state. Additional adaptations like those we have identified in an env sequence may be necessary for HIV-1 to replicate to high levels in the PTM or other macaque hosts. What other restriction factors might play a role in controlling HIV-1 replication in OWMs like Asian Macaques is unclear, but the IFNα resistance mutations may help identify new mechanisms of escape. Finally, it is curious that lentiviruses of OWMs target SAMHD1 for degradation via Vpx or Vpr, and that Vpx enhances transmission and pathogenesis of SIV in PTMs (Hirsch et al., 1998; Belshan et al., 2012), but HIV-1 did not evolve a mechanism to inhibit this protein in humans. Macaque-tropic HIV-1 derivatives provide a way to test whether antagonizing the activity of SAMHD1 is necessary for replication in OWM species.
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Macaque monkeys serve as important animal models for understanding the pathogenesis of lentiviral infections. Since human immunodeficiency virus type 1 (HIV-1) hardly replicates in macaque cells, simian immunodeficiency virus (SIV) or chimeric viruses between HIV-1 and SIV (SHIV) have been used as challenge viruses in this research field. These viruses, however, are genetically distant from HIV-1. Therefore, in order to evaluate the efficacy of anti-HIV-1 drugs and vaccines in macaques, the development of a macaque-tropic HIV-1 (HIV-1mt) having the ability to replicate efficiently in macaques has long been desired. Recent studies have demonstrated that host restriction factors, such as APOBEC3 family and TRIM5, impose a strong barrier against HIV-1 replication in macaque cells. By evading these restriction factors, others and we have succeeded in developing an HIV-1mt that is able to replicate in macaques. In this review, we have attempted to shed light on the role of host factors that affect the susceptibility of macaques to HIV-1mt infection, especially by focusing on TRIM5-related factors.
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INTRODUCTION

It is estimated that about 2.5 million individuals per year get infected with human immunodeficiency virus type 1 (HIV-1), a causative agent of acquired immunodeficiency syndrome (AIDS; UNAIDS Global report 2012, http://www.unaids.org/). To contain the disastrous epidemic, we need to consider effective approaches. For the pre-clinical evaluation of the anti-HIV-1 vaccines and therapy, it is necessary to have suitable animal models. Moreover, animal models would also aid for the understanding of the underlying mechanisms of HIV-1 pathogenicity. Since HIV-1 shows very narrow species specificity, being limited to human and apes, it has been quite challenging to develop an ideal animal model in which HIV-1 efficiently replicates and induces pathogenicity. Instead, many kinds of surrogate models developed as alternative strategy have provided us many important insights. In this decade, the molecular characterization of antiviral host restriction factors has dramatically progressed and shed light on the understanding of the viral specificity. These findings encouraged us to develop a novel non-human primate model for HIV-1 infection on the basis of a new concept (i.e., introduction of minimal modification to HIV-1 genome), by which the resultant virus would overcome a number of restriction factors. In this review, we summarize the history of the identification of the restriction factors and also discuss its impact and future direction on the development of HIV-1 animal models.

HISTORY OF HIV-1 ANIMAL MODELS

HIV-1 INFECTION IN SMALL ANIMALS

After the identification of HIV-1 as a causative agent of AIDS, many investigators sought to develop animal models for further research (reviewed in Gardner and Luciw, 1989). Although many efforts were performed in small animals, HIV-1 did not infect rodents, such as mice and rats, due to a number of restrictions, including the inability of HIV-1 Env to use the surface molecules in these animals as binding and entry receptors (Atchison et al., 1996) and the defect of murine cyclin T1 protein to associate with HIV-1 Tat (Kwak et al., 1999). Although rabbits were once expected to show susceptibility to HIV-1 infection (Filice et al., 1988; Kulaga et al., 1989), the reproducibility of this model remains to be elucidated (Reina et al., 1993; Speck et al., 1998; Tervo and Keppler, 2010). In an attempt to overcome the limitation in using these animals, several versions of humanized mice such as SCID-hu-PBL (severe combined immunodeficiency-human peripheral blood lymphocytes) mice (Mosier et al., 1988), Rag2-/- γc-/- mice (Traggiai et al., 2004), NOG (NOD/Shi-scid/IL-2Rγ null) mice (Ito et al., 2002), NSG (NOD scid gamma) mice (Shultz et al., 2005), and NOD/SCID-hu BLT mice (Melkus et al., 2006), have been generated (reviewed in Berges and Rowan, 2011). To generate this model, human immune cells were implanted into immunocompromised mice. After reconstitution of engrafted immune cells, HIV-1 replication in these animals was investigated. Generally, robust HIV-1 replication and loss of peripheral CD4+ T cells is observed in infected animals. Therefore, this model system would be useful for evaluation of drugs and neutralizing antibodies against HIV-1 (Denton et al., 2008). Moreover, this model provides important insight about the viral latency and the role of accessory genes in vivo (Denton et al., 2012; Marsden et al., 2012; Sato et al., 2012). However, none or weak immune response is observed in these animals. Moreover, this model requires special surgical skills and facilities to perform experiments.

HIV-1 INFECTION IN NON-HUMAN PRIMATES

Differently from other pathogenic viruses for human such as measles and mumps, HIV-1 does not replicate in New World monkeys (NWMs) and Old World monkeys (OWMs). In cells from NWMs, such as squirrel monkey (Saimiri sciureus) and common marmoset (Callithrix jacchus), the cluster of differentiation 4 (CD4) and C-C chemokine receptor type 5 (CCR5) molecules function insufficiently as binding and entry receptors (LaBonte et al., 2002). On the other hand, in OWM cells, most HIV-1 enters target cells as efficiently as human cells. Interestingly, recent studies revealed that some subtypes of HIV-1 are unable to efficiently utilize macaque CD4 because of the difference in the C-terminus of the D1 domain of CD4 between human and OWMs, and therefore adaptive mutation was required for optimal efficiency (Humes and Overbaugh, 2011; Humes et al., 2012). After entering target cells, the subsequent steps of HIV-1 life cycle (i.e., uncoating and reverse transcription) are strongly abolished in OWM cells (Shibata et al., 1995; Hofmann et al., 1999). Although pigtailed macaque (Macaca nemestrina; hereafter denoted as PM) was once believed to be promising because of its higher susceptibility to HIV-1 infection as compared to other OWMs (Agy et al., 1992), the HIV-1 replication in those animals was weak and the trial of serial in vivo passage was shown to be unsuccessful (Agy et al., 1997). Among the animals examined for their susceptibility to HIV-1 infection, chimpanzees and gibbon apes were identified to have high susceptibility (Fultz et al., 1986; Lusso et al., 1988). In 1980s and 1990s, many chimpanzees were experimentally infected with HIV-1, including clinically isolated viruses and molecularly cloned viruses, resulting in a robust viral replication (Alter et al., 1984; Fultz et al., 1987, 1999; Nara et al., 1987; Prince et al., 1988). These experiments provided many important insights, including the roles of neutralizing antibody in protective immunity. While some of the infected chimpanzees experienced AIDS-related symptoms (Fultz et al., 1991; Novembre et al., 1997; O’Neil et al., 2000), most of them seemed not to develop apparent clinical symptoms (Gardner and Luciw, 1989; Johnson et al., 1993). Furthermore, there are many concerns about using chimpanzees, including ethical issues and their quite high rearing cost; therefore, researchers finally decided not to use this ape for HIV-1 research (Cohen, 2007). Therefore, the need for the development of other non-human primate models has been increasing.

SIV INFECTION IN NON-HUMAN PRIMATES

As a surrogate model, simian immunodeficiency virus (SIV) infection in Asian macaques, such as rhesus macaque (Macaca mulatta; hereafter denoted as RM) and cynomolgus macaque (Macaca fascicularis; hereafter denoted as CM) has been developed. While SIV efficiently replicates in its natural host [e.g., sooty mangabey (Cercocebus atys; hereafter denoted as SM) for SIVsm and African green monkey (Chlorocebus sabaeus; hereafter denoted as AGM) for SIVagm, respectively; Ohta et al., 1988; Kraus et al., 1989], infected animals generally do not develop immunodeficiency, unlike the course of HIV-1 infection in humans. In the 1980s, accidental transmission of SIVsm to RMs caused a lethal disease, and the symptoms were quite similar to those seen in AIDS patients (Daniel et al., 1985; Letvin et al., 1985). Thereafter, the pathogenic virus was molecularly cloned as SIVmac (Naidu et al., 1988; Kestler et al., 1990). The combination of SIVmac and RMs has been broadly utilized as a surrogate model for HIV-1 infection because of its similarity in the genome structure and pathogenicity. Specifically, this model dramatically advanced our understanding in terms of the functional roles of the viral accessory genes in vivo (Kestler et al., 1991; Gibbs et al., 1995; Hirsch et al., 1998). Moreover, this model provided the important finding that the acquired protective immunity induced by live-attenuated vaccines was effective against homologous and heterologous SIV challenges (Daniel et al., 1992; Wyand et al., 1996, 1999).

INFECTION OF CHIMERIC VIRUS BETWEEN HIV-1 AND SIV IN NON-HUMAN PRIMATES

Accumulating evidence has demonstrated the inability of intact HIV-1 to replicate in OWM cells. Then, what kind of viral components in HIV-1 and SIV determine their host tropism? In an effort to answer this profound question, many researchers constructed chimeric viruses between HIV-1 and SIV and analyzed their viral replication in human and OWM cells. It was shown that chimeric viruses containing HIV-1-derived gag and/or vif were unable to replicate in macaque cells and that a chimeric virus encoding HIV-1-derived env on the SIVmac backbone was able to replicate in primary OWM cells (Shibata et al., 1991; Shibata and Adachi, 1992), indicating that the step of entry was not the determinant for the species specificity of HIV-1. As a consequence of vigorous investigation, Shibata et al. finally succeeded to construct a prototypic simian–human immunodeficiency virus (hereafter denoted as SHIV) clone that encodes HIV-1-derived tat, rev, vpu, and env genes on the SIVmac239 backbone (Shibata et al., 1991; Shibata and Adachi, 1992). This SHIV clone was shown to efficiently replicate in primary macaque cells. Thereafter, many groups developed several versions of SHIV. Of note, by serial passaging of apathogenic SHIV-89.6 in monkeys, Reimann et al. (1996) successfully obtained a highly pathogenic virus (SHIV-89.6P) that caused rapid and complete depletion of peripheral CD4+ T cells, leading to simian AIDS. These chimeric viruses not only enabled us to evaluate the efficacy of antiviral immunity against HIV-1 Env but also supplied us important insights on what kind of SIVmac-derived genes are necessary to replicate in macaque cells. This SHIV model became a huge breakthrough for HIV-1 investigators; by using SHIV, the mechanism and efficacy of passive immunization (Shibata et al., 1999; Baba et al., 2000; Nishimura et al., 2002) as well as vaccine candidates (Igarashi et al., 1997; Letvin et al., 1997; Cafaro et al., 1999) were vigorously investigated. Incidentally, the lower sequence homology in RT between SIV and HIV-1 limited this model for the evaluation of antiretroviral drugs especially against RT. To overcome this limitation, RT-SHIV, which encodes HIV-1 RT in the place of SIVmac RT, was developed and used for the assessment of RT inhibitors (Uberla et al., 1995; Ambrose et al., 2004; North et al., 2005). SHIV carrying HIV-1 integrase (IN) in addition to RT was also constructed (Akiyama et al., 2008). These efforts have dramatically advanced the basic research related to HIV-1. However, since these viruses were constructed on the basis of SIVmac backbone, SHIVs are still far from HIV-1. Moreover, some pathogenic SHIV clones, such as SHIV-89.6P, show quite different phenotypes in macaques, unlike those in HIV-1 infection of humans and SIVmac infection of macaques (Feinberg and Moore, 2002). First, these SHIVs induced abnormally rapid, profound, and irreversible loss of CD4+ T cells in macaques, differently from the gradual decline of CD4+ T cells observed in most HIV-1-infected patients (McCune, 2001). Second, these SHIVs were somehow highly susceptible to neutralizing antibodies, while most HIV-1 isolates and pathogenic SIVs were resistant to neutralization. Therefore, earlier vaccine studies using SHIV as a challenge virus succeeded in controlling viral replication by immunization with vaccine candidates (Amara et al., 2001; Barouch et al., 2001). Notably, these outcomes were frequently observed in experiments with SHIV using C-X-C chemokine receptor type 4 (CXCR4; X4-tropic virus), or SHIV using both CXCR4 and CCR5 as co-receptors (dual-tropic virus). Since HIV-1 in human population usually uses CCR5 as a co-receptor during transmission (Schuitemaker et al., 1992), it will be straightforward to develop an R5-tropic SHIV in order to reproduce the transmission, latency, and pathogenicity of HIV-1 in macaques. In fact, R5-tropic SHIVs were recently constructed and their phenotype seemed different from those of X4-tropic SHIVs and dual-tropic SHIVs. It is thought that X4-tropic SHIV selectively infects CXCR4+ naive CD4+ T cells that are enriched in secondary lymph nodes, while most SIV and R5-tropic SHIV mainly target CCR5+ memory CD4+ T cells in extra-lymphoid immune effector sites such as gut, lung and genital tract, explaining the divergent clinical sequel (Harouse, 1999; Nishimura et al., 2004; Ho et al., 2005). Especially, mucosal infection with R5-tropic SHIV would be a promising tool for investigating protection and transmission of immunodeficiency viruses (Matsuda et al., 2010; Bomsel et al., 2011; Gautam et al., 2012; Moldt et al., 2012).

In spite of the usefulness of these SHIVs in experiments targeting HIV-1 env, the low similarity in other genes, especially gag and pol, still limits the use of this virus as a challenge virus. Since cytotoxic T lymphocyte (CTL) response against Gag protein is thought to play a central role in controlling viral replication (Kiepiela et al., 2007), the absence of HIV-1-derived gag in current SHIV hampers evaluation of vaccine candidate against HIV-1 Gag. To solve this problem, we need to proceed to construct more relevant animal models of HIV-1. In this decade, our knowledge about host factors that form species barrier against HIV-1 has dramatically increased. This knowledge would permit us to develop an HIV-1 clone having the potential to replicate in macaques. Many efforts to develop a more feasible model were made by several groups as described below. Here, we summarize the role of anti-HIV-1 restriction factors in macaque cells and the viral antagonists against these factors.

INTRINSIC HOST FACTORS

APOBEC3 FAMILY

It has long been observed that the infectivity of vif gene-deficient HIV-1 in certain T cell lines such as H9 and CEM, as well as primary lymphocytes, was strongly decreased (Gabuzda et al., 1992; Sakai et al., 1993; Tervo and Keppler, 2010). Virions produced from these restrictive cells have less infectivity as compared to the wild-type virus. Many efforts were made to identify a cellular factor that conferred this restrictive activity. In particular, the fact that heterokaryons between permissive and restrictive cells suppressed the infectivity of the vif-deficient HIV-1 clearly suggested the existence of a potent endogenous inhibitor of HIV-1 replication in restrictive cells (Madani and Kabat, 1998; Simon et al., 1998). Finally, in 2002, the apolipoprotein B mRNA editing enzyme catalytic polypeptide 3 G (APOBEC3G; hereafter denoted as A3G) was identified as a novel host restriction factor in human cells (Sheehy et al., 2002). A3G is expressed in various tissues including testis, ovary, spleen, and peripheral blood mononuclear cells (PBMCs; Jarmuz et al., 2002). Since A3G is a member of the cytidine deaminase enzyme, the vif-deficient virus contains many G-to-A mutations in its minus-strand genome, leading to disruption of infectivity. Moreover, the fact that deamination-deficient mutant A3G can still inhibit vif-deficient HIV-1 implied that A3G exerts its antiviral activity with deamination-dependent and deamination-independent fashion (Newman et al., 2005). In order to counteract the A3G-mediated restriction, HIV-1 has equipped its genome with vif gene and the resultant protein, Vif, efficiently inhibits A3G incorporation into progeny virions by inducing proteasome-dependent degradation of A3G (Conticello et al., 2003; Kao et al., 2003; Mehle et al., 2004). Recently, it was reported that core-binding factor beta (CBFβ), a transcription regulator through RUNX binding, was required for HIV-1 Vif to degrade A3G (Hultquist et al., 2012; Jager et al., 2012). SIVmac Vif similarly recruits CBFβ in order to neutralize the RM A3G (Hultquist et al., 2012; Jager et al., 2012). It was also proposed that HIV-1 Vif suppresses human A3G activity by inhibiting the translation of A3G (Mercenne et al., 2010). Although the human genome encodes other six A3 members (A3A, B, C, DE, F, and H) in addition to A3G, the precise antiviral activity of the A3 proteins remains to be elucidated. Human A3F was also reported to have anti-HIV-1 activity and susceptibility to HIV-1 Vif (Liddament et al., 2004; Wiegand et al., 2004; Zheng et al., 2004). In contrast, Miyagi et al. (2010) suggested that the antiviral activity of endogenous level of human A3F was negligible as compared to the activity of A3G. It is known that human A3DE and A3F, in addition to A3G, are also sensitive to counteraction by HIV-1 Vif (Goila-Gaur and Strebel, 2008). As seen in humans, the RM genome also encodes seven A3 members (Schmitt et al., 2011). Virgen and Hatziioannou (2007) investigated the susceptibility of HIV-1 to each RM A3 family member and showed that A3B, A3F, A3G, and A3H had the ability to restrict HIV-1 and were resistant to HIV-1 Vif activity. It should be noted that Vif-A3G interaction shows species specificity (Mariani et al., 2003). HIV-1 Vif is able to counteract A3G from humans but not from RM and AGM (Zennou and Bieniasz, 2006; Virgen and Hatziioannou, 2007). Conversely, SIVagm Vif is effective against A3G from AGM and RM, but unable to antagonize A3G from human and chimpanzee (Mariani et al., 2003). SIVmac Vif efficiently counteracts A3G from human, chimpanzee, AGM, and RM (Mariani et al., 2003). Are there any polymorphisms in the A3 family? In case of humans, a polymorphism in A3B deletion was reported (Kidd et al., 2007). In RMs, a polymorphism in A3DE was observed and was reported to affect the antiviral activity (Virgen and Hatziioannou, 2007). How can we obtain HIV-1 with the ability to overcome macaque A3s? Many efforts have been made to evade from the restriction by the macaque A3 family. Schrofelbauer et al. (2006) showed that mutations of HIV-1 Vif at positions 14–17 from DRMR into SEMQ allowed HIV-1 Vif interaction with A3G from RM. However, this HIV-1 Vif harboring SEMQ remained susceptible to A3B, A3F, and A3H from RM (Virgen and Hatziioannou, 2007), suggesting that the introduction of this sequence in HIV-1 Vif was not sufficient for evading from A3s other than A3G. Besides, since the replication of HIV-1 in OWM cells was suppressed, at least at two steps (early and late stages of HIV-1 lifecycle), it is reasonable to speculate that just a modification of vif is insufficient for HIV-1 to overcome the restriction in various OWM cells.

BONE MARROW STROMAL ANTIGEN 2

It had been observed that the production of vpu-deficient HIV-1 in certain cell lines was severely diminished (Klimkait et al., 1990; Sakai et al., 1995). Specifically, while permissive cells, such as HEK293T and HT1080 cells, allowed comparative levels of virion production, non-permissive cells, such as Jurkat and HeLa cells, decreased the amount of virion production in the absence of vpu. It was also reported that interferon (IFN) treatment led to phenotype switch from permissive to non-permissive (Neil et al., 2007). Thus, the existence of unknown IFN-inducible, Vpu-sensitive cellular factors, was predicted. In 2008, bone marrow stromal antigen 2 (BST-2), also known as tetherin, CD317, and HM1.24, was identified by two independent groups (Neil et al., 2008; Van Damme et al., 2008). BST-2 is a type 2 integral membrane protein, with the N-terminus located in the cytoplasm, one membrane-spanning domain, and a C-terminus modified by the addition of a glycosyl-phosphatidylinositol (GPI) anchor (Kupzig et al., 2003). Erikson et al. (2011) analyzed the expression profile of BST-2 in vivo and demonstrated that BST-2 was expressed in various tissues, especially spleen and alimentary system. They also showed that among PBMCs, monocytes express high levels of BST-2 as compared to T and B cells. Furthermore, like tripartite motif-containing protein 5 (TRIM5α), hominid BST-2, but not other primate BST-2, has been recently reported to function as an innate sensor, leading to the transforming growth factor β activated kinase-1 (TAK1)-dependent activation of NFκB and subsequent production of pro-inflammatory cytokines (Galao et al., 2012). Cocka and Bates (2012) recently showed that human BST-2 gene expressed alternative splice isoforms that led to different antiviral activity as well as sensing activity from the wild-type one. To overcome BST-2-mediated restriction, HIV-1 downregulates BST-2 from the cell surface by expressing Vpu protein, a viral protein absent in most of the SIVsm/HIV-2 lineage (Neil et al., 2008; Van Damme et al., 2008). On the other hand, HIV-2 utilizes Env protein as an antagonist for human BST-2 (Le Tortorec and Neil, 2009). In the case of SIVmac, Nef protein confers the ability to overcome BST-2-mediated restriction in RM cells (Jia et al., 2009; Sauter et al., 2009; Zhang et al., 2009). It is also reported that Env protein of SIVtan [SIV from Tantalus monkeys (Chlorocebus tantalus)] was effective against BST-2 from human and RM (Gupta et al., 2009). It should be noted that the antagonistic activity of these viral proteins against BST-2 is thought to function in a species-specific manner. While Vpu from the HIV-1 group M is able to counteract human and chimpanzee BST-2, most of these Vpus are ineffective against BST-2 from RM and AGM (McNatt et al., 2009; Sauter et al., 2009). In contrast, Nef from SIVmac is effective for BST-2 from RM and SM but ineffective for BST-2 from human (Jia et al., 2009). This characteristic resistance of human BST-2 to SIV Nef was proven to have an association with the deletion in human BST-2 of 5 amino acid residues, to which SIV Nef binds (Jia et al., 2009; Zhang et al., 2009). Although most SIVsm/HIV-2 lineage does not encode vpu gene, SIVcpz, SIVgor [SIV from gorillas (Gorilla gorilla gorilla)], SIVgsn [SIV from greater spot-nosed guenons (Cercopithecus nictitans)], SIVmon [SIV from mona monkeys (Cercopithecus mona)], SIVmus [SIV from moustached monkey (Cercopithecus cephus)], and SIVden [SIV from Dent’s mona monkey (Cercopithecus denti)] were shown to harbor the vpu gene (Courgnaud et al., 2003; Dazza et al., 2005). Recently, Sauter et al. (2009) demonstrated that Vpus from SIVgsn and SIVden potently counteracted the BST-2 from RM. Moreover, Shingai et al. (2011) showed that Vpu from SHIVDH12 potently counteracted BST-2 from RM. It is therefore possible that the exchange of present HIV-1NL4-3-derived-Vpu with these Vpus might lead to efficient evasion from the BST-2-mediated restriction in macaque cells. It was reported that a nef-deleted SIVmac239 inoculated to RM became pathogenic after in vivo passage (Alexander et al., 2003; Serra-Moreno et al., 2011). Serra-Moreno et al. (2011) showed that the nef-deleted SIVmac239 gained the ability to antagonize BST-2 by utilizing its Env gp41 as a consequence of adaptive mutations in the env gene. In addition, Vpu from the less pathogenic HIV-1 group O was reported to lose anti-BST-2 activity (Sauter et al., 2009). It was shown that SHIVDH12 lacking intact Vpu inefficiently replicated in vivo as compared to the wild-type virus (Shingai et al., 2011). These findings indicate the importance of evasion from BST-2-mediated restriction for lentiviral pathogenesis in vivo. Although detailed genetic information is limited, the BST-2 gene is reported to be polymorphic at least in RM (McNatt et al., 2009). Therefore, when using macaques for HIV-1 research, we should also appreciate the polymorphisms in BST-2 gene.

SAMHD1

It has long been observed that HIV-1 replication in myeloid linage cells, such as macrophages and dendritic cells (DCs) was impaired and the expression of HIV-2/SIV Vpx in trans was shown to rescue this inhibition (Goujon et al., 2007, 2008; Kaushik et al., 2009). The sterile alpha motif (SAM) and histidine/aspartic acid (HD) domain containing protein 1 (SAMHD1) was identified as an HIV-1 restriction factor in myeloid cells that were degraded by the HIV-2/SIV Vpx protein (Hrecka et al., 2011; Laguette et al., 2011). SAMHD1 was reported to restrict HIV-1 replication in resting CD4+ T cells as well (Baldauf et al., 2012; Descours et al., 2012). Historically, SAMHD1 is shown to be associated with the Aicardi–Goutières autoimmune-mediated neurodevelopmental syndrome. Patients having a mutation in SAMHD1 gene would have symptoms of abnormal immune activation likely due to the excessive production of IFNα (Crow and Rehwinkel, 2009; Rice et al., 2009). Since SAMHD1 functions as a deoxyguanosine triphosphate (dGTP)-regulated deoxynucleoside triphosphate (dNTP) triphosphohydrolase (Powell et al., 2011), it exerts its anti-HIV-1 activity via the depletion of dNTP pools in virus-infected cells, leading to the inhibition of the reverse transcription (Lahouassa et al., 2012). The fact that SAMHD1-deficient CD14+ monocytes efficiently permit HIV-1 replication supports this notion (Berger et al., 2011). It is noteworthy that SAMHD1 exerts its antiviral activity against various retroviruses ranging from alpha, beta and gamma retrovirus, except for prototype foamy virus and Human T cell leukemia virus type I (HTLV-1; Gramberg et al., 2013). As described above, the SAMHD1-mediated restriction would be counteracted by HIV-2/SIV Vpx. Hofmann et al. (2012) showed that Vpx recruits SAMHD1 to a cullin4 A-RING E3 ubiquitin ligase, leading to proteasomal degradation. The importance of Vpx in vivo was based on the fact that the replication of vpx-deleted SIV in monkeys was significantly weaker than that in wild-type SIV (Gibbs et al., 1995; Hirsch et al., 1998; Belshan et al., 2012). However, vpx-deleted SIV still had the ability to induce simian AIDS in macaques, suggesting a limited role of SAMHD1-mediated restriction in SIV pathogenesis (Gibbs et al., 1995). It is of note that while HIV-2 as well as most of SIV linage such as SIVmac encodes vpx, HIV-1 as well as some SIV lineage such as SIVcpz and SIVgor does not encode vpx in its genome. Similar to the relationship between A3G and Vif, SAMHD1 is also antagonized by viral proteins in a species-specific manner. For instance, Vpxs from SIVmac and SIVsm are effective against SAMHD1 from human, OWMs, and NWMs (Laguette et al., 2012), while those from SIVrcm [SIV from red-capped mangabey (Cercocebus torquatus)] or SIVmnd [SIV from mandrill (Mandrillus sphinx)] are effective against SAMHD1 from OWMs and NWMs but not from humans (Lim et al., 2012). Lim et al. (2012) also found that Vpr from some SIV lineage, such as SIVdeb [SIV from De Brazza’s monkey (Cercopithecus neglectus)], SIVmus, and a part of SIVagm (SIV from AGM), has the potency of degrading SAMHD1 from RM and AGM. It would be of great interest to introduce these vprs into HIV-1mt and examine whether this modification would enhance the viral replication in myeloid linage cells from macaques.

TRIM5

It was demonstrated that the replication of HIV-1 in OWMs cells was severely abolished before reverse transcription (Besnier et al., 2002; Cowan et al., 2002; Munk et al., 2002). An experiment using interspecies heterokaryons between OWM and human cells suggested the existence of an inhibitory factor in OWM cells (Munk et al., 2002). Stremlau et al. (2004) by screening the RM cDNA library, successfully identified TRIM5α as a restriction factor in RM cells that confer permissive cells resistance to HIV-1 infection. They also demonstrated that RM TRIM5α, but not human TRIM5α, could restrict HIV-1 infection. On the other hand, human TRIM5α potently restricts the N-tropic murine leukemia virus (N-MLV) as well as the equine infectious anemia virus (EIAV) but not B-tropic murine leukemia virus (B-MLV; Hatziioannou et al., 2004; Keckesova et al., 2004; Perron et al., 2004; Yap et al., 2004), indicating the importance of TRIM5α as a host factor restricting the cross-species transmission of retroviruses. TRIM5α is ubiquitously expressed and consists of a RING domain, a B-box domain, a coiled coil domain, and a PRYSPRY (B30.2) domain (Reymond et al., 2001). The characteristic PRYSPRY domain recognizes the capsid of incoming retroviruses, leading to the restriction of the infection at the post-entry step. This domain is also responsible for the species-specific function of TRIM5α (Nakayama and Shioda, 2010). It was shown that TRIM5α was IFN-inducible and that IFN treatment of cells led to the augmentation of antiviral activity (Asaoka et al., 2005; Sakuma et al., 2007). An additional role of TRIM5α as a pattern recognition receptor was recently identified (Pertel et al., 2011). TRIM5α binds to the incoming viral capsid and then activates its E3 ligase activity, together with the UBC13–UEV1A enzyme complex, resulting in the synthesis of free ubiquitin chains. The chains stimulate TAK1 phosphorylation and the expression of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells)- and MPK (mitogen-activated protein kinase)-responsive genes, leading to an antiviral state (De Silva and Wu, 2011). Among the restriction factors discussed here, TRIM5 gene might be most polymorphic in primates. At what degree does this polymorphism in TRIM5 gene affect the susceptibility to retroviral infection? A length polymorphism in TRIM5α, in which the TFP residues from position 339 to 341 of TRIM5α were replaced with a single glutamine (Q), was identified in some RM individuals (Newman et al., 2006). This TFP/Q polymorphism affects the anti-lentiviral activity of RM TRIM5α against SIVsmE543-3 and SIVsmE041 but not against SIVmac (Kirmaier et al., 2010). Similarly, this polymorphism in RM TRIM5α is associated with the different antiviral activity against HIV-2 (Kono et al., 2008).

Although most cell lines from NWMs were susceptible to VSV-G pseudotyped HIV-1, cell lines from owl monkey (Aotus trivirgatus) exceptionally showed high resistance to infection by HIV-1 (Hofmann et al., 1999). As the reason for this discrepancy, Sayah et al. (2004) successfully identified TRIM5-Cyclophilin A (CypA) chimeric protein (referred to as TRIMCyp) in owl monkey, which was derived from LINE-1-mediated retrotransposition of CypA cDNA into the region between TRIM5 exons 7 and 8. In the case of OWMs, the higher susceptibility of PM to HIV-1 infection was, at least in part, explained by the fact that PM exclusively have the TRIMCyp genotype instead of TRIM5α (Liao et al., 2007; Brennan et al., 2008; Virgen et al., 2008). Differently from owl monkey TRIMCyp, the TRIMCyp of PM was a consequence of a retrotransposition of the CypA sequence in the 3′ untranslated region (UTR) of the TRIM5 gene, together with a single nucleotide polymorphism (SNP) at the exon 7 splice acceptor site. This SNP at the splice acceptor site leads to skipping exons 7 and 8 encoding the PRYSPRY domain and splicing to the inserted CypA gene. In addition to PM, it is reported so far that RM and CM also possess TRIMCyp in their genome (Brennan et al., 2008; Newman et al., 2008; Wilson et al., 2008). Interestingly, RM has geographic deviation in the frequency of TRIMCyp, depending on the country of origin (Wilson et al., 2008). It is reported that Indian RM possessed TRIMCyp more frequently than Chinese RM (Wilson et al., 2008; De Groot et al., 2011). We recently reported that CM also showed divergent frequency of TRIMCyp depending on their country of origin (Saito et al., 2012b). The frequency of TRIMCyp in Filipino CM was significantly higher than that in Malaysian and Indonesian CM. We demonstrated that wild-caught CM also had a geographic deviation in the frequency of TRIMCyp as seen in captive CM (Saito et al., 2012a). Consistently, Dietrich et al. (2011) reported that the frequency of TRIMCyp in Filipino CM was higher than those in Indonesian and Indochina CM. It was shown that Mauritian CM, a population thought to be derived from Indonesian CM, seemed not to possess TRIMCyp, probably due to the founder effects at the time of introduction by human (Dietrich et al., 2011; Berry et al., 2012). Since TRIM5α is expected to act as homomultimer (Mische et al., 2005; Perez-Caballero et al., 2005), heterologous expression of TRIM5α in combination with TRIM5 isoforms other than TRIM5α reportedly led to a dominant negative effect on the TRIM5α antiviral activity (Berthoux et al., 2005; Maegawa et al., 2008). Interestingly, it was reported that RM heterozygous for TRIM5α and TRIMCyp showed higher resistance to repeated intrarectal challenge of SIVsmE660 as compared to RM homozygous for TRIM5α or TRIMCyp (Reynolds et al., 2011). Since RM TRIMCyp could restrict SIVsm but not SIVmac (Kirmaier et al., 2010), it is reasonable to assume that the combination of TRIM5α and TRIMCyp may function more efficiently as antiviral factors against SIVsm. We will further discuss the impact of TRIM5 polymorphism on the viral replication in the latter chapter. In summary, since TRIM5 genotype would greatly influence the susceptibility to lentiviruses, the correlation between polymorphism of TRIM5 gene in macaques and outcomes should be carefully evaluated.

UNIDENTIFIED RESTRICTION FACTORS

Viral infection usually stimulates cellular factors through pattern recognition receptors, such as Toll-like receptor (TLRs) and RIG-I-like receptors, expressed on many type of cells, leading to the induction of IFN production (Bowie and Unterholzner, 2008). In particular, type I IFN, which include IFN-α and IFN-β, puts a switch on the IFN-stimulated gene 15 (ISG15), leading to a cascade of antiviral status (Zhao et al., 2013). The expression levels of the restriction factors described above are reported to increase via IFN stimulation (Asaoka et al., 2005; Tanaka et al., 2006; Neil et al., 2007; Sakuma et al., 2007). Lately, Bitzegeio et al. (2013) have demonstrated that HIV-1-based chimeric viruses, engineered to overcome SAMHD1 or BST-2 as well as A3 and TRIM5 from PM, are still severely restricted in IFN-treated PM PBMCs. They have also demonstrated that the replication of SIVmac in IFN-treated human PBMCs is greatly suppressed, and vice versa. This finding strongly suggests the existence of unidentified, IFN-inducible restriction factors in each species. Therefore, it is also necessary to continue exploring such unidentified cellular factors.

CONSTRUCTION OF MACAQUE-TROPIC HIV-1

In virtue of the detailed understanding of the molecular relationship between antiviral host factors and viral antagonists (summarized in Tables 1 and 2), it became possible to create a macaque-tropic HIV-1 (HIV-1mt) with the ability to replicate in OWM cells. In 2006, two independent groups succeeded in the construction of an HIV-1mt that contains partial SIV-derived sequences on the HIV-1NL4-3 backbone. Hatziioannou et al. (2006) constructed HIV-1mt that contains the entire Gag-CA and vif from SIVmac in order to evade from TRIM5α- and A3G-mediated restriction, respectively. This HIV-1mt, which contains approximately 88% of HIV-1-derived sequence, was shown to efficiently replicate in RM PBLs. In parallel with that study, Kamada et al. (2006) constructed HIV-1mt named NL-DT5R in which the sequence of CypA binding loop [the loops of α-helices 4 and 5 (L4/5)] in Gag-CA and entire vif gene were replaced with those from SIVmac239. NL-DT5R, in which approximately 93% of its sequence was derived from HIV-1, was shown to replicate in a CM T cell line (HSC-F cells) as well as CD8+ cell-depleted PM PBMCs but hardly in CD8+ cell-depleted RM PBMCs. Subsequently, Igarashi et al. (2007) investigated the replication capability of NL-DT5R in PM and found that this prototypic HIV-1mt was able to induce acute viremia up to around 1 × 104 copies/mL. Thereafter, in order to enhance the viral replication, we further modified the sequence of NL-DT5R-based HIV-1mt by 2 different approaches. First, we performed a long-term adaptation experiment in CM T cell lines to induce adaptive mutation in its genome. As a consequence of adaptation, several nucleotide substitutions were identified (see Figure 1, orange arrows in MN4-5 and MN4-5S). The functional significance of each mutation was molecularly evaluated (Nomaguchi et al., 2013a). Second, we introduced the α-helices 6 and 7 (L6/7) in addition to L4/5 of Gag-CA into MN4-5, resulting in MN4-5S. As shown in Figure 2, this substitution enhanced the viral replication in vitro (Kuroishi et al., 2009) and in vivo (Saito et al., 2011). We next constructed a new HIV-1mt named MN4Rh-3 carrying the Q110D substitution in Gag-CA. This HIV-1mt exhibited further enhanced growth property specifically in macaque cells but impaired replication in human cells (Nomaguchi et al., 2013b). We also examined the replicative property of MN4Rh-3 in CM (Saito et al., 2013). In accordance with in vitro data (Nomaguchi et al., 2013b), MN4Rh-3 induced higher viremia on average up to 50 times as compared to MN4-5S (Figure 2). Notably, TRIMCyp homozygotes were highly permissive to MN4Rh-3 infection, while the replication of MN4Rh-3 in TRIM5 homozygotes was strongly suppressed. We also observed that CM heterologous for TRIM5α and TRIMCyp showed similar anti-HIV-1 activity with TRIMCyp homozygotes (Saito et al., 2013). These findings indicated that MN4Rh-3 enhanced the replicative capability in CM having TRIMCyp, but was still unable to overcome TRIM5α-mediated restriction. It should be noted that the sequence of most TRIMCyp encoded in CM are different from those in RM and PM. It was once thought that CM exclusively possessed TRIMCyp in which the amino acid residues at positions 369 (Cyp66) and 446 (Cyp143) were aspartic acid (D) and lysine (K) [denoted as the TRIMCyp (DK)], respectively, while PM and RM had TRIMCyp in which the amino acids at the corresponding positions were asparagine (N) and glutamic acid (E) [denoted as the TRIMCyp (NE); Brennan et al., 2008; Ylinen et al., 2010], respectively. However, others and we recently revealed that CM possessed TRIMCyp (NE) as well as TRIMCyp (DK) in spite of the low frequency of TRIMCyp (NE) haplotype in CM population (Dietrich et al., 2011; Saito et al., 2012a, b). Strikingly, others and we reported that TRIMCyp (DK) and TRIMCyp (NE) exhibit different anti-lentiviral activity. It is well established that the TRIMCyp (DK) efficiently restricts HIV-1 but weakly restricts HIV-2 (Saito et al., 2012b). On the other hand, the TRIMCyp (NE) fails to restrict HIV-1 but efficiently restrict HIV-2 (Wilson et al., 2008). It was also shown that both haplotypes hardly restricted SIVmac239 replication. These results indicate that the sequence variations in CypA greatly affect the spectrum of their anti-HIV-1 activity. However, how does TRIMCyp (DK) exert its anti-HIV-1 activity? Actually, TRIMCyp (DK) is expected to bind the L4/5 in Gag-CA. Moreover, the treatment of the target cells with cyclosporin A, an inhibitor against CypA, or the introduction of amino acid changes in this loop of the viral genome relieved the inhibitory effect by TRIMCyp (DK; Ylinen et al., 2010). Therefore, when we use CM homozygous for TRIMCyp (DK), it is necessary to modify the loop in order to evade restriction. In fact, we have used HIV-1mts in which the L4/5 in Gag-CA were replaced with the corresponding sequence of SIVmac239 (Kamada et al., 2006). In contrast, those research groups that used PM did not need to modify this region. Hatziioannou et al. (2009) have successfully constructed an HIV-1mt that induced persistent viremia in PM with modification of only vif and env gene. Similarly, Thippeshappa et al. (2011) also constructed an HIV-1mt named HSIV-vif that encoded vif gene from pathogenic PM-adapted SIVmne027. This HSIV-vif was shown to persistently replicate in PM but was unable to induce pathogenicity in animals. Overall, further understanding of the host–virus relationship would permit us to construct pathogenic HIV-1mt in future studies.

TABLE 1. Antiviral host factors and antagonism by lentiviral proteins .
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TABLE 2. Species-specific restriction of lentiviruses by primate TRIM5 proteins .
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FIGURE 1. Structure of HIV-1mt clones. Blue boxes denote HIV-1NL4-3-derived sequences and red boxes denote SIVmac239- derived sequences, respectively. Orange arrows show adaptive mutations that enhance viral growth potential in macaque T cell lines. The green arrow indicates the CA-Q110D mutation. (Bottom) Summary of the modifications in our current and future HIV-1mts in order to evade from restriction factors in macaque cells.
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FIGURE 2. Serial modifications of the viral genome lead to an enhanced viral replication in vitro and in vivo. (Top) CD8+ T cell-depleted peripheral mononuclear blood cells from CMs homozygous for TRIMCyp were infected with each HIV-1mt. The representative result of viral replication kinetics was shown. (Bottom) CM having TRIMCyp were infected with each HIV-1mt intravenously. Plasma viral RNA loads in each monkey are shown.



CONCLUSIONS AND FUTURE DIRECTIONS

Most HIV-1mts were constructed with the aim of evading from TRIM5 and APOBEC3-mediated restriction. In the future research, as discussed above, we should also focus on other factors such as BST-2 and SAMHD1. It will be promising to modify viral genome in order to overcome these restrictions. We expect that such procedure will lead to the construction of a new HIV-1mt with the ability to infect various macaques persistently.

Also, as discussed in the “History of HIV-1 animal models” chapter, an R5-tropic virus would be promising to reproduce the transmission, latency, and pathogenicity of HIV-1 in macaques. In the future study, the construction of an R5-tropic virus on the HIV-1mt backbone would encourage us to examine the antiviral agents, vaccines, and microbicides in macaques. Moreover, HIV-1mt that robustly replicate and induce pathogenicity in monkeys will make feasible to investigate the role and mechanism of HIV-1 accessory genes in the HIV-1 lifecycle, persistence, and pathogenesis. In summary, although the road to the containment of HIV-1 epidemic may be long and steep, we have been moving forward slowly but steadily.
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To understand the pathogenicity of acquired immune deficiency syndrome (AIDS), it is important to clarify where, when and how the virus replicates in the body of infected individuals. To identify the major virus replication site at the end stage of SHIV infection, we investigated the systemic tissues of SHIV-infected monkeys that developed AIDS-like disease. We quantified proviral DNA, and compared the mutation patterns of the viruses in various systemic tissues and in peripheral blood through phylogenetic analysis of the full genome sequence. We found that the amounts of proviral DNA detected in internal tissues were higher than those in peripheral blood mononuclear cells. In the sequence and phylogenetic tree analyses, the mutation patterns of the viruses in each tissue were generally different. However, the mutation pattern of the viruses in the jejunum and mesenteric lymph node were most similar to that of plasma viral RNA among the tissues examined in all three monkeys. In two of the three monkeys, which were euthanized earlier, viruses in the jejunum and mesenteric lymph node occupied the root position of the phylogenetic tree. Furthermore, in these tissues, more than 50% of SHIV-expressing cells were identified as macrophages based on co-expression of CD68. These results suggest that macrophages of the small intestine and/or mesenteric lymph node are the major virus production site at the end stage of SHIV infection of macaques.
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INTRODUCTION

To understand the pathogenicity of AIDS, it is important to clarify where, when and how HIV replicates in the body of infected individuals. However, there are limitations to analysis of systemic human tissues. Animal models can substitute for humans; i.e., the simian immunodeficiency virus (SIV)-macaque model. SIV-infected macaques develop AIDS-like disease at an interval from several months to years (Desrosiers, 1990). However, SIV is closely related to HIV-2, but not HIV-1; in particular, the immune response of SIV env is thought to be different from the immune response of HIV-1 (Overbaugh et al., 1991).

Another animal model is that comprising simian-human immunodeficiency virus (SHIV) and the macaque. SHIVs are chimeric viruses that contain HIV-1 env, rev, tat, and vpu genes on a background of SIVmac, and some strains of SHIV cause AIDS-like disease (Reimann et al., 1996, 1999; Joag et al., 1997; Harouse et al., 1998). One such virus is SHIV-KS661, which is characterized by the profound depletion of CD4+ T cells and maintenance of high viral loads (Fukazawa et al., 2008). The SHIV-macaque model has two main merits. First, SHIVs contain HIV-1 env, rev, tat, and vpu genes (Kuwata et al., 1995), and it is especially important that the env gene is from HIV-1. SHIVs are reported to include both CXCR4-tropic and CCR5-tropic strains; CXCR4-SHIV targets the peripheral blood and thymus, whereas CCR5-SHIV targets gut-associated lymphoid tissues (Harouse et al., 1999; Ho et al., 2005), although most known SIV strains are CCR5-tropic. Therefore, this would be a useful approach to understanding the cell tropism and pathogenesis of the env gene of HIV-1. The second advantage of using the SHIV-macaque model is that it is easy to evaluate pathogenesis because the disease progresses more quickly in CXCR4-SHIV-infected macaques compared to SIV-infected macaques. SHIV-infected macaques develop CD4+ T cell depletion within several weeks, and acute AIDS-like disease from several weeks to months (Joag et al., 1996; Reimann et al., 1996).

Previous studies using the SIV-macaque model of AIDS have demonstrated that SIV replicates rapidly around the intestine during primary infection, within a couple of weeks post-infection (Veazey et al., 1998; Li et al., 2005; Mattapallil et al., 2005). Moreover, CD4+ T cell depletion upon primary infection with HIV-1 has been reported to occur in the gastrointestinal tract (Meng et al., 2000; Brenchley et al., 2004; Mehandru et al., 2004). However, the dynamic states of the virus during other phases, especially the AIDS stage, have not been defined.

During primary infection of SIV or SHIV, the virus-producing site has been defined by quantification of proviral DNA and viral RNA using quantitative PCR and plaque assay in systemic tissues (Couedel-Courteille et al., 1999, 2003; Miyake et al., 2004). However, because the viruses were detected in systemic tissues at high levels during the AIDS stage, it was difficult to identify the site of virus production by only quantification of proviral DNA and viral RNA. Therefore, we focused on the nucleotide mutations of virus in systemic tissues and in peripheral blood, and examined the viral dynamics in SHIV-infected macaques at the end stage. Previous studies have analyzed the viral sequences in several tissues of infected individuals and suggested that HIV and SIV evolve differentially in those tissues (Kodama et al., 1993; Wong et al., 1997; Oue et al., 2013). However, they did not define the major site of virus production because analyzed tissues were limited. Based on previous reports, we hypothesized that the site of virus replication might be determined by phylogenetic analyses. In this study, direct sequencing of the full SHIV genome was performed to detect mutations, and a consensus sequence was determined for each tissue and for peripheral blood. Then, phylogenetic analyses were performed to compare the virus sequence patterns among tissues. Furthermore, we conducted an immunohistochemical analysis of virus-producing cells. Based on these analyses, we identified the major virus replication site at the end stage of SHIV infection.

MATERIALS AND METHODS

VIRUSES

We used the molecular clone viruses, SHIV-KS661 (GenBank accession no. AF217181) and SHIV-KS705. SHIV-KS661 was constructed from the consensus sequence of SHIV-C2/1. SHIV-C2/1 was generated by in vivo passage in cynomolgus monkey (Macaca fascicularis) of SHIV-89.6 (containing env, tat, rev and vpu gene of HIV-1) (Shinohara et al., 1999).

SHIV-KS661 causes rapid and profound depletion of CD4+ T cells. In this study, the SHIV-KS661 virus stock was prepared by two methods. In method 1, SHIV-KS661 was prepared from culture supernatants of COS-1 cells by direct transfection with a molecular clone. In method 2, it was prepared from the supernatants of a human cell line, CEMX174 by infection with the virus of method 1. SHIV-KS705 is a chimeric virus of SHIV-KS661 and SHIV-#64, and contains the env gene of SHIV-KS661 (SphI ~ XhoI fragment) in a SHIV-#64 background. SHIV-#64 was a molecular clone derived from SHIV-89.6P, which was generated by in vivo passage of SHIV-89.6 in rhesus monkeys (Macaca mulatta) (Kozyrev et al., 2001). The SHIV-KS705 stock was prepared from the supernatant of culture of a human cell line, M8166 by infection with the virus of method 1. There was no serious influence of the virus preparation on the results.

MONKEYS AND INOCULATION

Three Indian rhesus macaques were used. Throughout the experimental period, the monkeys were treated in accordance with the institutional regulations approved by the Committee for Experimental Use of Non-human Primates at the Institute for Virus Research, Kyoto University. Monkey MM273 was inoculated intravenously with 1.2 × 104 TCID50 SHIV-KS661; MM376 was inoculated intrarectally with 2000 TCID50 SHIV-KS661, and MM340 was inoculated intravenously with 104 TCID50 SHIV-KS705. All three monkeys (MM340, MM376 and MM273) developed AIDS-like disease and were euthanized at 22, 33, and 90 weeks post-inoculation (wpi), respectively.

SAMPLE COLLECTION

Blood was collected under ketamine anesthesia. After the separation of plasma, peripheral blood mononuclear cells (PBMC) were separated from anticoagulated blood with Lymphocyte Separation Solution (Nacalai Tesque, Kyoto, Japan) by density gradient centrifugation. Plasma and PBMC were frozen at −80°C until analysis. Intravenous pentobarbital (Nembutal; Abbott Laboratories, Abbott Park, IL) (40 mg/kg) was administered for deeper anesthesia. Following thoracotomy, the right atrium was incised, and 1000 ml of sterile heparinized saline (5 U/ml) was infused into the left ventricle using an 18-gauge needle attached to infusion tubing. Following perfusion, systemic organs were obtained. Organ samples were frozen at −80°C until used for quantification of proviral DNA.

QUANTIFICATION OF PLASMA VIRAL RNA

Virion-associated SHIV RNA loads in plasma were measured by real-time reverse transcription (RT)-PCR assay (Suryanarayana et al., 1998; Motohara et al., 2006). Briefly, total RNA was prepared from plasma (140 μl) of each monkey using a QIAamp Viral RNA Kit (Qiagen, Hilden, Germany). RT reactions and PCR were performed using the Platinum® qRT-PCR ThermoScript™ One-Step System (Invitrogen, Carlsbad, CA) for the SIV gag region using the following primers: SIV2-696F (5′-GGA AAT TAC CCA GTA CAA CAA ATA GG-3′) and SIV2-784R (5′-TCT ATC AAT TTT ACC CAG GCA TTT A-3′). A labeled probe, SIV2-731T (5′-Fam-TGT CCA CCT GCC ATT AAG CCC G-Tamra-3′), was used for detection of the PCR products. These reactions were performed using a Prism 7700 Sequence Detector (Applied Biosystems, Foster City, CA) and analysed using the manufacturer's software. A standard curve was generated from dilutions whose copy numbers were known, and the RNA in the plasma samples was quantified based on this standard curve.

QUANTIFICATION OF PROVIRAL DNA

The proviral DNA loads in tissues were determined by quantitative PCR, as described previously (Motohara et al., 2006). DNA samples were extracted directly from frozen tissues using a DNeasy® Tissue Kit (Qiagen). PCR was performed with Platinum® Quantitative PCR SuperMix-UDG (Invitrogen) using the same primer set and probes that were used for RT-PCR. A standard curve was generated from a plasmid DNA sample containing the full genome of SHIV-KS661, which was quantified using a UV-spectrophometer. Tissue DNA samples were also quantified using a UV-spectrophometer to use 1 μg for each reaction and detection limit of this assay was 10 copies/μg.

FLOW CYTOMETRY

The frequency of CD4-positive T cells in peripheral blood was examined by flow cytometry. Lymphocytes were treated with anti-CD3 (FN-8-FITC; Biosource, Camarillo, CA) and anti-CD4 (Nu-TH/I-PE; Nichirei, Tokyo, Japan) monoclonal antibodies and examined using a FACScan analyser (Becton Dickinson Biosciences). The absolute number of lymphocytes in the blood was determined using an automated blood cell counter (F-820; Sysmex, Kobe, Japan).

SEQUENCE ANALYSIS

Total DNA was extracted from the cell pellet with a DNeasy® Tissue Kit. Total RNA was extracted from the cell pellet with a RNeasy Protect Kit (Qiagen). RNA extraction was performed in the condition adding DNase I to exclude the possibility of contamination of proviral DNA into RNA. Virion RNA was prepared from plasma using a QIAamp Viral RNA Kit (Qiagen). Seventy-four consensus primers were synthesized for every 250–300 bp throughout the genome of SHIV for full genome sequencing of both the forward and reverse strands. Using these primers with RNA samples, RT-PCR was performed using the One-step RT-PCR Kit (Qiagen). For DNA samples, PCR was performed using Platinum® PCR SuperMix (Invitrogen). The PCR products were purified using QIAquick Spin (Qiagen) and direct sequencing was carried out using the ABI PRISM® Big Dye® Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) with an automated sequencer (ABI PRISM 310 genetic analyser; PerkinElmer, Emeryville, CA).

PHYLOGENETIC ANALYSIS

Sequence alignments were performed using the ClustalW program (Thompson et al., 1997). Final tree topologies were visualized with Tree View.

IMMUNOHISTOCHEMICAL ANALYSIS

The tissue samples obtained from sacrificed monkeys were fixed in 4% paraformaldehyde (PFA)-PBS (1× phosphate-buffered saline) at 4°C overnight, and embedded in paraffin wax. For immunohistochemistry, 4-μm sections were rehydrated and processed for 10 min in an autoclave in 10 mM citrate buffer (pH 6.0) to unmask the antigens. The samples were treated sequentially with TBS (Tris-buffered saline)-0.05% Tween 20 and 3% aqueous hydrogen peroxide. Anti-SIV Nef mouse monoclonal antibody (FIT Biotech, Tampere, Finland) reactions were conducted at 4°C overnight. After washing with TBS-0.05% Tween 20, sections were incubated at room temperature for 1 h with Envision+ Kit, a horseradish peroxidase-labeled anti-mouse immunoglobulin polymer (DAKO Corp., Carpinteria, CA). Subsequently, the reaction was visualized using diaminobenzidine substrate (DAKO) as a chromogen at room temperature for 5 min. Samples were then rinsed in distilled water and counterstained with hematoxylin.

To detach the primary antibody from enzymatic-immunostained sections, those sections were washed three times in 0.2 M glycine (pH 2.2) buffer for 2 h each at room temperature. The sections were processed for 10 min in an autoclave in 10 mM citrate buffer (pH 6.0), and were then incubated with anti-human CD3 rabbit polyclonal antibody (DAKO) and anti-human CD68 mouse monoclonal antibody (DAKO) at room temperature. Anti-rabbit IgG antibody-labeled Alexa 488 and anti-mouse IgG antibody-labeled Alexa 594 were used as secondary antibodies. Multiple staining samples were observed with a Leica confocal microscope.

RESULTS

INFECTION OF MACAQUE MONKEYS WITH SHIV-KS661 OR SHIV-KS705

Two of three macaque monkeys, MM273 and MM376, were inoculated intravenously and intrarectally with SHIV-KS661, respectively. The other macaque monkey, MM340, was inoculated intravenously with SHIV-KS705. In all monkeys, plasma viral RNA increased rapidly after inoculation, and reached peak levels of ~108 copies/ml at 2 weeks post-inoculation (wpi). After that, plasma viral RNA decreased to ~106 to 107 copies/ml and was maintained at >106 copies/ml (Figure 1A). The number of CD4+ T cells declined to ~200 cells/μl at 3 weeks after inoculation, and remained at zero level throughout the infection in MM376 and MM340, whereas in MM273, the number of CD4+ T cells recovered to ~300 cells/μl from 12 to 20 wpi, but after 46 wpi, it maintained a zero level (Figure 1B). All monkeys showed acute diarrhea and had lost weight at the time of euthanasia. MM340, MM376, and MM273 were euthanized at 22, 33, and 90 wpi, respectively.
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FIGURE 1. (A) Plasma viral RNA load and (B) CD4+ T cell count in peripheral blood of three SHIV-inoculated monkeys. Monkey MM340 inoculated with SHIV-KS705 was euthanized at 22 wpi; MM376 and MM273 inoculated with SHIV-KS661 were euthanized at 33 wpi and 90 wpi, respectively.



QUANTIFICATION OF PROVIRAL DNA IN SYSTEMIC TISSUES

Proviral DNA in systemic tissues was quantified by quantitative PCR (Figure 2). In all three monkeys, the proviral DNA was detected at high levels in the intestinal tract (jejunum and rectum), as well as lymph nodes (axillary LN, inguinal LN, mesenteric LN and colon LN); the proviral DNA level in lung was especially high (105 copies/μg). The level of proviral DNA in PBMC was 103 copies/μg, which was lower than that in other tissues. In monkey MM376, high titers of proviral DNA were detected in the cerebellum. These results showed that the virus infected various systemic tissues at higher levels than that in PBMC during the AIDS stage.
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FIGURE 2. Proviral DNA loads in systemic tissues of three SHIV-inoculated monkeys. Viral loads were determined by quantitative PCR and are expressed as viral DNA copy numbers per microgram of total DNA extracted from the tissue homogenates. PBMC was not collected from MM273. Axillary LN was not collected from MM340. Colon LN, cerebellum, cerebrum, and tonsil were collected only from MM376.



SEQUENCE ANALYSIS

To compare the genotypes of viruses in systemic tissues and in peripheral blood, direct sequencing was performed, covering the whole genome of the viral RNA extracted from plasma and proviral DNA extracted from various tissue samples. In systemic tissue samples from MM340, 16 mutations and one nucleotide deletion were detected in the whole genome of SHIV-KS705 (Table 1). Except for one mutation in the env gene (8816th nucleotide), all of the mutations were associated with amino acid substitutions. Most mutations were detected in the spleen. For MM376, 30 mutations were detected in the whole genome of SHIV-KS661 (Table 2). Most mutations were accumulated in the rectum. MM340 and MM376, which were euthanized earlier, showed more mutations in systemic tissues than in peripheral blood such as plasma and PBMC, and these occurred in the region of the envelope gene. For MM273, 90 mutations were observed in the whole genome of SHIV-KS661. Almost all mutations were associated with amino acid substitutions. In axillary LN, few mutations were observed in the region of env-gp120. Also in MM273, the number of mutations observed in peripheral blood was the same as that in the various tissues. To compare the mutation patterns of produced viruses with those of proviruses, viral RNA in tissues of MM273 was sequenced. In the jejunum and mesenteric LN, the regions of mutations in virus RNA and provirus DNA were almost identical (Table 3). This suggested that the viruses produced in tissues are the same as the provirus DNA in the infected cells. In all monkeys, the mutation patterns of viruses differed among tissues; in the monkey that was euthanized earlier, the mutations were limited, whereas more mutations had accumulated in the monkey euthanized later.

Table 1. Consensus nucleotide mutations in MM340.
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Table 2. Consensus nucleotide mutations in MM376.
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Table 3. Consensus nucleotide mutations in MM273.
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Moreover, in this study, two mutations of gag-matrix (569th and 638th nucleotide) were detected in all three macaques, while a single mutation of nef (9359th nucleotide) was detected in two of three macaques (Tables 1–3).

PHYLOGENETIC ANALYSIS

To clarify the relationships among the genotype of viruses in systemic tissues, phylogenetic analyses were performed. In MM340, the mutations of viruses in systemic tissues and peripheral blood exhibited different patterns, but similarities were noted among viruses in plasma, PBMC, mesenteric LN, jejunum and lung (Figure 3A). In MM376, the mutations of viruses in each tissue and peripheral blood also exhibited different patterns. Similarities were noted among viruses in plasma, jejunum, mesenteric LN, and axillary LN (Figure 3B). In MM273, the viruses accumulated many more mutations in systemic tissues. The mutation patterns among viruses in plasma, rectum, jejunum and mesenteric LN showed greater relatedness than those in other tissues (Figure 3C). In all monkeys, the genotypes of viruses related to the small intestine, such as the jejunum and mesenteric LN, were similar to those of viruses in peripheral blood. In the monkeys that were euthanized earlier (MM340 and MM376), viruses from the jejunum, mesenteric LN and peripheral blood occupied the root position of the phylogenetic tree; whereas in the monkey that maintained a high viral load and was euthanized later (MM273), many mutations accumulated in each tissue independently, but the jejunum, mesenteric LN and peripheral blood formed a cluster. Additionally, virus RNA in the jejunum and mesenteric LN also showed greater similarities with provirus DNA in those tissues (Table 3). Also, in spleen, the mutation pattern of viral RNA was almost identical to that of the provirus DNA (data not shown).
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FIGURE 3. Unrooted phylogenetic trees of consensus sequences. Branch length is drawn to scale. (A) Phylogenetic tree demonstrating the relationships among consensus sequences from seven tissues and peripheral blood of monkey MM340. (B) Phylogenetic tree demonstrating the relationships among consensus sequences from 11 tissues and peripheral blood of MM376. (C) Phylogenetic tree demonstrating the relationships among consensus sequences from eight tissues and peripheral blood of MM273.



IMMUNOHISTOCHEMICAL ANALYSIS

To identify the type of cells in which viruses replicate in the jejunum and mesenteric LN, an immunohistochemical analysis of CD3+ T cells and CD68+ macrophages in jejunum and mesenteric LN was performed. In all monkeys, >50% of SIV nef-expressing cells were judged macrophages according to co-localization of CD68 in jejunum (Figure 4) and mesenteric LN (data not shown). SIV nef-expressing CD3+ T cells were rare, and the remaining nef-expressing cells were negative for both CD3 and CD68.


[image: image]

FIGURE 4. Identification of virus-producing cells in the jejunum of two macaques (A,B,C,D: MM340, E,F,G,H: MM273). Immunohistochemical CD3 staining (A,E; visualized in green), CD68 (macrophage) staining (B,F; visualized in red) and SIV-nef (C,G; visualized in brown). More than 50% of SIV-nef-positive cells were co-localized with CD68+ cells in the merged images (D,H).



DISCUSSION

In this study, we analysed mutations across the whole SHIV genome in systemic tissues, including the intestine, of SHIV-KS661- or -KS705-infected macaques. Although this study has a limitation as we could analyzed only three macaques, including different viruses and different inoculation route, we think common tendency observed in the three macaques is significant. Previous studies indicated that HIV evolves differentially in various tissues (Delassus et al., 1992; Wong et al., 1997; Buckner et al., 2002; Ritola et al., 2004; Ndolo et al., 2005). Viruses produced from each tissue flow into the blood. Therefore, the majority of the circulating virus population is derived from the major production site. We demonstrated similarities among the mutation patterns of viruses from plasma, jejunum and mesenteric lymph node. This suggests that the major site of virus production at the end stage of SHIV infection of macaques is the small intestine and/or mesenteric LN. Moreover, previous whole-body positron emission tomography (PET) analyses of HIV-1-infected patients and SIV-infected macaques also suggested that the intestine was the target organ at the end stage of HIV-1/SIV infection (Scharko et al., 1996, 2003). Therefore, our finding that the small intestine is the major production site is considered to be a general phenomenon of primate lentivirus infection, and not specific to SHIV.

Concerning primary infection with HIV and SIV, which are transmitted using mainly CCR5 as their co-receptor, some reports suggest affinity for the small intestine. It has been suggested that CD4 lymphocytes of the intestinal tract are depleted selectively during early HIV infection (Clayton et al., 1997). Veazey et al. demonstrated that SIV eliminated intestinal CD4+ T cells selectively (Veazey et al., 1998). Other studies demonstrated that SIV replicated exclusively in memory CD4+ T cells and directly destroyed memory CD4+ T cells in the small intestine (Li et al., 2005; Mattapallil et al., 2005). Mesenteric LN harbored viral reservoirs that cause rebound of plasma viremia in SIV-infected macaques upon cessation of combined antiretroviral therapy (Horiike et al., 2012). Another study demonstrated that CXCR4-tropic SHIV decreased peripheral CD4+ T cells, and that CCR5-tropic SHIV decreased intestinal CD4+ T cells (Harouse et al., 1999; Ho et al., 2005). SHIV-KS661 and -KS705 have essentially the same env gene and use predominantly CXCR4 as a co-receptor for virus entry (Matsuda et al., 2010; Fujita et al., 2013). However, SHIV-KS661 decreased CD4+ T cells in systemic and mucosal immune tissues during primary infection (Miyake et al., 2006). Macrophage-tropic SHIV use CXCR4, not CCR5, for infections of rhesus macaque peripheral blood mononuclear cells and alveolar macrophages (Igarashi et al., 2003). In this study, we suggested that the small intestine and/or mesenteric LN were the major virus production site at the end stage of SHIV-KS661 and –KS705 infection, regardless of the infection route. These findings suggest that the small intestine is the critical target organ of not only CCR5-tropic HIV/SIV infection, but also CXCR4-tropic SHIV infection.

Phylogenetic analysis suggested that the phylogenetic trees differed among the three macaques. In MM340 and MM376, viruses in the jejunum and mesenteric LN, together with viruses in plasma, occupied the root position of the phylogenetic tree, whereas in MM273, the viral sequences from plasma, jejunum, mesenteric LN and rectum did not occupy the root position, but clustered separately from other tissues. In a phylogenetic tree, viruses in the root position have a consensus mutation pattern. Moreover, viruses in circulating blood tend to have the consensus mutation pattern either because they flow from tissues to the same degree or no particular virus production site is predominant. Therefore, in MM340 and MM376, viruses of the jejunum and mesenteric LN have mutation patterns similar to those in plasma, suggesting that circulating viruses accumulated in and were produced from the small intestine and/or mesenteric LN. On the other hand, in MM273, which retained a high viral load and was euthanized later, the viral sequences from plasma, jejunum, mesenteric LN and rectum did not occupy the root position, but clustered separately from other tissues. This suggests that the viruses in the intestine and/or mesenteric LN were produced mainly in MM273, and that viral production levels from other tissues were relatively low.

Next, we investigated the phenotype of SHIV-producing cells in the small intestine at the end stage of infection. Some studies have suggested that the target cells during the acute phase are CCR5+ memory CD4+ T cells (Li et al., 2005; Mattapallil et al., 2005). However, CD4+ T cells are unlikely to be the target cell since SIV- and SHIV-infected macaques resulted in CD4+ T cell depletion at the end stage of infection (Veazey et al., 2000). Generally, macrophages are regarded as a reservoir because their half-life when infected is substantially longer than that of T cells. As a result, macrophages continue to accumulate HIV-1 and show replication for an extended period, even in patients receiving combined antiretroviral therapy (Sharova et al., 2005). Also, in SHIV-infected macaques, after depletion of CD4+ T cells, macrophages were identified as the virus producing cells (Igarashi et al., 2001). In macaques inoculated with rapid-progressing SIVsmm, the majority of SIV-positive cells in the lymph nodes and gastrointestinal tract were macrophages (Brown et al., 2007). As already reported, macrophages have the potential to produce viruses at the end stage of infection. Our immunohistochemical study also demonstrated that >50% of the SIV nef-positive cells were co-localized with CD68-positive cells in the jejunum and mesenteric LN of the three macaques. Because CD68 is expressed in activated cells by phagocytosis and localizes on the membrane of lysosomes, CD68-positive cells can be regarded as macrophages. So, our results are consistent with those findings. Taken together, our data suggest that circulating viruses accumulate and are produced in CD68-positive cells; i.e., macrophages, in the small intestine and/or mesenteric LN. Sequence analyses of virus DNA and RNA extracted from CD68-positive cells isolated from jejunum and mesenteric LN should be investigated to determine which tissue is the real major source of plasma virus in future.

Finally, we detected two mutations of gag-matrix (569, 638) in all three macaques, and one mutation of nef (9359) in two of three macaques. The fixation of randomly occurring mutants and the emergence of particular variants are caused by selective pressure and the rate of virus turnover (Coffin, 1992). Because common mutations are often detected in SHIV-KS661-infected macaques, these mutations may be important for viral replication in vivo at the end stage of SHIV infection. These mutations do not necessarily lead to increased pathogenicity in naïve macaques because these mutants were present in the macaques after the collapse of the immune system (Kuwata et al., 2007). Therefore, we do not think that these mutations may be characterized as association with escape from the immune system. We think they may have a substantial advantage for viral replication in CD68-positive cells; i.e., macrophages. Previous studies about HIV-1 Gag matrix suggested that gag targeting and assembly to multivesicular body is important step to produce the virus particles in macrophage (Ono and Freed, 2004). On the other hands, recent study about nef mutation demonstrated that some Nef variants were impaired virus replication in monocyte-derived macrophage (Mwimanzi et al., 2011). The significance of these mutations should be investigated further in vitro and in vivo.

ACKNOWLEDGMENTS

This work was supported, in part, by Research on Human Immunodeficiency Virus/AIDS in Health and Labor Sciences research grants from the Ministry of Health, Labor and Welfare, Japan, a grant-in-aid for scientific research from the Ministry of Education and Science, Japan, a research grant for health sciences focusing on drug innovation for AIDS from the Japan Health Sciences Foundation, and a grant from the Program for the Promotion of Fundamental Studies in Health Sciences of the National Institute of Biomedical Innovation (NIBIO) of Japan.

REFERENCES

 Brenchley, J. M., Hill, B. J., Ambrozak, D. R., Price, D. A., Guenaga, F. J., Casazza, J. P., et al. (2004). T-cell subsets that harbor human immunodeficiency virus (HIV) in vivo: implications for HIV pathogenesis. J. Virol. 78, 1160–1168. doi: 10.1128/JVI.78.3.1160-1168.2004

 Brown, C. R., Czapiga, M., Kabat, J., Dang, Q., Ourmanov, I., Nishimura, Y., et al. (2007). Unique pathology in simian immunodeficiency virus-infected rapid progressor macaques is consistent with a pathogenesis distinct from that of classical AIDS. J. Virol. 81, 5594–5606. doi: 10.1128/JVI.00202-07

 Buckner, C. M., Gettie, A., Tan, R. C., Eshetu, T., Ratterree, M., Blanchard, J., et al. (2002). Infection of macaques with a molecular clone, SHIVSF33A2, provides evidence for tissue specific variants. J. Med. Primatol. 31, 164–170. doi: 10.1034/j.1600-0684.2002.02002.x

 Clayton, F., Snow, G., Reka, S., and Kotler, D. P. (1997). Selective depletion of rectal lamina propria rather than lymphoid aggregate CD4 lymphocytes in HIV infection. Clin. Exp. Immunol. 107, 288–292. doi: 10.1111/j.1365-2249.1997.236-ce1111.x

 Coffin, J. M. (1992). Genetic diversity and evolution of retroviruses. Curr. Top. Microbiol. Immunol. 176, 143–164. doi: 10.1007/978-3-642-77011-1_10

 Couedel-Courteille, A., Butor, C., Juillard, V., Guillet, J. G., and Venet, A. (1999). Dissemination of SIV after rectal infection preferentially involves paracolic germinal centers. Virology 260, 277–294. doi: 10.1006/viro.1999.9809

 Couedel-Courteille, A., Pretet, J. L., Barget, N., Jacques, S., Petitprez, K., Tulliez, M., et al. (2003). Delayed viral replication and CD4(+) T cell depletion in the rectosigmoid mucosa of macaques during primary rectal SIV infection. Virology 316, 290–301. doi: 10.1016/j.virol.2003.08.021

 Delassus, S., Cheynier, R., and Wain-Hobson, S. (1992). Nonhomogeneous distribution of human immunodeficiency virus type 1 proviruses in the spleen. J. Virol. 66, 5642–5645.

 Desrosiers, R. C. (1990). The simian immunodeficiency viruses. Annu. Rev. Immunol. 8, 557–578. doi: 10.1146/annurev.iy.08.040190.003013

 Fujita, Y., Otsuki, H., Watanabe, Y., Yasui, M., Kobayashi, T., Miura, T., et al. (2013). Generation of a replication-competent chimeric simian-human immunodeficiency virus carrying env from subtype C clinical isolate through intracellular homologous recombination. Virology 436, 100–111. doi: 10.1016/j.virol.2012.10.036

 Fukazawa, Y., Miyake, A., Ibuki, K., Inaba, K., Saito, N., Motohara, M., et al. (2008). Small intestine CD4+ T cells are profoundly depleted during acute simian-human immunodeficiency virus infection, regardless of viral pathogenicity. J. Virol. 82, 6039–6044. doi: 10.1128/JVI.02753-07

 Harouse, J. M., Gettie, A., Tan, R. C., Blanchard, J., and Cheng-Mayer, C. (1999). Distinct pathogenic sequela in rhesus macaques infected with CCR5 or CXCR4 utilizing SHIVs. Science 284, 816–819. doi: 10.1126/science.284.5415.816

 Harouse, J. M., Tan, R. C., Gettie, A., Dailey, P., Marx, P. A., Luciw, P. A., et al. (1998). Mucosal transmission of pathogenic CXCR4-utilizing SHIVSF33A variants in rhesus macaques. Virology 248, 95–107. doi: 10.1006/viro.1998.9236

 Ho, S. H., Shek, L., Gettie, A., Blanchard, J., and Cheng-Mayer, C. (2005). V3 loop-determined coreceptor preference dictates the dynamics of CD4+-T-cell loss in simian-human immunodeficiency virus-infected macaques. J. Virol. 79, 12296–12303. doi: 10.1128/JVI.79.19.12296-12303.2005

 Horiike, M., Iwami, S., Kodama, M., Sato, A., Watanabe, Y., Yasui, M., et al. (2012). Lymph nodes harbor viral reservoirs that cause rebound of plasma viremia in SIV-infected macaques upon cessation of combined antiretroviral therapy. Virology 423, 107–118. doi: 10.1016/j.virol.2011.11.024

 Igarashi, T., Brown, C. R., Endo, Y., Buckler-White, A., Plishka, R., Bischofberger, N., et al. (2001). Macrophage are the principal reservoir and sustain high virus loads in rhesus macaques after the depletion of CD4+ T cells by a highly pathogenic simian immunodeficiency virus/HIV type 1 chimera (SHIV): implications for HIV-1 infections of humans. Proc. Natl. Acad. Sci. U.S.A. 98, 658–663. doi: 10.1073/pnas.98.2.658

 Igarashi, T., Donau, O. K., Imamichi, H., Dumaurier, M. J., Sadjadpour, R., Plishka, R. J., et al. (2003). Macrophage-tropic simian/human immunodeficiency virus chimeras use CXCR4, not CCR5, for infections of rhesus macaque peripheral blood mononuclear cells and alveolar macrophages. J. Virol. 77, 13042–13052. doi: 10.1128/JVI.77.24.13042-13052.2003

 Joag, S. V., Adany, I., Li, Z., Foresman, L., Pinson, D. M., Wang, C., et al. (1997). Animal model of mucosally transmitted human immunodeficiency virus type 1 disease: intravaginal and oral deposition of simian/human immunodeficiency virus in macaques results in systemic infection, elimination of CD4+ T cells, and AIDS. J. Virol. 71, 4016–4023.

 Joag, S. V., Li, Z., Foresman, L., Stephens, E. B., Zhao, L. J., Adany, I., et al. (1996). Chimeric simian/human immunodeficiency virus that causes progressive loss of CD4+ T cells and AIDS in pig-tailed macaques. J. Virol. 70, 3189–3197.

 Kodama, T., Mori, K., Kawahara, T., Ringler, D. J., and Desrosiers, R. C. (1993). Analysis of simian immunodeficiency virus sequence variation in tissues of rhesus macaques with simian AIDS. J. Virol. 67, 6522–6534.

 Kozyrev, I. L., Ibuki, K., Shimada, T., Kuwata, T., Takemura, T., Hayami, M., et al. (2001). Characterization of less pathogenic infectious molecular clones derived from acute-pathogenic SHIV-89.6p stock virus. Virology 282, 6–13. doi: 10.1006/viro.2000.0839

 Kuwata, T., Byrum, R., Whitted, S., Goeken, R., Buckler-White, A., Plishka, R., et al. (2007). A rapid progressor-specific variant clone of simian immunodeficiency virus replicates efficiently in vivo only in the absence of immune responses. J. Virol. 81, 8891–8904. doi: 10.1128/JVI.00614-07

 Kuwata, T., Igarashi, T., Ido, E., Jin, M., Mizuno, A., Chen, J., et al. (1995). Construction of human immunodeficiency virus 1/simian immunodeficiency virus strain mac chimeric viruses having vpr and/or nef of different parental origins and their in vitro and in vivo replication. J. Gen. Virol. 76, 2181–2191. doi: 10.1099/0022-1317-76-9-2181

 Li, Q., Duan, L., Estes, J. D., Ma, Z. M., Rourke, T., Wang, Y., et al. (2005). Peak SIV replication in resting memory CD4+ T cells depletes gut lamina propria CD4+ T cells. Nature 434, 1148–1152.

 Matsuda, K., Inaba, K., Fukazawa, Y., Matsuyama, M., Ibuki, K., Horiike, M., et al. (2010). In vivo analysis of a new R5 tropic SHIV generated from the highly pathogenic SHIV-KS661, a derivative of SHIV-89.6. Virology 399, 134–143. doi: 10.1016/j.virol.2010.01.008

 Mattapallil, J. J., Douek, D. C., Hill, B., Nishimura, Y., Martin, M., and Roederer, M. (2005). Massive infection and loss of memory CD4+ T cells in multiple tissues during acute SIV infection. Nature 434, 1093–1097. doi: 10.1038/nature03501

 Mehandru, S., Poles, M. A., Tenner-Racz, K., Horowitz, A., Hurley, A., Hogan, C., et al. (2004). Primary HIV-1 infection is associated with preferential depletion of CD4+ T lymphocytes from effector sites in the gastrointestinal tract. J. Exp. Med. 200, 761–770. doi: 10.1084/jem.20041196

 Meng, G., Sellers, M. T., Mosteller-Barnum, M., Rogers, T. S., Shaw, G. M., and Smith, P. D. (2000). Lamina propria lymphocytes, not macrophages, express CCR5 and CXCR4 and are the likely target cell for human immunodeficiency virus type 1 in the intestinal mucosa. J. Infect. Dis. 182, 785–791. doi: 10.1086/315790

 Miyake, A., Enose, Y., Ohkura, S., Suzuki, H., Kuwata, T., Shimada, T., et al. (2004). The quantity and diversity of infectious viruses in various tissues of SHIV-infected monkeys at the early and AIDS stages. Arch. Virol. 149, 943–955. doi: 10.1007/s00705-003-0252-0

 Miyake, A., Ibuki, K., Enose, Y., Suzuki, H., Horiuchi, R., Motohara, M., et al. (2006). Rapid dissemination of a pathogenic simian/human immunodeficiency virus to systemic organs and active replication in lymphoid tissues following intrarectal infection. J. Gen. Virol. 87, 1311–1320. doi: 10.1099/vir.0.81307-0

 Motohara, M., Ibuki, K., Miyake, A., Fukazawa, Y., Inaba, K., Suzuki, H., et al. (2006). Impaired T-cell differentiation in the thymus at the early stages of acute pathogenic chimeric simian-human immunodeficiency virus (SHIV) infection in contrast to less pathogenic SHIV infection. Microbes Infect. 8, 1539–1549. doi: 10.1016/j.micinf.2006.01.011

 Mwimanzi, P., Hasan, Z., Hassan, R., Suzu, S., Takiguchi, M., and Ueno, T. (2011). Effects of naturally-arising HIV Nef mutations on cytotoxic T lymphocyte recognition and Nef's functionality in primary macrophages. Retrovirology 8:50. doi: 10.1186/1742-4690-8-50

 Ndolo, T., Syvanen, M., Ellison, T., and Dandekar, S. (2005). Evolution of nef variants in gut associated lymphoid tissue of rhesus macaques during primary simian immunodeficiency virus infection. Virology 343, 1–11. doi: 10.1016/j.virol.2005.08.013

 Ono, A., and Freed, E. O. (2004). Cell-type-dependent targeting of human immunodeficiency virus type 1 assembly to the plasma membrane and the multivesicular body. J. Virol. 78, 1552–1563. doi: 10.1128/JVI.78.3.1552-1563.2004

 Oue, M., Sakabe, S., Horiike, M., Yasui, M., Miura, T., and Igarashi, T. (2013). No viral evolution in the lymph nodes of simian immunodeficiency virus-infected rhesus macaques during combined antiretroviral therapy. J. Virol. 87, 4789–4793. doi: 10.1128/JVI.03367-12

 Overbaugh, J., Rudensey, L. M., Papenhausen, M. D., Benveniste, R. E., and Morton, W. R. (1991). Variation in simian immunodeficiency virus env is confined to V1 and V4 during progression to simian AIDS. J. Virol. 65, 7025–7031.

 Reimann, K. A., Li, J. T., Veazey, R., Halloran, M., Park, I. W., Karlsson, G. B., et al. (1996). A chimeric simian/human immunodeficiency virus expressing a primary patient human immunodeficiency virus type 1 isolate env causes an AIDS-like disease after in vivo passage in rhesus monkeys. J. Virol. 70, 6922–6928.

 Reimann, K. A., Watson, A., Dailey, P. J., Lin, W., Lord, C. I., Steenbeke, T. D., et al. (1999). Viral burden and disease progression in rhesus monkeys infected with chimeric simian-human immunodeficiency viruses. Virology 256, 15–21. doi: 10.1006/viro.1999.9632

 Ritola, K., Pilcher, C. D., Fiscus, S. A., Hoffman, N. G., Nelson, J. A., Kitrinos, K. M., et al. (2004). Multiple V1/V2 env variants are frequently present during primary infection with human immunodeficiency virus type 1. J. Virol. 78, 11208–11218. doi: 10.1128/JVI.78.20.11208-11218.2004

 Scharko, A. M., Perlman, S. B., Hinds, P. W. 2nd., Hanson, J. M., Uno, H., and Pauza, C. D. (1996). Whole body positron emission tomography imaging of simian immunodeficiency virus-infected rhesus macaques. Proc. Natl. Acad. Sci. U.S.A. 93, 6425–6430. doi: 10.1073/pnas.93.13.6425

 Scharko, A. M., Perlman, S. B., Pyzalski, R. W., Graziano, F. M., Sosman, J., and Pauza, C. D. (2003). Whole-body positron emission tomography in patients with HIV-1 infection. Lancet 362, 959–961. doi: 10.1016/S0140-6736(03)14366-8

 Sharova, N., Swingler, C., Sharkey, M., and Stevenson, M. (2005). Macrophages archive HIV-1 virions for dissemination in trans. EMBO J. 24, 2481–2489. doi: 10.1038/sj.emboj.7600707

 Shinohara, K., Sakai, K., Ando, S., Ami, Y., Yoshino, N., Takahashi, E., et al. (1999). A highly pathogenic simian/human immunodeficiency virus with genetic changes in cynomolgus monkey. J. Gen. Virol. 80, 1231–1240.

 Suryanarayana, K., Wiltrout, T. A., Vasquez, G. M., Hirsch, V. M., and Lifson, J. D. (1998). Plasma SIV RNA viral load determination by real-time quantification of product generation in reverse transcriptase-polymerase chain reaction. AIDS Res. Hum. Retroviruses 14, 183–189. doi: 10.1089/aid.1998.14.183

 Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D. G. (1997). The CLUSTAL_X windows interface: flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25, 4876–4882. doi: 10.1093/nar/25.24.4876

 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

 Veazey, R. S., Mansfield, K. G., Tham, I. C., Carville, A. C., Shvetz, D. E., Forand, A. E., et al. (2000). Dynamics of CCR5 expression by CD4(+) T cells in lymphoid tissues during simian immunodeficiency virus infection. J. Virol. 74, 11001–11007. doi: 10.1128/JVI.74.23.11001-11007.2000

 Wong, J. K., Ignacio, C. C., Torriani, F., Havlir, D., Fitch, N. J., and Richman, D. D. (1997). In vivo compartmentalization of human immunodeficiency virus: evidence from the examination of pol sequences from autopsy tissues. J. Virol. 71, 2059–2071.

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.

Received: 05 May 2013; Accepted: 01 July 2013; Published online: 22 July 2013.

Citation: Matsuyama-Murata M, Inaba K, Horiuchi R, Fukazawa Y, Ibuki K, Hayami M and Miura T (2013) Genetic similarity of circulating and small intestinal virus at the end stage of acute pathogenic simian-human immunodeficiency virus infection. Front. Microbiol. 4:204. doi: 10.3389/fmicb.2013.00204

This article was submitted to Frontiers in Virology, a specialty of Frontiers in Microbiology.

Copyright © 2013 Matsuyama-Murata, Inaba, Horiuchi, Fukazawa, Ibuki, Hayami and Miura. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in other forums, provided the original authors and source are credited and subject to any copyright notices concerning any third-party graphics etc.








	 
	ORIGINAL RESEARCH ARTICLE
published: 27 September 2013
doi: 10.3389/fmicb.2013.00292
	[image: image1]





A novel and simple method for generation of human dendritic cells from unfractionated peripheral blood mononuclear cells within 2 days: its application for induction of HIV-1-reactive CD4+ T cells in the hu-PBL SCID mice

Akira Kodama1, Reiko Tanaka1, Mineki Saito2, Aftab A. Ansari3 and Yuetsu Tanaka1*

1Department of Immunology, Graduate School of Medicine, University of the Ryukyus, Okinawa, Japan

2Department of Microbiology, Kawasaki Medical School, Kurashiki, Japan

3Department of Pathology, Emory University School of Medicine, Atlanta, GA, USA

*Correspondence:
 
Yuetsu Tanaka, Department of Immunology, Graduate School of Medicine, University of the Ryukyus, 207 Uehara, Okinawa 903-0215, Japan
 e-mail: yuetsu@s4.dion.ne.jp

Edited by:
Akio Adachi, The University of Tokushima Graduate School, Japan

Reviewed by:
Bernard A. P. Lafont, National Institute of Allergy and Infectious Diseases, National Institutes of Health, USA

Yasuko Tsunetsugu Yokota, National Institute of Infectious Diseases, Japan

Because dendritic cells (DCs) play a critical role in the regulation of adaptive immune responses, they have been ideal candidates for cell-based immunotherapy of cancers and infections in humans. Generally, monocyte-derived DCs (MDDCs) were generated from purified monocytes by multiple steps of time-consuming physical manipulations for an extended period cultivation. In this study, we developed a novel, simple and rapid method for the generation of type-1 helper T cell (Th1)-stimulating human DCs directly from bulk peripheral blood mononuclear cells (PBMCs). PBMCs were cultivated in the presence of 20 ng/ml of granulocyte-macrophage colony-stimulating factor, 20 ng/ml of interleukin-4 (IL-4) and 1,000 U/ml of interferon-β for 24 h followed by 24 h maturation with a cytokine cocktail containing 10 ng/ml of tumor necrosis factor-α (TNF-α), 10 ng/ml of IL-1β and 1 μg/ml of prostaglandin E2. The phenotype and biological activity of these new DCs for induction of allogeneic T cell proliferation and cytokine production were comparable to those of the MDDCs. Importantly, these new DCs pulsed with inactivated HIV-1 could generated HIV-1-reactive CD4+ T cell responses in humanized mice reconstituted with autologous PBMCs from HIV-1-negative donors. This simple and quick method for generation of functional DCs will be useful for future studies on DC-mediated immunotherapies.
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INTRODUCTION

Dendritic cells (DCs) are professional antigen-presenting cells (APCs) which play a critical role in the regulation of the adaptive immune response through activation and polarization of naive T cells (Banchereau et al., 2000). Since small numbers of activated DCs are highly efficient in generating immune responses against infections and cancers (Moll and Berberich, 2001; Steinman and Banchereau, 2007), the DC therapy represents a new and promising immunotherapeutic approach for treatment of advanced cancers as well as for prevention of infectious diseases. Indeed, the current clinical trials with ex vivo-generated DCs (so-called DC vaccine) will yield precious information regarding their potentials as vectors for immunotherapy (Gilboa, 2007; Connolly et al., 2008; Ezzelarab and Thomson, 2011). However, the general protocols to generate DCs are complicated and time consuming. Moreover, since different ex vivo DC generation methods affect the DC phenotype and function (Kalantari et al., 2011), it is critical to choose appropriate method for generating functional DCs. In general, the DC precursor monocytes are purified from PBMCs by adherence (Jonuleit et al., 2001), elutriation (Berger et al., 2005) or positive or negative selection using immunomagnetic beads (Babatz et al., 2003). These enriched monocytes are then induced to differentiate into DCs by 5 days-in vitro cultivation in medium supplemented with granulocyte macrophage colony-stimulating factor (GM-CSF) and interleukin (IL)-4 followed by a 2-days-maturation procedure (Sallusto and Lanzavecchia, 1994; Gilboa, 2007; Dauer et al., 2008). However, a lines of evidence are increasing that mature monocyte-derived DCs can be generated even after short-term cell culture for 2–3 days (Dauer et al., 2003a, b; Jarnjak-Jankovic et al., 2007; Zhang et al., 2008; Tawab et al., 2009).

In this study, in an attempt to simplify the methods currently being used for optimal DC generation and to develop a standardized method of preparing effective myeloid DC vaccine for immunotherapies, we explored the efficacy of using unfractionated PBMCs as a source of DC precursors and short-term in vitro cell culture just for 2 days.

MATERIALS AND METHODS

REAGENTS

The media used were RPMI 1640 medium (Sigma, St. Louis, MO, USA) supplemented with 10% fetal calf serum (FCS; Sigma, St. Louis, MO, USA), 100 U of penicillin per ml, and 100 μg of streptomycin per ml (hereafter called RPMI medium) and Iscove’s modified Dulbecco’s medium (Lifetechnologies, Grand Island, NY, USA) supplemented with 10% FCS with the same antibiotics (hereafter called Iscove’s medium). Aldrithiol-2 (AT-2) and low-endotoxin bovine serum albumin (BSA) was purchased from Sigma (St. Louis, MO, USA). The recombinant human cytokines used included IL-4, GM-CSF, TNF-α and IL-1β (PeproTech, London, UK). Enzyme-linked immunosorbent assay (ELISA) kits for the quantitation of human IFN-γ, human IL-4, human IL-10 and human IL-12 (detecting IL-12 p75 heterodimer) were purchased from Biolegend. The human monocyte negative isolation kits and the human T cell isolation kits were purchased from Invitrogen (Carlsbad, CA, USA). The human naive CD4+ T cell isolation kit was purchased from Miltenyi Biotec (Gladbach, Germany). The Vybrant CFDA SE Cell Tracer Kit was purchased from Invitrogen.

GENERATION OF DCs

Human PBMCs were isolated from heparinized peripheral blood obtained from normal healthy adult volunteer donors by standard density gradient centrifugation. Cells at the interface were collected and washed three times in cold phosphate-buffered saline (PBS) containing 0.1% low-endotoxin BSA and 2 mM Na2EDTA. For select experiments, monocytes were purified from PBMCs using the CD14+ monocyte negative isolation kit (Invitrogen, Carlsbad, CA, USA). An aliquot of cells from each monocyte preparation was examined by flow cytometry and found to contain >90% CD14+ cells. To obtain immature MDDCs (iMDDCs), PBMCs (2.5 × 106 cells/ml) or the purified monocytes (5 × 105 cells/ml) were cultured in RPMI medium containing 20 ng/ml of human GM-CSF and 20 ng/ml of human IL-4 at 37°C in 24-well plates in a 5% CO2 humidified incubator for 5 days. In other experiments, iDCs were generated from either purified monocytes or whole PBMCs by cultivation in RPMI medium containing GM-CSF (20 ng/ml), IL-4 (20 ng/ml) and IFN-β (1,000 U/ml) for 1 day. These iDCs were matured by incubation in the presence of either 10 ng/ml of LPS (Sigma) or a cocktail containing 10 ng/ml of TNF-α, 10 ng/ml of IL-1β and 1 μg/ml of prostaglandin E2 (PGE2; TIP cocktail) for 1–2 days.

FLOW CYTOMETRY

Aliquots of the cells to be analyzed were incubated in PBS containing 0.1% BSA and 0.1% sodium azide (FACS buffer) supplemented with 2 mg/ml normal human IgG on ice for 15 min to block Fc receptors. The cell suspension was then incubated with a predetermined optimal concentration of the appropriate fluorescent dye-labeled mAbs against human cell surface markers on ice for 30 min. The fluorescent dye-labeled monoclonal antibodies (mAbs) against human cell surface molecules used included anti-CD3, anti-CD4, anti-CD8, anti-CD14, CD20, anti-CD80, anti-HLA-DR, and isotype-matched control mAbs (Beckman Coulter, Fullerton, CA, USA), and anti-CD11c, anti-CD86, and anti-CD83 (BioLegend, San Diego, CA, USA). After washing with FACS buffer, cells were fixed in 1% paraformaldehyde (PFA) containing FACS buffer. The cells were then analyzed on FACS-Calibur flow cytometer with CellQuest software (BD Pharmingen, San Diego, CA, USA). Isotype-matched mAbs were utilized as controls to stain an aliquot of the cells to be analyzed for purposes of establishing gates and for determination of the frequency of positively stained cells.

HIV-1 PREPARATION AND INACTIVATION

HIV-1IIIB (virus that only use CXCR4 as chemokine co-receptor, termed X4) was harvested from Molt-4/IIIB cell cultures. Batches of each HIV-1 preparation were inactivated with Aldrithiol-2 (AT-2; Sigma) as described previously (Yoshida et al., 2003). AT-2 was removed by three successive ultrafiltration in PBS using 100-kDa-cut-off centrifugal filtration devices (Centriprep 100; Amicon, Beverly, MA, USA). Then AT-2–inactivated HIV-1 (iHIV) was purified by pelleting down the virus at 20,000 × g for 2 h three times in 0.1% BSA-PBS. The virus pellet was resuspended in 0.1% BSA-PBS, aliquoted, and stored at -80°C until use. The concentration of HIV-1 was estimated by measuring levels of HIV-1 p24 antigen with our in-house p24 ELISA kit (Tanaka et al., 2010). As previously described (Yoshida et al., 2003), activated human PBMCs incubated with an aliquot of 1 μg/ml of the AT-2-treated HIV-1 preparation failed to demonstrate the presence of any detectable infectious virions (data not shown).

STIMULATION OF T CELLS

Enriched populations of naive CD4+ T cells and bulk T cells with >90% purity were isolated from normal human PBMCs by using appropriate negative cell isolation kits. These T cells (4 × 104 cells/well) were first labeled with carboxy-fluorescein diacetate succinimidyl ester (CFSE) according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA), then co-cultured with allogeneic DCs at a T cells: DCs ratio of 50:1 in 100 μl of RPMI medium supplemented with 20 U/ml human IL-2 in 96-well, U-bottomed plates. Cell proliferation and cytokine production were determined on day 4.

hu-PBL-SCID MICE

The BALB/c-rag2-/-γc-/- mice lacking T cells, B cells and natural killer (NK) cells (Rag2-/- mice; Traggiai et al., 2004) were used in this study. The mice were kept in the specific-pathogen-free and P3 animal facilities of the Laboratory Animal Center, University of the Ryukyus. The protocols for the care and use of mice engrafted with human PBMCs and autologous DCs sensitized with inactivated HIV-1 or ovalbumin (OVA) were approved by the committee on animal research of the University of the Ryukyus prior to initiation of the study. Matured DCs (5 × 105 cells) pulsed with either AT-2-inactivated HIV-1 (40 ng of p24) or 100 μg of OVA in 100 μl of RPMI medium for 2 h at 37°C were mixed with autologous fresh PBMCs (3 × 106 cells) in a final volume of 100 μl in serum-free RPMI medium, and the were directly injected into the spleen of Rag2 mice as previously described (Yoshida et al., 2003). One week later, the same number of DCs pulsed with the same antigens were inoculated again into the spleen. One week later, mice were sacrificed, blood was collected by cardiocentesis, and human CD4+ T cells were enriched from splenocytes using a human CD4+ T cell isolation kit according to the manufacturer’s instructions. For the measurement of antigen-specific human cellular immune responses, human CD4+ T cell (2 × 105 cells) collected from the spleens of immunized Rag2-/- mice were cultured for 2 days with autologous monocytes (2 × 105 cells) in the presence or absence of inactivated HIV containing 40 ng/ml of p24 in 500 μl of RPMI medium supplemented with 20 U/ml of IL-2 in individual wells of a 48-well plate at 37°C. The concentration of human IFN-γ or IL-4 produced in the culture supernatants was determined with ELISA kits.

STATISTICAL ANALYSIS

Data were analyzed by Student’s t test with the with Prism software (GraphPad Software Inc., San Diego, CA, USA). 

RESULTS

GENERATION OF MYELOID MATURE DCs DIRECTLY FROM PBMCs WITHIN 2 DAYS

In order to reduce the cost, labor and any loss of potential precursors from PBMCs, we have previously established a novel culture method for generating functional human DCs from unfractionated PBMC in which whole PBMCs were cultured in the presence of IL-4 and GM-CSF for 5 days followed by a 2-day maturation in media containing poly I:C and IL-1β (Kodama et al., 2010). However, there were considerable lot variations in commercial poly:IC in the DC-maturation activity (data not shown). Therefore, we tested a previously reported maturation cytokine cocktail containing TNF-α, IL-1β, IL-6 and PGE2 (Jonuleit et al., 1997). In a preliminary study, we found that IL-6 was not necessary to mature DCs from purified monocytes in the present cell culture conditions, probably due to the use of serum-containing media. Thus, we used a cytokine cocktail containing 10 ng/ml of TNF-α, 10 ng/ml of IL-1β and 1 μg/ml of PGE2 (hereafter called TIP cocktail) throughout the present study.

Based on our previous report that monocytes can be differentiated into mature DCs within 2 days (Zhang et al., 2008), we tested whether Th1-inducing DCs could be generated from unfractionated PBMCs. PBMCs (2.5 × 106 cells/ml) were cultured in RPMI medium containing GM-CSF (20 ng/ml), IL-4 (20 ng/ml) and IFN-β (1,000 U/ml) for 1 day followed by additional 1 day cultivation in the presence or absence of the TIP cocktail. The phenotypes of CD11c+ large cells in these 2-day PBMC cultures were compared with those of MDDCs derived from purified monocyte for 7 days (7-day-DC/Mo; Figure 1). The proportion of FSChigh and SSChigh cells in the 2-day-DC/PBMC culture was 20~25% of total viable cells depending on donors and these cells expressed CD11c (data not shown). After maturation with the TIP cocktail, similar to the 7-day-DC/Mo, the large CD11c+ cells in the 2-day PBMC cultures became CD14low, CD86high and CD83 high, a typical marker of matured myeloid DCs (Ohshima et al., 1997). The other viable cell populations in the 2-day PBMC cultures were CD3+ T cells (54.0~59.2%), CD56+ NK cells (8.4~9.3%) and CD19+ B cells (6.5~8.6%; n = 3). These data showed that the present culture method was applicable to generate myeloid mature DCs from bulk PBMCs within 2 days (2-day-DC/PBMC).
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FIGURE 1. Generation of functional human myeloid DCs directly from PBMCs in vitro within 2 days. MDDCs generated purified monocytes for 7 days (7-day-DC/Mo) or whole PBMCs cultured in medium containing GM-CSF, IL-4 and IFN-β (2-day-DC/PBMC), either non-treated or treated with the maturation cocktail containing TNF-α, IL-1β and PGE2 (TIP) were examined for the expression of mature DC markers by a flow cytometry. Cells were stained with antibodies to CD11c, CD14, CD83 and CD86, and analyzed on a subpopulation gated for FSChigh, SSChigh and CD11c+. The percentages of the positive cells in the gated population were shown in the dot plots. Data shown are representative of three independent experiments using blood from three different donors.



Then we tested cytokine production by these 2-day-DC/PBMC. Interestingly, in contrast to the DCs matured in the presence of LPS, the production of IL-12 and IL-10 by the TIP matured 2-day-DC/P was minimum (Figure 2). To investigate whether the 2-day-DC/PBMC were immunologically functional, we examined their ability to stimulate allogeneic T cell proliferation. Like the MDDCs (7-day-DC/Mo), the 2-day-DC/PBMC could stimulate allogeneic T cell proliferation (Figure 3A). Then we quantitated the levels of IFN-γ and IL-4 in the culture supernatants from allogeneic CD4+ T cells co-cultured with various DCs. As shown in Figure 3B, among the four DC preparations including the 7-day-DC/Mo, 7-day-DCs from PBMCs (7-day-DC/PBMC), 2-day-DCs from monocytes (2-day-DC/Mo) and 2-day-DC/PBMC, the 2-day-DC/PBMC were most potent in induction of IFN-γ production. The bulk 2-day-DC/PBMC alone did not produce detectable IFN-γ (<20 pg/ml) in the present culture conditions (data not shown). The levels of IL-4 and IL-10 were below detection (<5 pg/ml) in all the samples tested (data not shown). These results indicated that the 2-day-DC/PBMC had a potential to induce Th1 response.
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FIGURE 2. Production of cytokines by the 2-day-DC/PBMC. The levels of IL-12 (bioactive p70 heterodimer) and IL-10 in the supernatants from MDDCs (7-d-DC/M) or 2-day-DC/PBMC (2-d-DC/P) either non-matured (iM) or matured with LPS or the TIP cocktail were determined by ELISA. Data are mean ± SD of triplicate cultures. *P < 0.05, ***P < 0.001. Data shown are representative of three independent experiments using blood from two different donors.
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FIGURE 3. High levels of production of IFN-γ by allogeneic T cells stimulated with 2-day-DCs generated from PBMCs. Matured MDDCs (7-day-DC/Mo) and 2-day-DCs generated from PBMCs (2-day-DC/PBMC) were co-cultured with CFSE-labeled allogeneic CD4+ T cells at DC to T cell ratio of 1:50 for 4 days. The cell number of DCs in 2-day-DC/PBMC was manually counted using a Burker-Turk hemo-cytometer in which only large cells were counted. (A) Percentages of proliferated cells were examined by flow cytometry. (B) The levels of IFN-γ produced in the supernatants were quantitated by ELISA. In addition to the DCs shown in (A), MDDCs generated from PBMCs for 7 days (7-d-DC/P) and 2-day-DCs generated from purified monocytes (2-d-DC/M) were also tested. Data shown are representative of three independent experiments using blood from two different donors.



INDUCTION OF HIV-1-REACTIVE HUMAN CD4+ T CELL RESPONSES IN hu-PBL-SCID MICE

Finally, we examined whether the short-term generated 2-day-DC/PBMC could induce HIV-1-reactive immune responses in vivo in comparison to MDDCs (7-day-DC/Mo) using our hu-PBL-SCID mice model (Yoshida et al., 2003). SCID mice were intra-splenically transplanted with DCs loaded with AT-2-inactivated HIV-1 together with autologous fresh PBMCs. On day 7, these mice were received an intra-splenic booster injection with similarly prepared antigen-pulsed DCs. Seven days after the booster injection, mice were sacrificed and examined for antigen-specific human immune responses. Figure 4 showed that after in vitro re-stimulation with autologous APCs pulsed with inactivated HIV-1, enriched human CD4+ T cells from two out of three mice immunized with MDDCs (7-day-DC/Mo) pulsed with HIV-1 and those from three out of four mice immunized with 2-day-DC/PBMC pulsed with HIV-1 produced IFN-γ in antigen-dependent way, indicating that the 2-day-DC/PBMC could induce HIV-1 antigen-reactive human T responses in vivo as potent as MDDCs. In the re-stimulated culture supernatants, no IL-4 or IL-10 was detected (<5 pg/ml) using ELISA (data not shown). In addition, no detectable antibodies against HIV-1 were detected as determined by using a commercial Western blot assay kit in plasma samples from all the DCs-HIV-1-immunized mice (data not shown).
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FIGURE 4. Functional activity of the 2-days-DCs in hu-PBL-SCID mice. Fresh autologous PBMCs from normal human donors were transferred into the Rag2-/- mouse spleen together with autologous mature MDDCs (7-day-DC/Mo) or 2-days-PBMC-derived DCs (2-day-D/PBMC) pulsed with no antigen (no antigen) or AT-2-inactivated HIV-1 (40 ng of p24). On day 7 after the first transplantation, these mice were received an intra splenic booster injection with similarly prepared DCs. Seven days after the booster injection, mice were sacrificed and human CD4+ T cells were purified from splenocytes. These CD4+ T cells were co-cultured with autologous APCs (adherent PBMCs) in the presence or absence of antigens (restimulation) for 2 days at 37°C. IFN-γ levels produced in the culture supernatants were measured by ELISA. Data show mean ± SD of triplicate cultures. *P < 0.05, **P < 0.01, ***P < 0.001. Data shown are representative of three independent experiments using blood from two different donors.



Altogether, these results demonstrated that human myeloid DCs directly generated from PBMCs by the present short-term cultivation method were potent in induction of functional Th1 responses both in vitro and in vivo.

DISCUSSION

In the present study, we have developed a novel, simple and rapid protocol for generating Th1-stimulating human myeloid DCs directly from unfractionated PBMCs. These 2-day-DC/PBMC were potent in both stimulating allogeneic T cells in vitro and inducing HIV-1-reactive Th1 responses in hu-PBL-SCID mice. The use of whole PBMCs as DC precursors might reduce any loss of monocytes in the step of purification by adherence (Jonuleit et al., 2001), elutriation (Berger et al., 2005) or positive or negative selection using immunomagnetic beads (Babatz et al., 2003). One possible concern on using whole PBMCs was that the non-monocyte cells, such as T, B or NK cells, in the PBMCs might interfere with differentiation and function of DCs. However, in the present study there was no obvious difference in DC maturation and function between in PBMC and purified monocyte cultures.

For the final maturation, we used a cytokine cocktail containing TNF-α and IL-1β and PGE2 (TIP coctail). Simultaneous use of these three reagents in TIP was essential for maturation of DCs since use of the reagents either in single or in two combinations failed to mature DCs (data not shown). In general, IL-6 that is included in the maturation cytokine cocktail TNF-α and IL-1β and PGE2 to mature DCs was not necessary in the present culture conditions. The reason remains to be studied, but it is possible that IL-6 is required in serum-free culture conditions. The present 2-day-DC/PBMC matured by TIP produced lower IL-12 than those matured by LPS. Low levels production of IL-12 might be ascribed to the use of PGE2 that inhibits bioactive IL-12 heterodimer production (Kalinski et al., 2001; Kalim and Groettrup, 2013). Despite of the low level production of IL-12, the TIP-matured 2-day-DC/PBMC were potent in stimulating IFN-γ, but not IL-4 or IL-10, production by allogeneic T cells. The reason for higher potentials of 2-day-DC/PBMC to induce Th1 cells than MDDCs remains to be clarified. It is speculated that natural DCs contained in the 2-day-PBMC-derived DCs might enhance the activation. Indeed, 2-day-DC/PBMC culture generated from CD14+ cell-depleted PBMCs were able to stimulate allogeneic CD4+ T cells to a lesser extent (data not shown). However, we cannot clearly determine if the stimulation was mediated by remaining monocytes. Further study is required to solve this issue. Importantly, as the previous study (Yoshida et al., 2003), the present study showed the induction of primary HIV-1-specific human CD4+ T cell immune responses in hu-PBL-SCID mice by DC-based immunization, demonstrating that the present 2-day-PBMC-derived DCs might have a potential for clinical use in DC-based immunization in humans against HIV-1. It was of interest that the levels of IFN-γ production were higher in CD4+ T cells immunized with 2-day-DC/PBMC than those immunized with 7-day-DC/Mo. It is possible that 2-day-DC/PBMC could live longer than 7-day-DC/Mo in vivo to stimulate antigen-specific CD4+ T cells. In addition, because myeloid DCs are susceptible to HIV-1 infection (Knight et al., 1990), the use of these IFN-β-treated DCs will be beneficial for HIV-1-infected individuals.

In conclusion, the present study provided a new method to generate functional human myeloid DCs directly from PBMCs in a short-term culture period. These DCs will be useful for studies exploring potentials of DC-based immunization for not only infectious diseases but also cancers in vitro and in vivo.
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Human immunodeficiency virus type 1 (HIV-1) is strictly adapted to humans, and cause AIDS only in humans. Consequently, no experimental animals susceptible to HIV-1 and suitable for the AIDS model study are available to date (Nomaguchi et al., 2008, 2011). To overcome this issue, viruses genetically related to HIV-1 have been challenged into macaque monkeys to mimic the natural HIV-1 infection. Viruses used for these experiments are simian immunodeficiency viruses (SIVs), SIVs chimeric with parts of HIV-1 sequences (SHIVs), and macaque tropic HIV-1 derivatives carrying a small portion of SIV genome (HIV-1mt clones). Because viruses of the SHIV and HIV-1mt groups carry HIV-1 genes/sequences, their scientific/medical significance and impact are evident. Although some SHIVs indeed induce AIDS in macaques, accumulating evidences have demonstrated that the genuine CCR5-tropism of input viruses is prerequisite for superimposing the experimental outcome on the natural disease progression in humans (Feinberg and Moore, 2002; Margolis and Shattock, 2006). Therefore, a number of CCR5-tropic SHIVs currently have been generated and utilized for in vivo macaque experiments (Hsu et al., 2003; Humbert et al., 2008; Nishimura et al., 2010; Fujita et al., 2012).

Recently, prototype HIV-1mt clones, CXCR4-tropic NL-DT5R, and dual-tropic (CXCR4- and CCR5-tropic) stHIV-1, have been generated by us (Kamada et al., 2006) and others (Hatziioannou et al., 2006), respectively. We selected three distinct Env sequences and made three proviral constructs in the backbone of the NL-DT5R genome to obtain CCR5-tropic/dual-tropic viruses (Figure 1A), based on the published results (Hsu et al., 2003; Hatziioannou et al., 2006; Matsuda et al., 2010; Nishimura et al., 2010). Of the three clones constructed, while NL-DT562 grew in a cynomolgus macaeque cell line HSC-F (Akari et al., 1996; Fujita et al., 2003), the other two viruses designated NL-DT589 and NL-DT5AD did not (Doi et al., 2010; our unpublished observations). The replication efficiency in HSC-F cells of NL-DT562 was much lower than that of the parental virus NL-DT5R (Doi et al., 2010). When examined in CD8+ cell-depleted pig-tailed macaque peripheral blood mononuclear cells (PBMCs), NL-DT5AD was found to be replication-competent in addition to NL-DT562 (Igarashi and Adachi, unpublished results). However, NL-DT5AD grew more poorly than NL-DT562, and NL-DT562 itself propagated much more inefficiently again than NL-DT5R in these PBMCs. Of note, NL-DT562 was confirmed to use CCR5 for cell entry (our unpublished data). To improve the replication ability of NL-DT562, we extensively modified its genome by adaptation to macaque cells and also by in vitro mutagenesis (Nomaguchi et al., 2008, 2011, 2013a,b; Nomaguchi et al., submitted). As a result, the same mutations were introduced into the corresponding genomic regions of NL-DT5R and NL-DT562 encoding Gag-capsid, Pol-integrase, and Vpu-transmembrane domain. Numerous growth-enhancing adaptive mutations were found to separately occur in the Env of NL-DT562, but only one in the Env of NL-DT5R (Nomaguchi et al., 2013b). Since the enhancement of virus growth by these mutations is strictly Env sequence-dependent (Nomaguchi et al., 2013b), only a single best mutation for viral replication was introduced into the env gene of each clone. As shown in Figure 1B, the final version of CCR5-tropic virus currently constructed (MN5/LSDQgtu in Figure 1A) surely grew extremely better than NL-DT562 in a rhesus macaque cell line M1.3S (Doi et al., 2011), but more poorly relative to MN4/LSDQgtu (Nomaguchi et al., submitted) (Figure 1A), a CXCR4-tropic virus derived from NL-DT5R (a virus corresponding to MN5/LSDQgtu). Taken all together, we are unable yet to have a CCR5-tropic HIV-1mt clone that grows better or equally well in macaque cells relative to CXCR4-tropic MN4/LSDQgtu. Virological and molecular basis for this negative result is presently unknown, but it is certain that the Env sequence is important for viral growth potentials. Extensive search for appropriate Env sequences to confer CCR5-tropism and high replication-ability on HIV-1mt clones is required for our final purpose, i.e., the generation of proviral clones virologically similar to viruses of the SIVmac group that are pathogenic for macaques. In this regard, it is tempting to use “intracellular homologous recombination” as a measure to readily generate recombinant HIV-1 clones (Fujita et al., 2012).


[image: image]

FIGURE 1. Characteristics of HIV-1mt clones. (A) Proviral genome structure of various HIV-1mt clones. Genomes of various HIV-1mt clones generated in our laboratory are schematically illustrated. White and black (a small portion of gag-capsid and an entire vif) areas stand for the genomic regions of HIV-1 NL4-3 (Adachi et al., 1986) and SIVmac MA239N (Shibata et al., 1991; Doi et al., 2010), respectively. The other colored regions are the sequences derived from various SIV/HIV-1s as shown. Restriction enzyme sites used for the insertion of these sequences into NL-DT5R are also shown. GenBank accession numbers are indicated in parentheses. Arrows represent the adaptive mutation sites in pol-integrase and env-gp120 that enhance virus growth potentials (Nomaguchi et al., 2013b). While NL-DT5R and MN4/LSDQgtu are CXCR4-tropic viruses, NL-DT562, NL-DT5AD, and MN5/LSDQgtu are CCR5-tropic. Although examined in macaque cells, the growth ability of NL-DT589 is not yet proven (see text). mac, rhesus macaques; gsn, greater spot-nosed monkeys. (B) Viral replication kinetics in M1.3S cells. Cell-free viruses were prepared from 293T cells transfected with proviral clones indicated, and equal amounts [5 × 106 and 5 × 105 reverse transcriptase (RT) units for left and right panels, respectively] were inoculated into M1.3S cells (2 × 106 cells). Viral replication was monitored at intervals by RT activity in the culture supernatants. The experiments were done as described previously (Kamada et al., 2006). M1.3S is the most refractory cell line to infection with SIVmac/HIV-1mt clones to the best of our knowledge, but is CD4-, CXCR4-, and CCR5-positive. NL-DT5R and NL-DT562 do not grow at all in M1.3S cells.



Despite the every effort of researchers, so far, no appreciable disease was induced in pig-tailed and cynomolgus macaques infected with various HIV-1mt clones (Igarashi et al., 2007; Hatziioannou et al., 2009; Saito et al., 2011, 2013; Thippeshappa et al., 2011). Although the rhesus macaque is thought to be the best macaque species for infection experiments of this kind from various virological and primatological points of view, no attempts to infect it with HIV-1mt clones have been made to date, probably due to its highly resistant nature to the viruses. Common characteristics of the non-morbifical infections as described above are low viral loads relative to those in pathogenetic infections with SIV/SHIV/HIV-1 and no apparent viral set points in the course of infection. Without initial burst of viruses in hosts to guarantee viral amount and diversity enough for persistent infection, viruses may not survive in individuals/populations. Further improvement of the replication ability of CCR5-tropic HIV-1mt clones would be necessary to establish HIV-1mt/macaque model systems, the rhesus system in particular, for natural infections of HIV-1, and finally for human AIDS research.
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Live attenuated measles virus (MV) has long been recognized as a safe and effective vaccine, and it has served as the basis for development of various MV-based vaccines. However, because MV is a human-tropic virus, the evaluation of MV-based vaccines has been hampered by the lack of a small-animal model. The humanized mouse, a recently developed system in which an immunodeficient mouse is transplanted with human fetal tissues or hematopoietic stem cells, may represent a suitable model. Here, we developed a sensitive one-step quantitative reverse transcription (qRT)-PCR that simultaneously measures nucleocapsid (N) and human RNase P mRNA levels. The results can be used to monitor MV infection in a humanized mouse model. Using this method, we elucidated the replication kinetics of MV expressing enhanced green fluorescent protein both in vitro and in humanized mice in parallel with flow-cytometric analysis. Because our qRT-PCR system was sensitive enough to detect MV expression using RNA extracted from a small number of cells, it can be used to monitor MV infection in humanized mice by sequential blood sampling.

Keywords: measles virus infection, humanized mouse, quantitative RT-PCR, EGFP expression, flow cytometry

INTRODUCTION

Measles, a highly contagious childhood disease caused by the measles virus (MV), affects more than 20 million people each year. MV infection is characterized by a high fever with typical Koplik’s spots followed by the appearance of a generalized maculopapular rash, and is often associated with respiratory and neuronal complications (Griffin, 2007). Since the implementation of vaccination programs using an effective live attenuated MV vaccine, global measles deaths have decreased dramatically. Nevertheless, measles is still one of the leading causes of death among young children under the age of 5 years, especially in countries with weak health infrastructures, and approximately 158,000 measles death occurred in 2011 (http://www.who.int/mediacentre/factsheets/fs286/en/). The ongoing global vaccination strategy aims to protect small children at high risk.

The MV vaccine is safe, effective, and inexpensive. Based on its long and successful vaccination history, several groups have taken advantage of reverse-genetics technology to utilize the live attenuated MV vaccine strain as a viral vector to elicit immune responses against foreign antigens from various pathogens, such as Env or Gag of human immunodeficiency virus (HIV; Lorin et al., 2004; Stebbings et al., 2012), hepatitis B surface (S) antigen (Singh et al., 1999; Reyes-del Valle et al., 2009), fusion protein of respiratory syncytial virus (Sawada et al., 2011), and envelope glycoprotein of West Nile virus (Despres et al., 2005; Brandler et al., 2012). MV is a human-tropic virus that uses CD46, signaling of lymphocyte activation molecule (SLAM, CD150), and the recently identified epithelial-cell receptor nectin-4 (PVRL4, see review in Kato et al., 2012) as receptors. To test the immune response against MV-based recombinant vaccines, both MV receptor-transgenic mice (Singh et al., 1999; Lorin et al., 2004; Despres et al., 2005) and non-human primates have been used as animal models (Reyes-del Valle et al., 2009; Brandler et al., 2012; Stebbings et al., 2012).

Although non-human primates are susceptible to MV, and they develop pathologies similar to those that occur in humans, the expense of using monkeys in research limits the number of animals that can be used for studies. To overcome such practical problems, various types of human MV receptor-transgenic mice expressing CD46 or CD150 have been developed (review in Sellin and Horvat, 2009). Unfortunately, MV infection of all of these human MV receptor-expressing mouse models is severely restricted by the presence of murine type I IFN; to establish MV infection, it is necessary to introduce the IFNα receptor knockout into the MV receptor-transgenic mice, even in strains expressing CD150 driven by a native human promoter (Ohno et al., 2007). The IFNα receptor knockout/CD150 knock-in mouse is highly susceptible to MV infection and reproduces some aspects of MV infection in humans, including immunosuppression (Koga et al., 2010). This makes it a useful mouse model for study purposes. However, one problem is the lack of an initial innate immune response, which may modify the outcome of MV infection. Thus, the model may not truly reflect the outcome in humans.

In the early 2000s, a series of immunodeficient mice were developed that allow efficient transplantation of human cells or tissues; these systems are collectively termed “humanized mice.” A large number of studies have described the development of human hematopoietic cells and their immunological functions in humanized mice, and technical modifications have been made for the study of various human diseases (Ito et al., 2012). Currently, humanized mouse systems are widely used as alternatives to non-human primate models, especially for the study of human-tropic infectious diseases such as HIV, human T cell leukemia virus (HTLV), dengue virus, HCV, and EB virus (Akkina, 2013). Of the different humanized mice models, the BM/Liver/Thymus transplanted (BLT) mouse, which is transplanted with human fetal liver and thymus tissue in addition to hematopoietic stem cells (HSCs), is recognized as the model that most closely mimics the human immune response (Wege et al., 2008). However, the use of this model is limited, mainly because of the ethical issues surrounding human fetal organs/tissues.

We have recently established an HIV infection model in NOD/SCID/Jak3null (NOJ) mouse transplanted with human cord blood HSCs (Terahara et al., 2013). To study MV infection in humanized NOJ (hNOJ), we infected an MV vaccine strain (AIK-C) expressing enhanced green fluorescent protein (EGFP) into hNOJ and analyzed the MV-infected cells by flow cytometry. The hNOJ mouse is highly susceptible to MV infection; in that study, we observed that GFP+ cells were present in systemic lymphoid tissues and bone marrow (BM). Because it is important to assess MV infection kinetics in an animal without sacrificing the infected mouse, we developed a highly sensitive one-step quantitative reverse transcription-PCR (qRT-PCR) system to monitor MV infection in human peripheral blood mononuclear cells (PBMCs) circulating in the blood of humanized mice. In this study, we describe how this monitoring system works and demonstrate that the results obtained reflect the actual frequency of MV-infected cells, as determined by flow cytometry.

MATERIALS AND METHODS

CELL FRACTIONATION OF PBMCs

Peripheral blood mononuclear cells were obtained from human blood samples of healthy volunteers. Samples were collected after obtaining the approval of the institutional ethical committee of the National Institute of Infectious Diseases (NIID; No. 350) and written informed consent from each subject. PBMCs were separated by Ficoll–Hypaque density-gradient centrifugation (Lymphosepal; IBL, Gunma, Japan).

To obtain monocyte-derived dendritic cells (MDDCs), monocytes were enriched from PBMCs using CD14 microbeads (Miltenyi Biotec) and cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, and antibiotics in the presence of interleukin-4 (IL-4) and granulocyte–macrophage colony-stimulating factor (GM-CSF; both 10 ng/ml, from PeproTech Inc., London, UK) for 1 week. T cells were isolated from CD14-negative PBMCs using the Total T Cell Enrichment Kit (STEMCELL technologies, Vancouver, BC, Canada).

PREPARATION OF RNA

Total RNA was extracted from mouse blood, BM, and spleen of humanized mice, human PBMCs, and Jurkat cells expressing human SLAM (Jurkat/hSLAM) using the RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) or the Total RNA Isolation Mini Kit (Agilent Technologies, Santa Clara, CA, USA).

To prepare a standard of MV RNA, the cDNA encoding measles virus nucleocapsid (N) (MV-N: AB052821) was subcloned into the pBluescript II vector, and then MV-N RNA was produced by in vitro RNA transcription using the T7 RiboMAXTM Express Large Scale RNA Production System (Promega, Madison, WI, USA). The RNA product was purified by DNase treatment, followed by phenol–chloroform extraction and ethanol precipitation, according to the protocol supplied by the manufacturer. The final concentration of RNA was measured using an ND-1000 spectrophotometer (Thermo, Waltham, MA, USA).

PREPARATION OF STANDARD TEMPLATE DNA

To prepare a standard template DNA, cDNAs of human CD45 (hCD45: NG_007730) and RNase P (NM_006413) were synthesized from total RNA of CEM cells by reverse transcription (RT)-PCR using SuperScript III RT/Platinum Taq Mix (Invitrogen, Carlsbad, CA, USA). The products were further amplified by PCR using TaKaRa Ex Taq Hot Start Version (TAKARA, Otsu, Shiga, Japan) for hCD45, or AmpliTaq Gold 360 (Applied Biosystems, Carlsbad, CA, USA) for RNase P. These PCR products of hCD45 and RNase P were subcloned into plasmids using the pGeneBLAzer TOPO TA Expression kit (Invitrogen) and pGEM-T (Easy) Vector Systems (Promega), respectively.

REAL-TIME RT-PCR ASSAY

To perform real-time qRT-PCR, SuperScript III Platinum One-Step Quantitative RT-PCR system (Invitrogen) was used according to the manufacturer’s instructions. Briefly, each reaction contained 1× reaction mix, ROX reference dye, SuperScript III RT/Platinum TaqMix, 0.2 μM specific primers, and 0.1 μM TaqMan probe. Reactions were performed on an Mx3000P qPCR system (Agilent Technologies). Thermocycling parameters included a RT step at 50°C for 20 min, followed by a DNA polymerase activation step at 95°C for 2 min and 50 PCR cycles (95°C for 20 s, 60°C for 30 s). Threshold cycle (Ct) values were calculated for each reaction; Ct represents the cycle at which a statistically significant increase in the emission intensity of the reporter relative to the passive reference dye is first detected.

For detection of hCD45 mRNA, the following sequences were used: forward primer, 5′-GGA AGT GCT GCA ATG TGT CAT T-3′; reverse primer; 5′-CTT GAC ATG CAT ACT ATT ATC TGA TGT CA-3′; TaqMan probe; 5′-FAM-ACA ACT AAA AGT GCT CCT CCA AGC CAG GTC T-BHQ1-3′ (Hamaia et al., 2001). For detection of RNase P mRNA: forward primer, 5′- AGA TTT GGA CCT GCG AGC G-3′; reverse primer, 5′-GAG CGG CTG TCT CCA CAA GT-3′; TaqMan probe, 5′-FAM-TTC TGA CCT GAA GGC TCT GCG CG-BHQ1-3′ (Kimberly et al., 2005). For detection of MV-N RNA: forward primer, 5′-CGA TGA CCC TGA CGT TAG CA-3′; reverse primer, 5′-GCG AAG GTA AGG CCA GAT TG-3′; TaqMan probe, 5′-FAM-AGG CTG TTA GAG GTT GTC CAG AGT GAC CAG-BHQ1-3′ (Hummel et al., 2006).

GENERATION OF HUMANIZED MICE

Humanized NOD/SCID/JAK3null mice were established as described previously (Terahara et al., 2013). In brief, NOJ mice were transplanted with human HSCs (0.5–1 × 105 cells) enriched from human umbilical cord blood cells into the livers of irradiated (1 Gy) newborn mice within 2 days after birth. All mice were maintained under specific pathogen-free conditions in the animal facility at NIID and were treated in accordance with the guidelines issued by the Institutional Animal Care and Committee of NIID.

Human umbilical cord blood was donated by the Tokyo Cord Blood Bank (Tokyo, Japan) after obtaining informed consent. The use of human umbilical cord blood cells was approved by the Institutional Ethical Committees of NIID and the Tokyo Cord Blood Bank. Human HSCs were isolated using the CD133 MicroBeads Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity was approximately 90% as assessed by flow cytometry.

PREPARATION AND INFECTION OF MV

Recombinant wild-type MV (IC323: AB016162) expressing EGFP (IC323-EGFP; Hashimoto et al., 2002) and a recombinant vaccine strain of MV (AIK-C: S58435) expressing EGFP (AIK-C-EGFP; Fujino et al., 2007) were grown in Vero/hSLAM cells. Virus titers were determined by plaque assay using Vero/hSLAM cells.

Jurkat/hSLAM cells were infected with various doses of MV [multiplicity of infection (MOI) = 0.25, 0.05, and 0.01] by incubation at 37°C for 1 h, washed twice with phosphate buffered saline (PBS), and seeded on 24-well plates. Cells were harvested immediately after washing (time 0) or 6, 12, 18, or 24 h later. The harvested cells were either lysed for RNA extraction or analyzed by flow cytometry.

Humanized NOD/SCID/JAK3null mice were challenged intravenously (i.v.) with different doses [200, 2,000, 10,000, or 20,000 plaque-forming units (pfu)] of AIK-C-EGFP. Peripheral blood was obtained from MV-infected hNOJ mice at 3, 5, 7, 10, 14, and 21 days post-infection (p.i.). In some experiments, MV-infected hNOJ mice were sacrificed at day 7 p.i. At the time of sacrifice, peripheral blood, BM, spleen, and mesenteric lymph nodes (MLNs) were harvested, and red blood cells were lysed in ACK buffer (0.15 M NH4Cl, 1 mM KHCO3, and 0.1 mM EDTA-2Na; pH 7.2–7.4).

FLOW-CYTOMETRIC ANALYSIS OF MV-INFECTED CELLS

PE-conjugated anti-human CD150 (A12) and Pacific Blue-conjugated anti-hCD45 (HI30) monoclonal antibodies (mAbs) were purchased from BioLegend Inc. (San Diego, CA, USA). Cells were stained with these mAbs, fixed with 2% formalin/PBS for 15 min at room temperature, washed, and kept at 4°C prior to flow-cytometric analysis. Dead cells were stained with a LIVE/DEAD Fixable Dead Cell Stain Kit (L34957; Invitrogen). Data were collected using a FACScanto (BD Biosciences, San Jose, CA, USA) and analyzed using the FACSDiva (BD Biosciences) or FlowJo (Tree Star, San Carlos, CA, USA) software.

STATISTICAL ANALYSIS

Non-parametric one-way ANOVA was performed to compare cell type-specific differences in hCD45 and RNase P mRNA expression. Spearman’s rank correlation coefficient test was also performed to compare the level of MV-N expression and frequency of MV-infected cells. Prism ver.5 software (GraphPad Software, San Diego, CA, USA) was used for all analyses. P < 0.05 was considered statistically significant.

RESULTS

HUMAN-SPECIFIC qRT-PCR SYSTEM FOR THE DETECTION OF MV INFECTION

For the detection of MV infection in clinical specimens, Hummel et al. (2006) established a sensitive qRT-PCR system that used primer and probe sets targeting the MV-N gene. In our humanized mouse model, it is necessary to analyze endogenous mRNA expression in human PBMCs to determine the level of human cell-associated MV infection in mouse blood. We initially assumed that hCD45 expression would be suitable to discriminate human hematopoietic cells from co-existing mouse hematopoietic cells in vivo. On that basis, we designed human-specific primer and TaqMan probe sets for hCD45 and compared their usefulness with a primer/probe set for a widely used housekeeping gene, RNase P. RNA was extracted from humanized (hu-mouse) or non-humanized (non-hu-mouse) murine splenocytes, and the level of mRNA was measured by one-step qRT-PCR. Both hCD45 and RNase P primer/probe sets detected mRNA expression of target genes from human PBMCs present in hu-mouse spleen, at similar sensitivities, but neither set detected expression in non-hu-mouse (Figure 1A). Thus, both primer/probe sets are human-specific. Next, we enriched CD14+ monocytes and T cells from PBMCs by positive and negative magnetic-bead selection, respectively, and then determined the copy numbers of hCD45 and RNase P in these cell fractions from each of five donors. In Figure 1B, the expression levels of hCD45 (left panel) and RNase P (right panel) in monocytes and T cells are depicted relative to the level in each donor’s PBMCs. Because RNase P expression was less affected by cell type than CD45 expression (*P < 0.05), in subsequent experiments we exclusively used RNase P primer/probe sets as an endogenous control for mRNA expression.
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FIGURE 1. Selection of an endogenous control for the analysis of MV-infected human PBMCs. (A) RNA was extracted from spleen cells of hNOJ and non-humanized NOJ, and one-step qRT-PCR was performed using primer and probe sets designed against the human-specific hCD45 and RNaseP mRNAs. To calculate copy numbers of these genes, the PCR products of human CD45 and RNase P were subcloned into plasmids and used as standard DNAs. (B) Human PBMCs from five donors were fractionated into CD14+ monocytes and T cells. RNA from these cell populations was extracted, and the expression levels of hCD45 and RNase P were analyzed by qRT-PCR. The graph depicts the expression levels in these fractionated cells relative to the levels in PBMCs (defined as 1). Statistical differences in hCD45 and RNase P expression among these cell populations were evaluated by non-parametric one-way ANOVA test (*P<0.05).



PARALLEL INCREASE IN THE TIME COURSE OF MV-INFECTED CELL FREQUENCY AND MV-N RNA LEVEL IN VITRO

Because wild-type MV mainly utilizes SLAM as the receptor for entry into lymphoid cells (Tatsuo et al., 2000), the kinetics of MV infection in Jurkat/hSLAM cells can be clearly visualized by flow cytometry. We infected Jurkat/hSLAM cells with a wild-type MV encoding EGFP (IC323-EGFP) at MOI of 0.01, 0.05, and 0.25. Cells were washed and harvested at 6, 12, 18, or 24 h after MV infection. A subset of the cells in each sample was analyzed by flow cytometry, and the remainder of the sample was used for RNA extraction. The mRNA levels of MV-N and RNase P were determined by qRT-PCR, and the level of MV-N mRNA relative to RNase P RNA was calculated. Representative results of three experiments are shown in Figure 2A (flow cytometry) and Figure 2B (qRT-PCR). Because of the rapid and strong cytopathic effect by MV at the highest MOI (0.25), we omitted the flow cytometry data corresponding to that condition. At MOI 0.01, a similar frequency of GFP+ cells was detectable at 12 and 18 h p.i., whereas at MOI 0.05, the GFP+ cell frequency was already high at 12 h p.i. Note that the level of hSLAM was not down-modulated by MV infection. Over the time course, relative MV-N expression level at all three MOIs increased in parallel over two orders of magnitude, indicating that these two methods yield comparable results (as shown in Figure 2C) and are useful for monitoring the replication kinetics of MV infection in vitro.
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FIGURE 2. course of MV infection in vitro. Jurkat/hSLAM cells were infected with wild-type MV IC323-EGFP at MOI of 0.01, 0.05, and 0.25, washed, and harvested at the indicated time points. (A) Cells were stained with PE-conjugated anti-hSLAM mAb, fixed with 2% formalin/PBS, and GFP expression was analyzed. (B) RNA was extracted from cells, and expression levels of MV-N and RNase P were analyzed by one-step qRT-PCR. The copy numbers of MV-N and RNase P were determined, and the ratio of MV-N copies to RNase P copies is depicted on the vertical axis. (C) Correlation between the percentage of GFP+ Jurkat/SLAM cells and the time course of MV-N expression. Spearman’s rank correlation coefficient was used for statistical analysis.



PARALLEL INCREASE OF MV-INFECTED CELL FREQUENCY AND MV-N RNA LEVELS IN VIVO

We then applied these detection systems in vivo in MV-infected hNOJ mice. hNOJ mice were infected with an MV vaccine strain expressing EGFP (AIK-C-EGFP) at 2000 pfu, and the animals were sacrificed 7 days later. Blood PBMCs and BM cells were washed with PBS, and a subset of the cells in each sample were stained with anti-hCD45 mAb. Representative results of flow-cytometric analysis of BM cells from three mice are shown in Figure 3A. The percentages of GFP+ cells in mice 127-1, 127-4, and 127-5 mice were low (0.002%), high (0.35%), and intermediate (0.028%), respectively. The number of human PBMCs obtained from mouse blood was not sufficient to determine GFP+ cell frequencies by flow cytometry. Next, we extracted RNA from PBMCs and BM cells and analyzed MV-N expression by qRT-PCR, as described in the previous section. MV-N expression paralleled the GFP+ frequencies in BM (Figure 3B). Notably, a high level of MV-N expression was also detected in PBMCs of mouse 127-4, suggesting that the level of MV-N expression per single hematopoietic cell is similar between blood and BM. We plotted the GFP+ frequency and MV-N expression level in BM cells of eight mice. As shown in Figure 3C, these values were well correlated (R = 0.9286). Taken together, these data indicate that MV infection in vivo is detectable in BM by both flow cytometry and MV-N RNA qRT-PCR analysis, but only MV-N RNA qRT-PCR is sensitive enough to detect PBMC-associated MV infection in the blood.
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FIGURE 3. Analysis of MV infection in vivo. Three hNOJ mice (127-1, -4, and -5) were infected intravenously with 2,000 pfu of the MV vaccine strain, AIK-C-EGFP. Mice were sacrificed at day 7 post-infection, and blood and bone marrow cells (BM) were obtained. (A) BM cells were stained with PB-anti-human CD45 mAb, fixed with 2% formalin/PBS, and GFP expression was analyzed. (B) PBMCs from blood and BM cells were lysed, and RNA was prepared. The expression MV-N and RNase P was analyzed as described in the legend for Figure 2B. (C) Correlation between the percentage of GFP+ cells among hCD45+ cells in BM and the level of MV-N expression in MV-infected hNOJ mice, at day 7 (n = 4) or day 10 (n = 4) p.i. Spearman’s rank correlation coefficient was used for statistical analysis.



KINETICS OF MV GROWTH CAN BE MONITORED IN THE BLOOD OF hNOJ MOUSE

Finally, we measured MV growth kinetics in vivo by qRT-PCR analysis using sequential blood samples obtained from MV-infected hNOJ mice; it was not feasible to perform these measurements by flow cytometry because of the paucity of human PBMCs in the blood. Two or three hNOJ mice in each group were infected intravenously with 200, 2000, or 20,000 pfu AIK-C-EGFP and followed up to 21 days p.i. The level of PBMC-associated MV RNA in individual mice is shown in Figure 4A. We noticed two peaks of MV replication, the first at around day 3 p.i., and the second at day 10 p.i., irrespective of the initial inoculum. Two mice infected with 20,000 pfu MV exhibited a high level of MV replication that peaked at day 10 p.i. One mouse infected with 2,000 pfu exhibited a high level of MV replication at day 3 p.i., followed by a small peak at day 10 p.i. For some mice, we counted the number of human cells per 50 μl of blood used for RNA extraction. The data are shown in Figure 4B. We were able to detect high levels of MV in samples containing less than 2,000 cells, indicating that the qRT-PCR system is sensitive enough to detect low numbers of MV-infected human cells.
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FIGURE 4. Monitoring of MV replication in vivo. Two to three hNOJ mice per group were challenged with MV AIK-C-EGFP at 20,000 (squares), 2,000 (triangles), or 200 pfu (circles). The PBMCs of these mice were collected at day 3, 5, 7, 10, 14, and 21 p.i. (A) The level of MV-N expression in the blood of infected hNOJ. Vertical axis shows the level of MV-N relative to that of RNaseP, as described in the legend for Figure 2B.(B) For some mice (depicted using the same symbol as (A)), the number of human cells per 50 μl of blood used for RNA extraction and analyzed for MV-N expression was plotted on the X-axis. (C) An hNOJ mouse infected with MV at a low dose (gray closed circle, 200-2) exhibited an increased level of MV-N. At day 21 p.i., the mouse was sacrificed; cells from blood, spleen, BM, and mesenteric lymph node (MLN) were prepared. Cells were stained and analyzed as described in the legend for Figure 2A.



Although MV replication was not obvious in three mice infected with the smallest dose (200 pfu), one of these animals exhibited an increase in MV RNA expression at day 21 p.i. (gray circle). We sacrificed this particular mouse and used flow cytometry to analyze GFP expression in its blood, spleen, MLN, and BM. As shown in Figure 4C, GFP+ cells were present in spleen (0.308%) and all the other tissues, albeit at a lower frequency, indicating that MV infection can occur even at a low dose (200 pfu) and spread slowly in the systemic lymphoid tissues of hNOJ.

It may be necessary to acquire at least 30,000 events to be sure of having >10,000 cells for flow cytometry analysis. This is because of the substantial amount of sample loss that occurs in this system. The flow cytometry data presented in Figure 4C were obtained by analyzing ~0.4 ml blood from a sacrificed mouse. However, even under these conditions, the proportion of MV-infected cells detected was only 0.056%; indeed, the cells are barely visible on the plot. Therefore, it appears that flow cytometry is not a suitable method for the sequential monitoring of infected (GFP+) cells. Thus, the qRT-PCR system we have developed here allowed us to monitor systemic MV replication using a small volume of blood from humanized mice.

DISCUSSION

Based on a highly sensitive MV-N RNA detection method previously developed by Hummel et al. (2006), which could detect one copy of synthetic MV RNA/reaction, we developed a novel one-step real-time qRT-PCR system for the purpose of monitoring MV replication in the blood of MV-infected humanized mice. Because MV replication usually occurs in association with cells (Griffin, 2007), it is necessary to evaluate the endogenous RNA expression level of human PBMCs that co-exist with mouse blood cells. To this end, we designed human-specific primer/probe sets for the CD45 and RNase P mRNAs. When we analyzed the detection efficiencies of these two primer/probe sets using distinct cell types present in human PBMCs, we found that RNase P expression was less dependent than CD45 expression on cell type. Using this qRT-PCR system with RNase P as an internal control, we can reliably detect MV replication with high sensitivity in humanized mice in vivo. When MV expressing GFP was used for infections in vitro or in vivo, the level of MV-N RNA was closely correlated with the frequencies of GFP+ MV-infected cells determined by flow cytometry.

Our qRT-PCR system allowed us to follow MV replication in vivo using a small amount of blood, with no need to sacrifice mice at each time point. Although flow-cytometric analysis provides valuable information, such as the proportions of various cell types and the surface phenotypes of MV-infected cells, the small number of human cells circulating in the mouse blood may not be sufficient for precise estimation of MV-infected cells by flow cytometry. By contrast, our qRT-PCR system was able to detect MV-N RNA in fewer than 2,000 human PBMCs (Figure 4B). This is an important technological advantage considering that individual humanized mice exhibit variable levels of human cell engraftment, i.e., chimerism (Terahara et al., 2013); moreover, there may exist donor-to-donor variation in susceptibility to MV infection. Thus, it should be possible to select humanized mice with a degree of MV infection appropriate for the purpose of a given experiment.

In this study, MV was inoculated through the tail vein, and infected cells were distributed to systemic lymphoid tissues as well as BMs, where human hematopoietic cells localize in humanized mice (Traggiai et al., 2004). MV may also be distributed to other organs, such as lung and intestinal tissue, as demonstrated in the case of HIV infection using the BLT mouse (Sun et al., 2007). To our surprise, by monitoring MV replication in PBMCs of humanized mice, we noticed two peaks of MV replication, at around 3 and 10 days p.i., in some mice. This pattern of MV replication did not depend on the initial dose of MV inoculum. We do not know why MV replication showed two peaks in many animals. However, it was recently reported in a monkey model that MV RNA persists in PBMCs for more than 1 month after primary infection, and declined in three phases (Lin et al., 2012). The authors of that study hypothesized that both T cells, including regulatory T cells (Treg), and antibody responses contributed to the dynamics of MV replication in vivo. Although hNOJ mice are reported to show poor immune responses, the role of regulatory T cells should be considered. This is because these cells regulate HIV-1 infection in humanized mice (Jiang et al., 2008). Alternatively, it may be that the intravenous injection of MV rapidly kills the target cells (probably those showing an activated phenotype) within 3 days. The low number of MV-infected cells then gradually transmits the virus to the human cells that are replenished from the BM stem cell pool. Further investigations are required to clarify this issue.

The humanized mouse model is expected to be a useful tool for studying virus infection (Akkina, 2013). Although the human immune system is not fully reconstructed by the transplantation of human HSCs alone, we believe that further improvements are possible, which will allow us to utilize this mouse model to not only evaluate vaccine and drug efficacy but also to increase our understanding of the pathogenesis of MV infection. The described novel method of monitoring MV-infected human cells in the blood will be useful for studying MV-based vaccines in humanized mouse models without the need to sacrifice the mice.
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Analyzing the time-course of several viral infections using mathematical models based on experimental data can provide important quantitative insights regarding infection dynamics. Over the past decade, the importance and significance of mathematical modeling has been gaining recognition among virologists. In the near future, many animal models of human-specific infections and experimental data from high-throughput techniques will become available. This will provide us with the opportunity to develop new quantitative approaches, combining experimental and mathematical analyses. In this paper, we review the various quantitative analyses of viral infections and discuss their possible applications.

Keywords: virus infection, mathematical modeling, computer simulation, animal experiment, quantification

INTRODUCTION

Based on a decline in the viral load of human immunodeficiency virus type-1 (HIV-1) patients following the initiation of antiviral therapy, the turnover of HIV infected cells in vivo was estimated through mathematical modeling (Ho et al., 1995; Wei et al., 1995). Starting with these landmark papers, mathematical modeling has evolved into an important tool in modern virology. Developing a quantitative understanding of virus infection dynamics is useful for determining the pathogenesis and transmissibility of viruses, predicting the course of disease, and evaluating the effects of antiviral therapy in HIV (Perelson, 2002; Simon and Ho, 2003; Rong and Perelson, 2009), hepatitis B/C virus (HBV/HCV; Dahari et al., 2008, 2011; Rong and Perelson, 2010; Chatterjee et al., 2012) and influenza virus infection (Beauchemin and Handel, 2011; Murillo et al., 2013). The importance and significance of mathematical modeling work is slowly being recognized by virologists. In addition, in recent years, data from animal experiments have been analyzed using mathematical models (Igarashi et al., 1999; Chen et al., 2007; Dahari and Perelson, 2007; Dinoso et al., 2009; Klatt et al., 2010; Miao et al., 2010; Wong et al., 2010; Graw et al., 2011; Horiike et al., 2012; Pinilla et al., 2012; Oue et al., 2013). A synergistic approach, combining animal experiments and mathematical models, has strong potential applications for researching various viral infections. For example, to determine certain aspects of virus infection, such as sites of infection, target cells (Dinoso et al., 2009; Horiike et al., 2012), and viral gene functions (Sato et al., 2010, 2012; Pinilla et al., 2012), designing an animal experiment and estimating numerous parameters with a mathematical model are useful and important. In the future, to understand the pathophysiology of untreatable or (re-)emerging virus infections, and to effectively develop therapeutic strategies against these viruses, we need to establish a platform involving quantitative analyses that are based on data from animal experiments (Perelson, 2002; Simon and Ho, 2003; Dahari et al., 2008, 2011; Rong and Perelson, 2009, 2010; Beauchemin and Handel, 2011; Chatterjee et al., 2012; Murillo et al., 2013). In this paper, we briefly review a history of quantitative approaches to virology and discuss the possible applications of these in combination with animal experiments.

QUANTIFICATION OF VIRUS INFECTION DYNAMICS

Virological research has typically been conducted with a small number of experiments. For example, in order to investigate the fitness of virus strains, one typically measured viral loads (e.g., the amount of viral protein and viral infectivity) at a few times during infection and determined whether one strain produces significantly more virus than the other. However, the entire time-course of an infection reflects complex processes involving interactions between viruses, target cells, and infected cells. Therefore, viral load detection at one time point ignores the complexity of the aforementioned processes during an entire infection (Iwami et al., 2012b). It would be useful to translate virus infection quantitatively into the parameters identifying the multi-composed kinetics of viral infection from time-course data (Perelson, 2002; Simon and Ho, 2003; Dahari et al., 2008, 2011; Rong and Perelson, 2009, 2010; Beauchemin and Handel, 2011; Chatterjee et al., 2012; Murillo et al., 2013). Mathematical modeling of the entire time-course of infection would allow us to estimate several parameters underlying the kinetics of virus infection, including burst size and basic reproductive number (Nowak and May, 2000). These parameters cannot be directly obtained through experimental and clinical studies.

HUMAN IMMUNODEFICIENCY VIRUS AND SIMIAN IMMUNODEFICIENCY VIRUS

On average it takes about, 10 years for an HIV infection to possibly progress to acquired immunodeficiency syndrome (AIDS; Richman, 2001). Because of this slow disease progression, HIV is classified as a slowly replicating virus (Coffin, 1995; Richman, 2001). Several studies have indicated that slow disease progression is not due to inactive viral replication, but is a result of aggressive viral replication and its clearance (Coffin, 1995; Ho et al., 1995; Wei et al., 1995; Perelson et al., 1996). Interestingly, these results were based on mathematical analyses of clinical data. Estimating the decline in viral load of patients following the initiation of antiviral therapy (or plasma removal by apheresis technique; Ramratnam et al., 1999) shows us that HIV is cleared from patients at a rapid rate, with a half-life of around 6 h (Ho et al., 1995; Wei et al., 1995; Perelson et al., 1996). This estimation of rapid virus turnover implies that HIV resistance to any single drug could quickly emerge, highlighting the importance of combination therapies as they reduce the chances of drug resistance developing (Coffin, 1995; Ho et al., 1995; Wei et al., 1995; Perelson et al., 1996; Perelson and Nelson, 1999).

The success of mathematical modeling, especially with respect to HIV infection dynamics has led to the development of a field called “viral dynamics” (Nowak and May, 2000; Perelson, 2002; Simon and Ho, 2003; Rong and Perelson, 2009) and has provided us with further quantitatively novel insights. In 1997, combinations of three antiretroviral drugs successfully reduced plasma HIV levels to below the limit of detection in clinical assays (50 copies of HIV RNA/ml; Perelson et al., 1997; Eisele and Siliciano, 2012). This approach, known as highly active antiretroviral therapy (HAART), is currently the primary choice of therapeutic intervention for HIV-1 infected patients, and dramatically decreases mortality associated with HIV-1 infection (Richman, 2001; Trono et al., 2010; Eisele and Siliciano, 2012). After the initiation of HAART, the viral load decays with an initially rapid and exponential decline, followed by a slower exponential decline (Perelson et al., 1997; Perelson, 2002; Murray et al., 2007; Keele et al., 2008; Palmer et al., 2008; Rong and Perelson, 2010). Modeling the effects of drug therapy allowed for the quantitation of virus clearance rates (Ho et al., 1995; Wei et al., 1995; Perelson et al., 1996), and the death rate of several cell types (e.g., the productively infected CD4+ T cells; Perelson et al., 1996, 1997; Markowitz et al., 2003), the productively long-lived infected cells (Perelson et al., 1997; Palmer et al., 2008), latently infected cells (Perelson et al., 1997; Zhang et al., 1999; Havlir et al., 2003; Palmer et al., 2008 and so on). This modeling also estimates the period of infectiousness for follicular dendritic cell-trapping viruses (Hlavacek et al., 2000), and assists with designing an optimal therapy (Murray et al., 2007; Rosenbloom et al., 2012). A simple assessment of HIV RNA data yields certain information, but mathematical approaches allow for the extraction of much more information from raw data. Some excellent reviews regarding the quantitation of HIV dynamics and its importance have been reported (Perelson and Nelson, 1999; Nowak and May, 2000; Perelson, 2002; Simon and Ho, 2003; Rong and Perelson, 2009).

Potent HAART effectively suppresses de novo replication of HIV but fails to eradicate an HIV-1 infection. Recent studies have revealed that HIV RNA persists over several years in most infected patients on suppressive HAART (Havlir et al., 2003; Palmer et al., 2008). Furthermore, virus loads rapidly rebound to pretreatment levels after discontinuation of HAART (Chun et al., 1999; Imamichi et al., 2001). These observations suggest the persistence of viral reservoirs during combination antiviral therapy. To completely cure HIV-1 infection, it is essential to identify these viral reservoirs and to eradicate them (Richman, 2001; Trono et al., 2010; Eisele and Siliciano, 2012). In addition to existing studies looking at peripheral blood (Chun et al., 1999; Imamichi et al., 2001; Sharkey et al., 2011), systemic analysis is required to elucidate the mechanisms underlying rebound of plasma viremia upon discontinuation of HAART. Because it is unethical to collect various tissues from patients, or to deplete certain cell populations in patients for analysis, the simian immunodeficiency virus (SIV)/macaque model (which has been useful in understanding HIV-1 infection) with HAART is suitable for investigating poorly understood aspects of HIV-1 infection (Dinoso et al., 2009; North et al., 2010; Horiike et al., 2012; Oue et al., 2013). Using the SIV/macaque model, for example, it has been recently reported that the cytotoxic effects of CD8+ T cells on virus-infected cells during HAART is limited despite suppression of viral load in vivo (Klatt et al., 2010; Wong et al., 2010). Similarly, analyzing the levels of viral RNA in plasma and infected cells (e.g., macrophage and resting memory CD4+ T cells) of certain tissues such as lung and lymph nodes in SIV-infected macaques using mathematical models might reveal the precise dynamics of the viral reservoir, and provide several valuable clues for HIV eradication in patients on HAART.

HEPATITIS B VIRUS AND HEPATITIS C VIRUS

The theoretical framework for quantifying HIV infection has also been applied to understand the dynamics of HBV (Nowak et al., 1996; Lewin et al., 2001; Murray et al., 2006; Dahari et al., 2009b) and HCV (Neumann et al., 1998; Dixit et al., 2004; Guedj and Perelson, 2011; Guedj et al., 2012) infections during antiviral therapy. These approaches have estimated the key parameters of the viral life cycle such as the rate of virus production and clearance and the death rate of infected cells, that explained the mechanism of action of antiviral drugs such as interferon, ribavirin, and protease inhibitor against HCV (Neumann et al., 1998; Dixit et al., 2004; Guedj and Perelson, 2011; Guedj et al., 2012) and reverse transcriptase inhibitor against HBV (Nowak et al., 1996; Lewin et al., 2001; Murray et al., 2006; Dahari et al., 2009b). These analyses have mainly focused on extracellular viral dynamics based on clinical studies, while several researchers have investigated the intracellular replication of HCV (Dahari et al., 2007, 2009a; McLean et al., 2010; Nakabayashi, 2012) and HBV (Nakabayashi and Sasaki, 2011) based on experimentally established HBV/HCV cell culture system. These studies have provided novel insights into the detailed dynamics of intracellular HBV/HCV replication, and revealed some important processes of the HCV life cycle such as the subcellular localization of HCV RNA to the replication complex for RNA replication and viral assembly. The above findings are helpful in understanding HCV turnover and determining new drug targets with fewer side effects. A number of reviews have been published detailing the mathematical modeling of HCV infection (Dahari et al., 2008; Guedj et al., 2010; Rong and Perelson, 2010; Guedj and Perelson, 2011; Chatterjee et al., 2012).

Although mathematical models were successfully used to understand the viral dynamics of HBV/HCV during antiviral therapy, these models considered only one level of extracellular or intracellular viral replication. Recently, for HCV infection, several researchers have developed a new mathematical model, known as the multi-scale model, that combines extracellular virus infection dynamics with the key features of intracellular viral replication (Guedj and Neumann, 2010; Guedj et al., 2013; Rong et al., 2013). This model incorporates two different time scales: one is for viral replication within a cell, and the other is for free viral infection among cells. Using this model in conjunction with clinical trials, it is possible to verify the mechanism of action of direct-acting antiviral agents (DAAs) that target specific viral proteins in a cell. Estimating the effectiveness of DAAs using multi-scale model takes into account intracellular viral dynamics (Guedj et al., 2013; Rong et al., 2013). Additionally, the multi-scale model has the potential to describe the emergence of viral drug resistance against DAAs at an intracellular and extracellular level (Guedj and Neumann, 2010). In the era of developing DAAs, multi-scale models could provide a new theoretical framework that combines findings from several studies of intra- and extracellular viral dynamics; this can be applied to HBV, HIV (Althaus and De Boer, 2010), and influenza virus (Murillo et al., 2013).

Using animal and cell culture systems with mathematical models paves the way to investigate new vaccines against HCV. It would also assist with understanding the mechanisms of antiviral drug therapy. HBV vaccines are available, but there is no effective vaccine against HCV infection. The development of an effective HCV vaccine has been hampered by the high mutation rate of viral proteins, the genetic diversity of HCV, and the lack of usable small animal models for HCV infection (Houghton and Abrignani, 2005; Klenerman and Gupta, 2012). Recently, a uPA-TG/severe combined immunodeficiency (SCID) mouse model for HCV infection has been developed (Mercer et al., 2001). Although an authentic immune response against HCV does not occur in these models (and therefore cannot be directly suitable for vaccine studies), mathematical modeling could compensate for the lack of information regarding key processes of HCV immune interactions and promote further development of small animal models of HCV. These and other animal models could be alternatives to chimpanzees for investigating the effects of candidates drugs and vaccines against HCV (Bukh, 2012; chimpanzees are endangered species and now cannot be used for animal experiments). On the other hand, mathematical modeling of the immune response against HBV in patients has estimated the contribution of the host response for viral clearance (Ciupe et al., 2007a,b), and the optimal vaccination schedule (Gesemann and Scheiermann, 1995; Wilson et al., 2007). Taken together, the combination of a small animal model and mathematical modeling can overcome the ethical and financial limitations of clinical trials and help develop new effective therapies against HBV and HCV.

INFLUENZA VIRUS

In epidemiology, many mathematical models have been developed and been used to determine the dynamics of influenza virus infections on the population level (Anderson, 1991; Ferguson et al., 2006; Hatchett et al., 2007; Beauchemin and Handel, 2011; Murillo et al., 2013). A small number of models have also been generated to describe influenza virus infections at the host level (Baccam et al., 2006; Miao et al., 2010; Dobrovolny et al., 2011; Pinilla et al., 2012; and at the individual cell level; Hatada et al., 1989; Heldt et al., 2012). The purpose of these models is to describe the time-course of influenza virus infections as accurately as possible. This allows for the calculation of the half-life of infected cells, the number of virus particles released per infected cell (i.e., the burst size), and the number of infected cells produced per infected cell (i.e., the basic reproductive number; Baccam et al., 2006; Beauchemin et al., 2008; Mitchell et al., 2011; Pinilla et al., 2012). This information has been used to understand the severity and duration of infections (Bocharov and Romanyukha, 1994; Hancioglu et al., 2007; Canini and Carrat, 2011), and has provided us with an optimal antiviral therapy (Baccam et al., 2006; Handel et al., 2007; Dobrovolny et al., 2011; Perelson et al., 2012).

Although influenza viruses have been studied extensively in vivo, it is difficult to determine the exact date of infection, influenza virus loads prior to a peak, and pre-hemagglutination inhibition antibody titers. All these factors are crucial in quantifying virus infection dynamics (Murphy et al., 1980; Carrat et al., 2008). Experimental infection of healthy volunteers with influenza viruses provides a unique opportunity to elucidate the dynamics of natural influenza infections. The first mathematical model proposed to describe the dynamics of influenza infections, using influenza A/Hong Kong/123/77 (H1N1), was conducted in 2006 (Baccam et al., 2006). This simple mathematical model revealed several important and novel quantities corresponding to biological processes of influenza virus infection (Mohler et al., 2005; Baccam et al., 2006; Schulze-Horsel et al., 2009; Smith et al., 2010; Beauchemin and Handel, 2011; Holder and Beauchemin, 2011; Murillo et al., 2013). For example, if a basic reproductive number (R0) was obtained, the critical inhibition rate (1 - 1/R0) could be estimated for protection against virus infection (Anderson, 1991; Iwami et al., 2012a,b). This implies that reducing viral growth with antiviral interventions, such as vaccines or drugs, could prevent viral spread in vivo. More biologically realistic mathematical models incorporating the eclipse phase of infected cells (Holder and Beauchemin, 2011; Pinilla et al., 2012), innate or adaptive immune responses (Bocharov and Romanyukha, 1994; Hancioglu et al., 2007; Handel et al., 2007; Miao et al., 2010; Canini and Carrat, 2011), and several distributed delays for each biological process (Holder and Beauchemin, 2011; e.g., a time from virus entry to progeny virus producing) have been developed. Furthermore, using a mathematical model, a relationship between virus and symptom dynamics during influenza infections has been described recently (Canini and Carrat, 2011). Reviews regarding quantitation of influenza virus dynamics and its importance have been published previously (Beauchemin and Handel, 2011; Murillo et al., 2013).

These quantitative analyses of influenza viruses have yielded useful insights (Bocharov and Romanyukha, 1994; Mohler et al., 2005; Baccam et al., 2006; Hancioglu et al., 2007; Handel et al., 2007; Schulze-Horsel et al., 2009; Miao et al., 2010; Smith et al., 2010; Canini and Carrat, 2011; Dobrovolny et al., 2011; Holder and Beauchemin, 2011; Perelson et al., 2012; Pinilla et al., 2012; Murillo et al., 2013). The development of reliable within-host models is critical in improving epidemiological models because the dynamics of viral shedding and symptoms following influenza virus infection are key factors (Ferguson et al., 2006; Hatchett et al., 2007; Murillo et al., 2013). However, a major difficulty, over-parameterization (Beauchemin and Handel, 2011), arises when only viral load data are available, especially in human volunteer studies. One possible approach to overcome this limitation is to conduct animal experiments using rhesus macaques (Watanabe et al., 2011), ferrets (Kiso et al., 2010), and mice (Imai et al., 2008; Martin and Wurfel, 2008; Morita et al., 2013), and to measure the time-course data for these analyses (Miao et al., 2010; Pinilla et al., 2012). It is possible that the number of uninfected and infected cells from the lung or respiratory tract can be measured. Although it is still currently not feasible to obtain sufficient time-course data during the acute phase of infections, we have recently developed a novel but simple mathematical model to robustly estimate virus replication rates (Ikeda et al., unpublished). In this model, a relatively few time-course data of both the number of uninfected cells and viral load is required. A new model and diverse data will promote knowledge of influenza virus infection dynamics, which is important for future research.

OTHER VIRUSES

Mathematical models have also been applied for understanding the dynamics of other virus infections. For example, during acute lymphocytic choriomeningitis virus (LCMV, which is a common infection of rodents and is best known for its application in immunological studies) infection, the dynamics of the specific CD8+ T-cell response such as proliferation and apoptosis rate was estimated in infected mice (De Boer et al., 2001). Quantitative analyses suggested that the specific CD8+ T-cell response is controlled via the number of CD8+ T-cells, rather than their individual function during persistent LCMV infection compared with those in acute LCMV infections (in fact, the immune response with a high killing effect is necessary to clear the LCMV infection; Graw et al., 2011). On the other hand, modeling and fitting data from patients revealed that the doubling time of cytomegaloviruses (CMV, which is assumed to cause asymptomatic infection in normal hosts) in human hosts is around 1 day, similar to that for HIV (Emery et al., 1999; Perelson, 2002). More recently, it has been revealed that viral productivity and transmissibility, but not cytotoxicity, differ among Enterovirus 71 (EV71, which is the causative agent of hand-foot-and-mouth disease and can trigger neurological disorders) strains in cell culture and could be associated with their epidemiological backgrounds (Fukuhara et al., 2013). Animal experiments using monkeys and mice are available to investigate the pathogenesis and symptoms of these and numerous other viruses (Farrell et al., 1997; De Boer et al., 2001; Arita et al., 2007, 2008; Graw et al., 2011; Sato et al., 2011). We have a chance to establish a platform that will allow for quantitative understanding of various virus infections based on animal experiments. Accumulation of knowledge regarding viral dynamics should be useful in understanding untreatable or (re-)emerging virus infections.

CONCLUSION

Studies of virus infection dynamics have significantly contributed to our understanding of many diseases. Merging animal experiment results with mathematical models is a desirable direction for virology research (Figure 1). In particular, quantifying viral dynamics in “humanized mice” (Shultz et al., 2007; Sato and Koyanagi, 2011), which are the most practical and relevant model available, will provide us with novel insights. Using humanized mice as models of specific human viral infections (Sato et al., 2010, 2011, 2012) or human diseases (Ishikawa et al., 2007), we were able to investigate mechanisms of disease symptoms (e.g., a relation between function of regulatory T cells and depletion of CD4+ T cells in HIV-1 infection), and the potency/mechanism of action for drug/host factors (e.g., an effect of anticancer drug in human T cell leukemia virus type-1 infection) based on virus infection dynamics. Mathematical models can be used to explore a complicated dynamical system of virus infection. Estimation of key parameters during a virus infection provides us with many details regarding the infection. If we can obtain these estimated parameters and calculate burst size and basic reproductive numbers, we could easily compare the dynamics of various viral infections. Qualitative data (in fact, most experiments are not designed from a quantitative point of view) are difficult to understand and compare with results from other studies. Based on the theoretical analysis of experimental data, we are able to determine optimum frequencies of sampling for the highest quality data possible. Once we establish a mathematical model and reasonably fit that model to experimental data, we can predict outcomes of animal experiments under different conditions and determine factors that control several phenomena during virus infection (e.g., peak of viral load and mode of virus spread) through simulations. Further associations between animal experiments and mathematical models are required to overcome untreatable diseases.


[image: image]

FIGURE 1. Concepts for combining animal models with mathematical modeling. These quantitative approaches are referred to as “computational virology.” This has the potential to provide novel insights into viral pathogenesis, the development of antiviral drugs, and the establishment of effective therapies against viral infections.
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Transgenic expression of the human LEDGF/p75 gene relieves the species barrier against HIV-1 infection in mouse cells
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Attempts to create mouse models for AIDS have been hampered by species barriers in HIV-1 infection. We previously showed that the nuclear accumulation of HIV-1 preintegration complex (PIC) was suppressed in mouse cells. Lens epithelium-derived growth factor (LEDGF/p75) is a host factor identified as a binding partner of integrase (IN), and has been suggested to be involved in promoting viral integration by tethering PIC to the chromatin, which are observed as nuclear accumulation of IN by LEDGF/p75. Therefore, we here hypothesized that this host factor might act as one of the species-specific barriers in mouse cells. We generated transgenic (Tg) mice that constitutively express human (h) LEDGF/p75. The GFP-fused IN was efficiently accumulated into the nucleus of hLEDGF/p75 expressing Tg mouse embryonic fibroblast (MEF) cells in contrast to the control MEF cells. Importantly, hLEDGF/p75 Tg MEF cells were significantly more susceptible to HIV-1 infection. These results suggest that LEDGF/p75 is one of the host factors that constitute species barrier against HIV-1 in mouse cells.
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INTRODUCTION

The number of patients with HIV/AIDS has been increasing throughout the world. In order to study AIDS pathogenesis and to evaluate antiviral drugs and vaccines, animal models for HIV-1 infection need to be established. A mouse model has been considered as one of such candidates because of the availability of inbred and gene-manipulated strains. As a matter of fact, mice are non-permissive for HIV-1 infection because of the species barriers against both the early, and late phases of HIV-1 infection (van Maanen and Sutton, 2003), although the precise mechanisms for the non-permissiveness remain unclear. The finding that the heterokaryons created between human and mouse cells were susceptible to HIV-1 infection (Dragic et al., 1992; Mariani et al., 2001) suggested that mouse cells lack some human-specific cofactors that can support HIV-1 replication.

A number of factors in host cells have been implicated to be involved in the early and late phases of HIV-1 infection; e.g., CD4 as the major receptor for HIV-1 entry (Maddon et al., 1985; Lores et al., 1992), chemokine receptors as coreceptors (Berson et al., 1996; Feng et al., 1996) and cyclin T1 (CycT1) for the efficient viral transcription through binding to HIV-1 Tat (Bieniasz et al., 1998; Wei et al., 1998). However, several Tg mice lines that express human versions of CD4, either CXCR4 (hCD4/hCXCR4/hCycT1 Tg) or CCR5 (hCD4/hCCR5/hCycT1 Tg), and CycT1 did not efficiently support HIV-1 replication despite HIV-1 entry and reverse transcription proceeded normally (Browning et al., 1997; Sawada et al., 1998; Mariani et al., 2000). On the other hand, Tg mice carrying the pol gene-deleted HIV-1 proviral genome (HIV-Tg), which we previously generated, were able to not only express all viral mRNA species, including unspliced, singly spliced, and multiply spliced mRNAs, but also produce high levels of gag p24 antigen, after treatment with bacterial lipopolysaccharides (LPS) (Iwakura et al., 1992). Taken together, these results indicate that once the viral genome is efficiently integrated into the host chromosome, viral genes are expressed normally, and that unknown species barriers in mice are still present in the early phase of HIV-1 infection.

HIV-1 preintegration complex (PIC) is composed of newly synthesized viral cDNA and several host and viral proteins, the latter of which include integrase (IN), reverse transcriptase (RT), matrix (MA) and Vpr. The PIC is actively accumulated into the nucleus. We previously showed that the nuclear accumulation of GFP-fused IN (GFP-IN) was significantly reduced in mouse cells than in human cells (Tsurutani et al., 2007), suggesting that inefficient PIC nuclear accumulation in mouse cells might be attributed to the inability of IN to interact with host factors. Lens epithelium-derived growth factor (LEDGF) could be one of such candidates in that it can associate with IN and mediate HIV-1 nuclear accumulation and integration into the chromosome in human cells (Maertens et al., 2003). LEDGF is translated into two proteins, p75 and p52, as a result of alternative splicing (Ge et al., 1998a). LEDGF/p75, but not p52, can associate with IN through its IN-binding domain (IBD; Ge et al., 1998b). Moreover, IN and LEDGF/p75 co-localize in the nucleus of human cells, and recombinant LEDGF/p75 robustly enhances strand transfer activity of IN in vitro (Singh et al., 1999). It was also shown that RNAi-mediated knockdown of endogenous LEDGF/p75 abolished IN nuclear accumulation, HIV-1 integration and HIV-1 production (Maertens et al., 2003; Llano et al., 2004b; Ciuffi et al., 2005). LEDGF/p75 is also known as a critical factor for the selection of integration sites such as promoter regions and CpG islands. Thus, LEDGF/p75 has been suggested to be one of important host factors at the PIC nuclear accumulation and integration steps (Bukrinsky, 2004; Llano et al., 2004a, 2006a; Emiliani et al., 2005; Maillot et al., 2013).

In this study, we first created expression plasmids encoding human and mouse LEDGF/p75 (hLEDGF/p75 or mLEDGF/p75, respectively) to compare their ability to support HIV-1 infection in mouse embryonic fibroblast (MEF) cells, and found that the expression of hLEDGF/p75 rendered MEF cells more sensitive to HIV-1 infection than that of mLEDGF/p75. Moreover, we generated hLEDGF/p75 transgenic (hLEDGF/p75 Tg) mice and examined if the expression of hLEDGF/p75 could relieve the species barrier of HIV-1 infection in mouse cells. Transgenic expression of hLEDGF/p75 enhanced IN accumulation in the nucleus and HIV-1 infection in mouse cells, suggesting that LEDGF/p75 is one of the host factors that may determine a species barrier against HIV-1 in mouse cells. We therefore conclude that the transgenic introduction of hLEDGF/p75 would be helpful to generate a small animal model that could be more permissive to HIV-1 infection.

MATERIALS AND METHODS

CELLS

HeLa, 293T, and MT4 cells were obtained from ATCC (Rockville, USA), the RIKEN Cell Bank (Ibaraki, Japan), and the Health Science Research Resources Bank (Osaka, Japan), respectively. MEF cells from LEDGF/p75 Knockout mice were kindly provided by A. Engelman (Shun et al., 2007). HeLa, 293T, and MEF cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, NY, USA) supplemented with 10% fetal bovine serum (FBS). MT4 cells were maintained in RPMI 1640 medium (Life Technologies, NY, USA) supplemented with 10% FBS.

PLASMIDS

Env-deficient HIV-1 proviral indicator construct pNL-Luc-E-R+, a vesicular stomatitis virus G (VSV-G)-expressing plasmid pHIT/G, and an HIV-1 NL-Env expression plasmid pNLnΔBS (Tokunaga et al., 1998) were described previously (Fouchier et al., 1997; Tokunaga et al., 2001). The expression vector for a codon-optimized HIV-1 IN fused N-terminally to GFP (GFP-IN) was previously constructed (Tsurutani et al., 2007). The hLEDGF/p75 transgene was constructed as follows. hLEDGF/p75 cDNA was obtained from HeLa cells using SuperScript First-Strand Synthesis System (Invitrogen, CA, USA). A 1.6 kb hLEDGF/p75 fragment was amplified by PCR with KOD-Plus- (TOYOBO, Osaka, Japan). The primer pairs used to amplify hLEDGF/p75 fragments were as follows: forward primer 5′-ACG AAT TCG CCA CCA TGA CTC GCG ATT TCA AAC CTG GAG ACC-3′, reverse primer 5′-CCG AAT TCT CAG TTA TCT AGT GTA GAA TCC TTC AGA GAT ATT TCA G-3′, that have EcoRI site, Kozak sequence respectively. PCR product was digested with EcoRI and inserted into pCAGGS mammalian expression vector (Niwa et al., 1991). Similarly, C-terminally HA-tagged versions of these plasmids were created by using pCAGGS-3HA expression vector (Iwabu et al., 2009). To generate CD4/CXCR4 expression plasmid, CD4, CXCR4, and ECMV IRES were PCR-amplified from pNL-CD4, pNL-CXCR4 (Tokunaga et al., 2001), and pIRESpuro2 (Clontech, CA, USA), and then digested with KpnI/XhoI, XhoI/NotI, and NotI, respectively. Digested fragments were inserted into pCAGGS and the resultant expression plasmid was designated pCa-CD4/CXCR4.

TRANSFECTIONS AND PROTEIN ANALYSES

5 × 105 293T cells were transfected with 0.5 μg of either hLEDGF/p75 or mLEDGF/p75 expression plasmid by using FuGENE6 transfection reagent (Promega, Wisconsin, USA), and grown for 48 h. Cell extracts were subjected to gel electrophoresis and then transferred to a nitrocellulose membrane. The membranes were probed with an anti-HA antibody (BD biosciences, NJ, USA). Reacted proteins were visualized by chemiluminescence using an ECL Western blotting detection system (GE Healthcare, Little Chalfont, UK) and monitored using a LAS-3000 imaging system (FujiFilm, Tokyo, Japan).

INFECTION OF MEF CELLS TRANSIENTLY EXPRESSING LEDGF/P75 WITH HIV-1 REPORTER VIRUSES

2.5 × 105 MEF cells derived from LEDGF/p75 knockout mice were cotransfected with 0.5 μg of either hLEDGF/p75 or mLEDGF/p75 expression plasmid, 0.5 μg of pCa-CD4/CXCR4, and 5 ng of phRL-TK Renilla luciferase expression plasmid (Promega) by using Lipofectamine with Plus reagents (Life Technologies) and grown for 48 h. Infection experiments were performed as described below. Viruses were prepared by cotransfecting 293T cells with 1 μg of pNL-Luc-E-R+, 0.5 μg of pNLnΔBS, and 0.5 μg of an empty plasmid by using FuGENE6. After 48 h, the supernatants were treated with 37.5 units/ml DNase I (Roche Applied Science, MD, USA) for 37°C for 30 min and then harvested, and the amount of p24 antigen was measured by using an HIV-1 p24-antigen capture enzyme-linked immunosorbent assay (ELISA) (Advanced BioScience Laboratories, CA, USA). 1 × 104 MEF cells transiently expressing either hLEDGF/p75 or mLEDGF/p75 were infected with 1 ng of p24 antigen of HIV-1 reporter viruses. At 48 h after infection, cells were lysed with Passive Lysis Buffer (Promega). Cell lysates were subjected to the luciferase assay using the Dual Luciferase Reporter Assay Systems (Promega). Luciferase activity was measured by Centro LB 960 Microplate Luminometer (Berthold Technologies, Bad Wildbad, Germany). Values were normalized by Renilla luciferase activity.

GENERATION OF HLEDGF/p75 Tg MICE

The hLEDGF/p75 trangene was digested with BamHI-HindIII, purified from agarose gel with GeneClean Kit (MP-Biomedicals, CA, USA) and adjusted to a final concentration of 5 × 105 copies/μl (2.13 ng/μl). Purified fragments were injected into the male pronuclei of fertilized mouse embryos (C3H/HeN; CLEA Japan Inc, Tokyo, Japan). Mice were kept under specific-pathogen-free conditions in an environmentally controlled clean room at the Center for Experimental Medicine and Systems Biology, the Institute of Medical Science, the University of Tokyo. All experiments were done according to the ethical guidelines for animal experimentation, which was approved by the Institutional Review Board of the Institute of Medical Science, the University of Tokyo.

SOUTHERN BLOT HYBRIDIZATION

Southern blot analyses were carried out as previously described (Smith and Murphy, 1993). Genomic DNA (10 μg) extracted from the mouse tails was digested with PstI. Digested DNA was electrophoresed and blotted onto a membrane. Membrane was hybridized with 32P labeled probe. To detect hLEDGF/p75, an EcoRI-PstI (540 bp) fragment from pCAGGS was used as a β-globin probe. The autoradiograms were developed and the band intensity was quantified by a BAS 2000 Bio-Image analyzer (FujiFilm, Tokyo, Japan). Alpha-fetoprotein (AFP) was used as an internal control.

NORTHERN BLOT HYBRIDIZATION

Total RNA from the thymus, spleen, lymph nodes and thioglycolate (TGC)-elicited macrophages of hLEDGF/p75 Tg mice was prepared by the acid guanidium thiocyanate phenol chloroform method (Chomczynski and Sacchi, 1987). In order to obtain macrophages, mice were injected intraperitoneally with 2 ml of 4% TGC (Difco Laboratories, MI, USA). Three days later, peritoneal exudate cells were collected (Saijo et al., 2007). Northern blot analyses were carried out as previously described (Yasuda et al., 2001). hLEDGF/p75 probe (1.6 kb) was generated by PCR with KOD-Plus- by using the following primers: forward primer; 5′-ACG AAT TCG CCA CCA TGA CTC GCG ATT TCA AAC CTG GAG ACC-3′, reverse primer; 5′-CCG AAT TCT CAG TTA TCT AGT GTA GAA TCC TTC AGA GAT ATT TCA G-3′. The autoradiograms were developed, and the radioactivity of each the bands was quantified with the BAS 2000 Bio-Image analyzer (FujiFilm).

REAL-TIME RT-PCR

Total RNA from MEF cells was extracted using ReliaPrep RNA Cell Miniprep System (Promega) according to the manufacturer’s instructions. Real-time RT-PCR was performed using One Step SYBR PrimeScript RT-PCR Kit (Takara, Shiga, Japan) with the ABI PRISM 7900HT Sequence Detection System. hLEDGF/p75 mRNA was detected by using the following primers: forward primer; 5′-GAG AAA CAT CAA TGG ATT CTC GAC-3′ and reverse primer; 5′-CTC AAT GCA TCT GTT CAC ATC AAG-3′. GAPDH was detected by using the following primers: forward primer; 5′-GAT GCT GGC GCT GAG TAC G-3′ and reverse primer; 5′-GCA GAG ATG ATG ACC CTT TTG-3′. Levels of hLEDGF/p75 mRNA were normalized with those of GAPDH mRNA.

PREPARATION OF MEF CELLS EXPRESSING hLEDGF/p75

Mouse embryonic fibroblast cells from hLEDGF/p75 Tg and wild-type (WT) mice were prepared as follows. Fetuses were harvested at 13.5 days of gestation. Embryonic internal organs were removed from the abdominal cavity using dissecting forceps. The embryos were transferred to a 10 cm dish containing 10 ml trypsin/EDTA solution and incubated 20 min at 37°C. After trypsinization, cells were washed and cultured in DMEM. Cell extracts were subjected to gel electrophoresis and then transferred to a nitrocellulose membrane. The membranes were probed with an anti-hLEDGF/p75 antibody (BD biosciences, NJ, USA). Reacted proteins were visualized by chemiluminescence using an ECL Western blotting detection system and monitored using a LAS-3000 imaging system.

FLUORESCENCE MICROSCOPY

One day prior to transfection, 2 × 105 HeLa, and MEF cells were plated in 8 well culture slides (Nalgene Nunc International, NY, USA) and transfected with 0.8 μg of DNA (GFP-IN) per well using Lipofectamine 2000 (Invitrogen). After 6 h, medium was replaced with fresh culture medium. Forty eight hours post-transfection, cells were washed once in PBS and fixed with acetone for 5 min. After washing with PBS, 1 μg/ml of Hoechst suspended in PBS was added. After 10 min incubation, cells were covered by a coverslip. Confocal microscopy was performed with a Nikon Optiphot-2 fluorescence microscope with a Bio-Rad MRC 1024 laser confocal imaging system (Nikon, Tokyo, Japan).

INFECTION OF hLEDGF/p75 Tg MEF CELLS WITH VSV-G-PSEUDOTYPED HIV-1 REPORTER VIRUSES

The VSV-G pseudotyped NL4-3-Luc viruses were produced by cotransfecting 293T cells with 1.9 μg of pNL-Luc-E-R+ and 0.1 μg of pHIT/G by using FuGENE6. After 48 h, the supernatants were treated with DNase I for 37°C for 30 min and then harvested, and the amount of p24 antigen was measured by using an HIV-1 p24-antigen capture ELISA. 1 × 104 hLEDGF/p75 Tg MEF cells (No. 089, 110, and 143) were infected with 200 pg of p24 antigen of VSV-G-pseudotyped HIV-1 reporter viruses. At 48 h after infection, cells were lysed with Passive Lysis Buffer and subjected to the luciferase assay. Luciferase activity was measured by Centro LB 960 Microplate Luminometer.

RESULTS

FUNCTIONAL DIFFERENCE BETWEEN HUMAN AND MURINE LEDGF/p75 PROTEINS

We previously showed that the nuclear accumulation of PIC was blocked in mouse cells (Tsurutani et al., 2007), suggesting that mLEDGF/p75 might be defective at this step. To test this hypothesis, we created HA-tagged hLEDGF/p75 and mLEDGF/p75 expression plasmids. Protein expressions in the cells transfected with each plasmid were confirmed by immunoblotting using anti-HA antibodies (Figure 1A). We cotransfected MEF cells derived from LEDGF/p75 knockout mice with either hLEDGF/p75 or mLEDGF/p75, together with CD4/CXCR4 expression plasmid. We then examined the efficiency of HIV-1 infection by using MEF cells transiently expressing hLEDGF/p75 or mLEDGF/p75. We found that infection was more efficient in MEF cells expressing hLEDGF/p75 than those expressing mLEDGF/p75 (Figure 1B). These results suggest that hLEDGF/p75 expression renders MEF cells more susceptible to HIV-1 infection.
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FIGURE 1. Comparison of hLEDGF/p75 and mLEDGF/p75 in the ability to support HIV-1 infection. (A) Detection of hLEDGF/p75 and mLEDGF/p75 proteins. 293T cells were transfected with either hLEDGF/p75 or mLEDGF/p75 expression plasmid and grown for 48 h. Western blot was performed to detect LEDGF/p75 proteins by using an anti-HA antibody. β-actin was used as an internal control. (B) HIV-1 infectivity in cells expressing different LEDGF/p75 proteins. MEF cells derived from LEDGF/p75 knockout (KO) mice were cotransfected with either hLEDGF/p75 or mLEDGF/p75 expression plasmid, pCa-CD4/CXCR4, and phRL-TK Renilla luciferase expression plasmids, and grown for 48 h. MEF cells transiently expressing either hLEDGF/p75 or mLEDGF/p75 were infected with HIV-1 reporter viruses. At 48 h after infection, cells were subjected to the luciferase assay. Values were normalized with Renilla luciferase activity. *P < 0.01 (t-test).







GENERATION OF TRANSGENIC MICE CARRYING THE hLEDGF/p75

We generated Tg mice carrying the hLEDGF/p75 to examine whether the host factor would be able to confer HIV-1 susceptibility to the animals. To obtain Tg mice expressing high levels of hLEDGF/p75 in multiple tissues, a transgene consisting of the cytomegalovirus immediate-early enhancer/chicken β-actin promoter, the hLEDGF/p75 cDNA and rabbit β-globin poly A, was constructed (Figure 2A). Transgenic founders were obtained by microinjecting the transgene into the pronuclei of fertilized embryos from WT parents (C3H/HeN). Southern blot hybridization was carried out to detect the transgene by using a probe specific for β-globin polyA. Out of 165 offspring, we obtained 9 transgenic founder mice in which the hLEDGF/p75 transgene was integrated (Figure 2B).
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FIGURE 2. Generation of hLEDGF/p75 Tg mice. (A) Construction of the transgene. hLEDGF/p75 gene (white box) was ligated downstream of the CMV-immediate-early enhancer/chicken β-actin promoter (CAG) promoter. Restriction enzyme sites are indicated as follows: HindIII (HIII), EcoRI (EI) and PstI (PI). (B) Detection of the transgene in hLEDGF/p75 Tg mice by Southern blot hybridization analysis. Cellular DNA (10 μg) was extracted from the mouse tails, digested with PstI, and was electrophoresed in an agarose gel. β-globin poly A was used as a probe (black box). Cellular DNA from WT mouse was used as a negative control (WT), and WT DNA containing pCAGGS-hLEDGF/p75 plasmid copies was used as a positive control (Pos). Alpha-fetoprotein (AFP) was used as an internal control. The sizes expected for hLEDGF/p75 and AFP are indicated by arrowheads.



hLEDGF/p75 TRANSGENE EXPRESSION IN hLEDGF/p75 Tg MICE

In order to analyze the expression of hLEDGF/p75 mRNA in hLEDGF/p75 Tg F1 mice, Northern blot hybridization was performed by using total RNAs purified from thymus, spleen, lymph-nodes, and TGC-elicited macrophages. As shown in Figure 3A, 1.7 kb bands were detected in hLEDGF/p75 Tg mice, while the endogenous 2.1 kb bands were detected in HeLa and MT4 cells. hLEDGF/p75 mRNA from line No. 089 Tg mouse was detected in all the tissues, in which levels of hLEDGF/p75 expression was similar to those in HeLa or MT4 cells. The mRNA was also present in the thymus and spleen derived from the line No. 110 Tg mouse, in the thymus, spleen and lymph-nodes of the line No. 143 Tg mouse ( Figures 3A,B). Either the line No. 004, 005, 008, 015, and 062 Tg mice or the line No. 129 Tg mice expressed only in the thymus or lymph-nodes, respectively (data not shown). For further studies, we thus selected 3 lines (line No. 089, 110, and 143 Tg mice) expressing relatively high hLEDGF/p75 mRNA in the thymus, spleen and lymph nodes.
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FIGURE 3. hLEDGF/p75 expression in Tg mice. (A) Total RNA was extracted from the thymus (Thy), spleen (Sp), lymph-nodes (LN), and TGC-elicited macrophages from hLEDGF/p75 Tg mice. Northern blot hybridization was carried out using 10 μg of RNA prepared from tissues. hLEDGF/p75 cDNA was used as a probe, and β-actin was used as an internal control. RNA from the WT mouse and from HeLa and MT4 cells were used as a negative control (WT), and as positive controls (Pos), respectively. The sizes expected for hLEDGF/p75 and β-actin are indicated by arrowheads. (B) The band intensity in (A) was measured with a BAS 2000 Bio-Image analyzer. Expression levels of hLEDGF/p75 relative to those of β-actin are shown for each transgenic line. The threshold is indicated by a horizontal dotted line.



ESTABLISHMENT OF MEF CELLS DERIVED FROM hLEDGF/p75 Tg MICE

To investigate whether hLEDGF/p75 promotes IN nuclear accumulation, we examined the subcellular localization of IN in hLEDGF/p75 Tg mouse cells. We generated MEF cells from hLEDGF/p75 Tg mice and the expression of hLEDGF/p75 was examined. As shown in Figure 4A, MEF cells from hLEDGF/p75 Tg mice were prepared from mice fetuses. Tg mice were mated with WT, and fetuses were harvested at 13.5 days of gestation and removed embryonic internal organs from the abdominal cavity. The embryos were dissociated and trypsinized to produce single-cell suspensions. After expansion, we confirmed that hLEDGF/p75 mRNA (Figure 4B) as well as hLEDGF/p75 protein (Figure 4C) was detected in MEF cells from the line No. 089, 110, and 143 Tg mice.
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FIGURE 4. Preparation of MEF cells and hLEDGF/p75 expression in MEF cells. (A) MEF cells from hLEDGF/p75 Tg and WT mice were prepared from mice fetuses. Mice were mated with WT mice, and the resulting fetuses were harvested at 13.5 days of gestation. Embryonic internal organs were removed from the abdominal cavity. The embryos were dissociated and trypsinized to produce single-cell suspensions. After expansion, the expression of hLEDGF/p75 in MEF cells was analyzed. (B) Real-time RT-PCR was performed to evaluate the hLEDGF/p75 mRNA expression in hLEDGF/p75 Tg MEF cells by using hLEDGF/p75 specific primers. The copy numbers were normalized with that of GAPDH. (C) Western blotting was carried out using proteins from Tg and WT MEF cells. An anti-hLEDGF/p75 antibody was used to detect the protein, and β-actin was detected as an internal control.



ENHANCED NUCLEAR ACCUMULATION OF GFP-IN IN MEF CELLS FROM hLEDGF/p75 Tg MICE

HeLa cells, and MEF cells derived from either WT or hLEDGF/p75 Tg mice (line No. 089, 110, and 143) were transfected with a plasmid expressing codon-optimized IN that was N-terminally fused to GFP, and the subcellular localization was examined by fluorescence and confocal microscopy. As shown in Figure 5A, we observed the accumulation of GFP-IN in the nucleus of hLEDGF/p75 Tg-derived MEF cells, making a clear contrast to those from WT mice. To quantitatively evaluate the efficiency of nuclear accumulation of GFP-IN, we classified the cells as follows; (N) the fluorescence of GFP-IN is higher in the nucleus than in the cytoplasm; (N/C) the fluorescence of GFP-IN in the nucleus is similar to the cytoplasm; and (C) the fluorescence of GFP-IN is higher in the cytoplasm than in the nucleus (Figure 5B). As expected, GFP-IN preferentially localized mainly into the nucleus in HeLa cells (N: 93.1%), while GFP-IN did not localize exclusively in the nucleus in WT MEF cells (N: 14.2%) but mainly in both the cytoplasm and the nucleus in WT MEF cells (N/C: 56.7%). In contrast, GFP-IN significantly accumulated in the nucleus in MEF cells from line No. 089, 110, and 143 Tg mice (N: 70.8, 49.5, and 65.7, respectively; Figure 5C). These data suggest that hLEDGF/p75 enhances IN accumulation into the nucleus of mouse cells, probably by stably tethering the viral protein to chromatin as previously reported (Maertens et al., 2003; Llano et al., 2004b; Emiliani et al., 2005; Vanegas et al., 2005; Turlure et al., 2006).
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FIGURE 5. Subcellular localization of GFP-IN in MEF cells. (A) HeLa and MEF cells were transfected with a plasmid expressing GFP-IN (green). After 48 h, cells were fixed and visualized by a confocal fluorescence microscopy. A typical distribution of GFP fluorescence is shown in MEF cells from different Tg lines. Hoechst (blue) was used to stain nuclear DNA. HeLa and WT MEF cells were used as a positive and negative control, respectively. (B) GFP positive cells were classified as follows; N, the fluorescence of GFP-IN is higher in the nucleus than in the cytoplasm; N/C, the fluorescence of GFP-IN in the nucleus is similar to the cytoplasm; and C, the fluorescence of GFP-IN is higher in the cytoplasm than in the nucleus. (C) GFP positive cells classified by (B) were quantified by counting approximately 100 cells.



THE SUSCEPTIBILITY OF hLEDGF/p75 Tg MEF CELLS TO HIV-1 INFECTION

Finally, we examined the susceptibility of MEF cells from hLEDGF/p75 Tg mice to HIV-1 infection. Tg (line No. 089, 110, and 143), WT, and LEDGF/p75 knockout MEF cells were infected with VSV-G-pseudotyped NL4-3 viruses, and then compared the efficiency of HIV-1 infection. We found that hLEDGF/p75 Tg MEF cells were significantly more susceptible to HIV-1 than WT and mLEDGF/p75 knockout MEF cells (Figure 6). It should be noted that the poor susceptibility of WT MEF cells to HIV-1 infection was almost equivalent to that of the mLEDGF/p75 knockout cells (Figure 6, left bar). Taken altogether, we conclude that hLEDGF/p75 is able to relieve the species barrier against HIV-1 infection in mouse cells by supporting HIV-1 PIC accumulation into the nucleus.
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FIGURE 6. Susceptibility of hLEDGF/p75 Tg MEF cells to HIV-1 infection. MEF cells derived from hLEDGF/p75 Tg, WT and LEDGF knockout (KO) mice were infected with an equivalent dose of VSV-G pseudotyped HIV-1 luciferase reporter virus. After 48 h, cells were lysed and subjected to luciferase assay. The data shown are the mean ± SD of triplicate experiments.*P < 0.05, **P < 0.01 (t-test).



DISCUSSION

Pleiotropic functions of hLEDGF/p75 were suggested in HIV-1 infection including promotion of nuclear accumulation of PIC (Cherepanov et al., 2003, 2004; Maertens et al., 2003; Llano et al., 2004b; Ciuffi et al., 2005; Vanegas et al., 2005; Van Maele et al., 2006), selection of HIV-1 integration sites and enhancement of proviral integration (Bukrinsky, 2004; Llano et al., 2004a, 2006a; Emiliani et al., 2005). We previously showed that one of the species barriers resides at the PIC nuclear accumulation step in mouse cells and that this restriction was caused by a dysfunction of the IN-dependent PIC accumulation system (Tsurutani et al., 2007).

In this study, we have generated 9 Tg mouse lines carrying hLEDGF/p75, to elucidate the role of LEDGF/p75 in the nuclear accumulation of IN. Among them, mice from line No. 089, 110, and 143 expressed hLEDGF/p75 in the thymus, spleen, lymph nodes and MEF cells. We found that the nuclear accumulation of HIV-1 IN in hLEDGF/p75 Tg MEF cells was greatly enhanced. Under these assay conditions, GFP-IN was less frequently localized to the nucleus in WT MEF cells. These results are consistent with the efficiency of luciferase expression after infection with HIV-1 pseudoviruses carrying a luciferase gene (Figure 6), suggesting that LEDGF/p75 is one of the host factors responsible for the HIV-1 species barrier.

The homology between hLEDGF/p75 and mLEDGF/p75 is high (92.3% amino acid identity). LEDGF/p75 is composed of four functional domains, the N-terminal Pro-Trp-Trp-Pro domain (residues 1–93), the C-terminal IN-binding domain (residues 347–429), the nuclear localization signal and the AT-hook DNA-binding motif (Maertens et al., 2003; Cherepanov et al., 2004, 2005; Vanegas et al., 2005; Llano et al., 2006a,b). The amino acid identity of these domains and motifs are completely matched between mouse and human LEDGF/p75. Therefore, it is likely that the species barrier in mouse cells might be caused by only small structural differences of previously underappreciated regions between mouse and human LEDGF/p75 proteins.

Shun et al. (2007) previously reported that HIV-1 integration was severely reduced in mLEDGF/p75 knockout mouse cells, suggesting that mLEDGF/p75 is able to support HIV-1 infection. In contrast, our data showed that the level of viral infectivity in WT MEF cells was almost equivalent to that in mLEDGF/p75 knockout cells used in the above report (Shun et al., 2007), rather suggesting that the mouse version might not contribute to the infection (Figure 6). This discrepancy might be due to the fact that our WT MEF cells are derived from the C3H/HeN mouse strain while mLEDGF/p75 knockout cells are derivatives of C57BL/6 mice. This needs to be elucidated with further experiments by comparison of different mouse strains. It should be noted that strain-specific epigenetic differences in mice, such as methylation patterns, have recently been reported (Schilling et al., 2009).

Small animal models for HIV-1 infection such as Rag2-/-/Il2rg-/- mice (Traggiai et al., 2004) and BLT mice (Denton et al., 2008) have made significant contributions to our understanding of HIV/AIDS pathogenesis. However, the former mice show insufficient induction of an immune response against HIV-1 (Baenziger et al., 2006; An et al., 2007), while the use of latter mice has been influenced by some ethical restrictions and limited availability. On the other hand, immunologically intact transgenic mouse models are relatively straightforward and inexpensive, in which high levels of target gene expression can be easily achieved resulting in an obvious phenotype. 

To generate humanized mouse models for HIV-1 infection, so far we have generated hCD4/hCXCR4/hCycT1 Tg mice and hCD4/hCCR5/hCycT1 Tg mice (Tsurutani et al., 2007). The addition of hLEDGF/p75 to these Tg mice should increase the susceptibility of these mice to HIV-1 infection, especially during the early phase of infection. However, we also need to pay attention to other host factors that restrict HIV-1 infection in mice, such as APOBEC3, which is an APOBEC-related cytidine deaminases (Kobayashi et al., 2004), because these inhibitors are also active in mouse cells (Yu et al., 2003; Kobayashi et al., 2004; Mous et al., 2012). Further characterization and identification of factors involved in host range barriers that are also present in the late phase of the viral replication cycle (transcription, RNA, export, and virion budding) should provide a new insight into the molecular mechanisms of HIV-1 replication and clues to the development of new therapeutics.
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The role of antibodies in protecting the host from human immunodeficiency virus type 1 (HIV-1) infection is of considerable interest, particularly because the RV144 trial results suggest that antibodies contribute to protection. Although infection of non-human primates with simian immunodeficiency virus (SIV) is commonly used as an animal model of HIV-1 infection, the viral epitopes that elicit potent and broad neutralizing antibodies to SIV have not been identified. We isolated a monoclonal antibody (MAb) B404 that potently and broadly neutralizes various SIV strains. B404 targets a conformational epitope comprising the V3 and V4 loops of Env that intensely exposed when Env binds CD4. B404-resistant variants were obtained by passaging viruses in the presence of increasing concentration of B404 in PM1/CCR5 cells. Genetic analysis revealed that the Q733stop mutation, which truncates the cytoplasmic tail of gp41, was the first major substitution in Env during passage. The maximal inhibition by B404 and other MAbs were significantly decreased against a recombinant virus with a gp41 truncation compared with the parental SIVmac316. This indicates that the gp41 truncation was associated with resistance to antibody-mediated neutralization. The infectivities of the recombinant virus with the gp41 truncation were 7,900-, 1,000-, and 140-fold higher than those of SIVmac316 in PM1, PM1/CCR5, and TZM-bl cells, respectively. Immunoblotting analysis revealed that the gp41 truncation enhanced the incorporation of Env into virions. The effect of the gp41 truncation on infectivity was not obvious in the HSC-F macaque cell line, although the resistance of viruses harboring the gp41 truncation to neutralization was maintained. These results suggest that viruses with a truncated gp41 cytoplasmic tail were selected by increased infectivity in human cells and by acquiring resistance to neutralizing antibody.
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INTRODUCTION

The RV144 trial demonstrated 31% vaccine efficacy for preventing human immunodeficiency virus type 1 (HIV-1) infection (Rerks-Ngarm et al., 2009). Antibodies against the HIV-1, particularly against the V1/V2 loops, correlate inversely with infection risk (Haynes et al., 2012). Further recent isolation of monoclonal antibodies (MAbs) that neutralize a broad range of HIV-1 strains suggest the possibility for developing a vaccine that can induce cross-neutralizing antibodies effective for various HIV-1 strains (Kwong and Mascola, 2012). Although non-human primate models of simian immunodeficiency virus (SIV) infection can facilitate the evaluation of immunogens, epitopes and immune correlates, no potent and broad neutralizing MAb against SIV had been available.

To understand the mechanisms involved in neutralization of infectivity by antibodies in an SIV model, we recently isolated MAb B404 from a SIVsmH635FC-infected rhesus macaque, which potently and broadly neutralizes various SIV strains, such as SIVsmE543-3, SIVsmE660 and the neutralization-resistant variants, genetically diverse SIVmac316, and highly neutralization-resistant SIVmac239 (Kuwata et al., 2011). The B404 epitope, which comprises the V3 and V4 loops of Env and is intensely exposed by ligation of Env to CD4, is the target for potent and broad neutralization of SIV (Kuwata et al., 2013). Vigorous induction of B404-like neutralizing antibodies using the specific VH3 gene with a long complementarity-determining region 3 loop and λ light chain was observed in four SIVsmH635FC-infected macaques. The B404-resistant variants were induced by passaging viruses in the presence of increasing concentrations of B404. Genetical analysis of the gp120 region of B404-resistant variants revealed that the mutations in the C2 region of Env were important for the resistance to antibody-mediated neutralization (Kuwata et al., 2013).

In the present study, we further analyzed B404-resistant variants and determined the precise region responsible for the resistance to antibody-mediated neutralization. Genetic analysis of viruses during passage in the presence of B404 as well as phenotypic analysis using recombinant viruses revealed that a truncation of the gp41 cytoplasmic tail was the primary step leading to escape from neutralization.

MATERIALS AND METHODS

CELLS

PM1 (Lusso et al., 1995), PM1/CCR5 (Yusa et al., 2005), and HSC-F (Akari et al., 1999) cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% fetal bovine serum (FBS). TZM-bl (Platt et al., 1998; Derdeyn et al., 2000; Wei et al., 2002; Takeuchi et al., 2008) and 293T (DuBridge et al., 1987) cells were maintained in Dulbecco’s modified Eagle’s medium containing 10% FBS.

GENETIC ANALYSIS OF B404-RESISTANT VARIANTS

The induction of variants resistant to Fab-B404 (Kuwata et al., 2011) from SIVmac316 (Mori et al., 1992) harboring full-length gp41 was performed as described previously (Yoshimura et al., 2006; Hatada et al., 2010; Kuwata et al., 2013). Briefly, 5,000 TCID50 (50% tissue culture infectious dose) SIVmac316 was incubated with 5 ng/ml Fab-B404 for 30 min at 37°C. Then, 5 × 104 PM1/CCR5 cells were added to the virus–Fab mixture. After incubation for 5 h, cells were washed with phosphate-buffered saline (PBS) and resuspended in RPMI 1640 supplemented with 10% FBS without Fab-B404. The culture supernatant was harvested 7 days later and used to infect fresh PM1/CCR5 cells for the next round of culture in the presence of increasing concentrations of Fab-B404. Proviral DNA samples were extracted from cells using a QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany) after 8, 17, 20, 23, and 26 passages as well as from P26C cells obtained after 26 passages in the absence of Fab-B404. The gp120 region was amplified using Platinum Taq DNA Polymerase High Fidelity (Invitrogen, Carlsbad, CA, USA) with primers SEnv-F (5′-ATG GGA TGT CTT GGG AAT CAG C-3′) and SER1 (5′-CCA AGA ACC CTA GCA CAA AGA CCC-3′). The whole env gene was amplified with primers SRev-F (5′-GGT TTG GGA ATA TGC TAT GAG-3′) and SEnv-R (5′-CCT ACT AAG TCA TCA TCT T-3′). The polymerase chain reaction (PCR) products were cloned using a TA cloning kit (Invitrogen), and subjected to sequencing. Nucleotide sequences were aligned and analyzed phylogenetically using Molecular Evolutionary Genetics Analysis version 5 (MEGA5) (Tamura et al., 2011).

CONSTRUCTION OF INFECTIOUS MOLECULAR CLONES WITH THE Env REGION FROM B404-RESISTANT VARIANTS

One of the clones from passage 26, P26B404 clone 26, was selected for construction of recombinant viruses, because this clone had mutations typical of the major population of P26B404 variants. Infectious molecular clones SS, SN, and NS were generated by replacing fragments SphI–SacI [nucleotides (nt) 6,446–9,226], SphI–NheI (nt 6,446–8,742), and NheI–SacI (nt 8,742–9,226) with the corresponding regions of SIVmac316, respectively. Mutants F277V and N295S, which have point mutations at amino acid residues 277 and 295 of Env, respectively, were constructed by PCR mutagenesis using the SIVmac316 plasmid as template. The changes from phenylalanine (TTC) to valine (GTC) in F277V and asparagine (AAT) to serine (AGT) in N295S were introduced using primers F277VFw (5′-TTG GTT TGG CGT CAA TGG TAC TAG GGC-3′), F277VRv (5′-GTA CCA TTG ACG CCA AAC CAA G-3′), N295SFw (5′-GGC AAT AGT AGT AGA ACC ATA ATT AG-3′), and N295SRv (5′-AAT TAT GGT TCT ACT ACT ATT GCC-3′). Mutant and parental SIVmac316 plasmids were transfected into 293T cells using X-tremeGENE 9 DNA Transfection Reagent (Roche Molecular Biochemicals, Mannheim, Germany). After 2 days, the supernatants containing viruses were filtered (0.45 μm) and stored at -80°C.

ANALYSIS OF VIRAL INFECTIVITY

For determination of TCID50 in PM1 and PM1/CCR5 cells, 5 × 104 cells in 50 μl were inoculated with 50 μl serially diluted virus stocks in a 96-well plate and cultured for 2 weeks. Virus replication was judged by observation of cytopathic effects (CPE) by light microscopy. The TCID50 in TZM-bl cells was determined by measuring luciferase activities. Briefly, 100 μl medium, 50 μl serially diluted virus stock, and 50 μl 1 × 104 cells containing 37.5 μg/ml diethylaminoethyl (DEAE) dextran were added to the wells of a 96-well plate. The plate was then incubated at 37°C for 2 days. After washing with PBS, cells were lysed with 30 μl cell lysing buffer (Promega, Madison, WI, USA) for 15 min at room temperature (RT) and then 10 μl of cell lysate was transferred to a 96-well white solid plate (Coster, Cambridge, MA, USA). Luciferase activity was measured using a Centro XS3 LB960 microplate luminometer (Berthold Technologies, Bad Wildbad, Germany) and a luciferase assay system (Promega). The TCID50 was calculated according to the formula of Reed and Muench (1938).

Infectivity of viruses in PM1, PM1/CCR5, and HSC-F cells was evaluated by detecting infected cells using flow cytometry as described previously (Kuwata et al., 2011). Briefly, PM1 and PM1/CCR5 cells were adjusted to 1 × 106 cells/ml and HSC-F cells were adjusted to 5 × 106 cells/ml. Aliquots of 100 μl cells per well in a 24-well plate were inoculated with 100 μl of diluted virus stocks. After incubation for 6 h, 800 μl fresh medium was added to wells. One-half of the cells in each well were collected at 4, 7, and 10 days post-inoculation. Cells were washed with PBS and fixed with IC Fixation Buffer (eBioscience, San Diego, CA, USA). After washing with Permeabilization Buffer (eBioscience) twice, the cells were intracellularly stained with 4 μg/ml (50 μl) anti-p27 Fab, B450 (Kuwata et al., 2011) by incubation for 20 min at RT. The cells were then incubated with 50 μl anti-HA antibody (1:200; 3F10, Roche Molecular Biochemicals) for 20 min at RT followed by incubation with 50 μl of anti-rat-FITC (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 20 min at RT. The stained cells were analyzed using a FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA). Frequencies of infected cells were determined by comparison with an uninfected control. Data analysis was performed using FlowJo (TreeStar, San Carlos, CA, USA).

All infectivity experiments were performed at least twice and the representative results are shown.

ANALYSIS OF NEUTRALIZING ACTIVITIES

The Fab clones B404 and K8, isolated from an SIV-infected macaque (Kuwata et al., 2011), and murine MAb M318T (Matsumi et al., 1995) were used to examine the sensitivity of viruses to antibody-mediated neutralization in TZM-bl cells as described previously (Kuwata et al., 2011). Briefly, 100 μl serially diluted antibodies in duplicate were incubated with 200 TCID50 (50 μl) of virus in a 96-well plate. After incubation for 1 h at 37°C, 100 μl of 1 × 105 TZM-bl cells/ml containing 37.5 μg/ml DEAE dextran were added. After incubation for 2 days, luciferase activities were measured as described above for the analysis of viral infectivity. The 50% inhibitory concentrations (IC50) and maximal percent of inhibition (MPI) were calculated from the average values by non-linear regression using Prism5 (GraphPad Software, San Diego, CA, USA).

Sensitivity to neutralization by B404 in macaque cells was analyzed using HSC-F cells, a cynomolgus macaque cell line immortalized by infection with Herpesvirus saimiri (Akari et al., 1999). Fab-B404 was serially diluted and 50 μl aliquots were mixed with 50 μl undiluted or 10-fold diluted virus in a 96-well plate. After 1 h incubation at 37°C, 2 × 105 cells in 100 μl were added to each well and cultured for 1 day. The infected cells were washed twice with PBS, resuspended in 200 μl fresh medium, and cultured in a new 96-well plate. Viral infection was examined 4 days post-inoculation by intracellular staining of p27, as described above for the analysis of viral infectivity. Infectivity was determined in duplicate and the average value was used for the analysis of neutralization.

All neutralizing assays were performed at least twice and the representative results are shown.

WESTERN BLOTTING ANALYSIS OF VIRAL PROTEINS

Cells and supernatants were collected from six-well plate 2 days after transfection of 293T cells with infectious molecular clones, as previously described (Yuste et al., 2005). Supernatants were filtered (0.45 μm) and clarified by centrifugation for 10 min at 3,000 rpm. The clarified supernatants were centrifuged at 13,200 rpm for 90 min at 4°C, and the viral pellets were resuspended in 1 ml PBS and centrifuged again. Pellets were then dissolved in 80 μl sample buffer [62.5 mM Tris–HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 25% glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol blue]. Cells were washed with PBS and lysed in 300 μl sample buffer. Samples of virions and cell lysates were boiled for 5 min, and the proteins were separated by SDS-polyacrylamide gel electrophoresis using SuperSep Ace 5–20% (Wako Pure Chemical Industries, Osaka, Japan). Proteins were transferred to an Immun-Blot PVDF Membrane (Bio-Rad Laboratories, Hercules, CA, USA). The membrane was blocked with 5% skim milk TBS-T (Tris-buffered saline containing 0.1% Tween 20) for 1 h at RT, and then washed three times with TBS-T. For the detection of gp120, the membrane was incubated overnight at 4°C with 1 μg/ml M318T (Matsumi et al., 1995) in 5% skim milk TBS-T. After washing three times with TBS-T, the membrane was incubated with anti-mouse immunoglobulin G (IgG) peroxidase (1:4,000, Santa Cruz Biotechnology) for 1 h at RT. The membrane was washed three times with TBS-T and once with TBS, and then TMB solution (KPL, Gaithersburg, MD, USA) was added to develop color. Viral proteins gp41 and p26 were similarly examined using crude supernatants from bacterial culture producing B408 and B450 (Kuwata et al., 2011), which were mixed with the same amount of 5% skim milk TBS-T. The membrane was incubated with anti-HA-HRP antibody (1:1,000; Roche Molecular Biochemicals) and Chemi-Lumi One L (Nacalai Tesque, Kyoto, Japan), and viral proteins were visualized using ImageQuant LAS 4000 (GE Healthcare, Piscataway, NJ, USA)

RESULTS

EVOLUTION OF VIRUSES DURING PASSAGE UNDER THE PRESSURE OF Fab-B404

To select for variants resistant to MAb B404, an antibody that targets a conformational epitope comprising the gp120 V3 and V4 loops, we passaged SIVmac316 that possesses a full-length gp41 in PM1/CCR5 cells in the presence of increasing concentrations of Fab-B404. The virus recovered at passage 26 (P26B404) was resistant to neutralization by B404 (V3/V4) and other antibodies, MAbs K8 (CD4i) and M318T (V2), that target epitopes other than that recognized by B404 (Kuwata et al., 2013). The region covering the whole env gene were amplified by PCR and cloned from viruses at passage 8, 17, 20, 23, and 26. The nucleotide sequences were phylogenetically analyzed to show the evolution of B404-resistant variants (Figure 1). The first major mutation was a change from glutamine (CAG) to a stop codon (TAG) at 733rd amino acid residue of Env. The Q733stop substitution in the gp41 cytoplasmic domain was observed in 12 of 14 clones at passage 8 and in all clones thereafter. Another stop codon (W782stop) was the second major mutation, which was detected after 17 passages. Substitutions V17L in the signal peptide and E176K in the V2 loop emerged after 20 and 23 passages, respectively, although the E176K substitution was also observed in P26C, control viruses after 26 passages in the absence of B404 (Table 1). In addition to these substitutions, most of clones acquired the F277V substitution in the late stage of evolution, except for one group at passage 26 which has the N295S substitution (see Figure 1, group 26II). Group 26II was clearly distinguished from group 26I by amino acid substitutions, such as T136M, N295S, and D571M/E (Table 1), suggesting two lineages of variants in P26B404.
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FIGURE 1. Evolution of B404-resistant variants. Nucleotide sequences of the env gene, which were derived from proviruses at passages 8, 17, 20, 23, and 26, were phylogenetically analyzed using MEGA5. Arrows indicate major substitutions as follows: Q733stop, W782stop, V17L, and E176K. Clones with representative amino acid substitutions were separated into groups, which are shown on the right side along with the corresponding substitutions.



TABLE 1. Frequency* of amino acid substitutions in Env clones from B404-resistant variants after 26 passages.
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These results demonstrated that the first step in acquiring resistance to B404 was the truncation of gp41. Although substitutions in gp120, represented by F277V, might contribute to the resistance to a high concentration of B404, 20 passages were required for the emergence of these substitutions.

TRUNCATION OF gp41 CONFERRED RESISTANCE TO ANTIBODY-MEDIATED NEUTRALIZATION

To analyze effect of substitutions in B404-resistant variants on resistance to neutralization, recombinant viruses were constructed (Figure 2). The env region of SIVmac316 was replaced by that of P26B404 clone 26, which had substitutions typical to the P26I group. The resultant molecular clones SS, SN, and NS had substitutions in the entire env region, gp120 and gp41 from P26B404I, respectively. SS and NS were predicted to have a truncated gp41 with no other mutation in gp41, because the Q733stop substitution was the first substitution in gp41. Point mutants with substitutions F277V and N295S, which were representative mutations at late passages, were also constructed by PCR mutagenesis.
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FIGURE 2. Construction of infectious SIV clones with B404-resistant mutations. The open reading frames of the SIV genome are shown along with the Env substitutions in the B404-resistant variant typical to P26B404I. Full-length SIV clones were constructed from parental SIVmac316 by replacing the env region with that of the B404-resistant variant (blue) using SphI, NheI, and SacI sites. The resultant virus SS contains all of the Env substitutions present in P26B404I. Viruses SN and NS contain substitutions in gp120 and gp41, respectively. Point mutants F277V and N295S were constructed by inserting the substitutions F277V and N295S into SIVmac316, respectively.



These mutant viruses were examined for their sensitivity to neutralization by three MAbs B404 (V3/V4 conformational), K8 (CD4i), and M318T (V2). The neutralization of SS that contain the entire env region from P26B404I was similar to those of P26B404, indicating that the env region is responsible for the resistance to neutralization (Figure 3A). Recombinants SN and NS, which have substitutions in gp120 and gp41 from P26B404I, respectively, showed varying degrees of resistance. The IC50 values of SN and NS against B404 were intermediates between the parental SIVmac316 and the neutralization-resistant P26B404. Maximal inhibition reached a plateau at 73.8, 82.3, and 81.9% in SS, NS, and P26B404, respectively, but the MPI value of SN (94.9%) was close to that of SIVmac316 (100%; Figure 3B). Neutralization resistance to anti-CD4i MAb K8 was characterized by decreases in the IC50 value of SN and the MPI of NS. Neutralization by anti-V2 MAb M318T was even enhanced in SN, although NS showed the resistance comparable to those of SS and P26B404. The decreases in MPI values were commonly observed for the neutralization of NS by the three MAbs (Figure 3B). Resistance to neutralization was not significantly detected by the point mutants F277V and N295S, except for the neutralization of F277V by K8 (4.3-fold decrease of IC50 value). These results indicated that the entire env region, including substitutions in both gp120 and gp41, was responsible for the full-resistance of P26B404 to neutralization. The decrease of MPI values for NS suggested that truncation of gp41 by the Q733stop substitution, the first major substitution in viral evolution, was important to escape from the neutralizing antibodies.
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FIGURE 3. Sensitivities of viruses with B404-resistant mutations to neutralization by MAbs. (A) Sensitivities of mutant viruses SS, SN, and NS to neutralization by MAbs Fab-B404 (anti-V3/V4), Fab-K8 (anti-CD4i), and M318T (anti-V2) are shown. Neutralization of parental SIVmac316 and B404-resistant P26B404 is also shown as controls sensitive and resistant to neutralization, respectively. (B) The sensitivities to neutralization are represented by values for IC50 (μg/ml) and MPI (%). Viruses were examined for their sensitivities to neutralization by MAbs Fab-B404, Fab-K8, and M318T in TZM-bl cells. The IC50 and MPI values were determined using Prism 5. The fold-change of IC50 was calculated by dividing the IC50 value by that of the parental SIVmac316. Percent change of MPI was calculated by subtracting the MPI value from that of SIVmac316. These changes are shown in parentheses and significant changes are indicated by magenta (IC50: >10; MPI: < -20) and orange (IC50: 3–10; MPI: -20 to -10) highlighting.



INCREASED INFECTIVITY FOR HUMAN CELLS BY SIV WITH A TRUNCATED gp41

Truncation of gp41 in SIV is associated with the adaptation to human cells (Hirsch et al., 1989; Kodama et al., 1989), which may partially contribute to neutralization resistance (Yuste et al., 2005). To explore the mechanism of neutralization resistance of P26B404, the infectivity of recombinant viruses was analyzed by determining the TCID50 values of virus stocks prepared by transfection of 293T cells (Table 2). The TCID50 values in all the human cells tested were significantly higher for SS and NS viruses with truncated gp41 than parental SIVmac316 and SN, in which gp41 is intact. In particular, NS showed a striking increase in TCID50 values, which were 7,100-, 1,000-, and 140-fold higher than those of parental SIVmac316 in PM1, PM1/CCR5, and TZM-bl cells, respectively. These results indicate that truncation of gp41 caused by the Q733stop substitution increases viral infectivity for human cells.

TABLE 2. Infectivity* of viruses with substitutions from P26B404.
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To compare viral infectivity in human and macaque cells, viral infection was monitored after inoculation of PM1 and PM1/CCR5 human cells and the HSC-F cynomolgus macaque cell line with varying dilutions of virus stocks (Figure 4). Consistent with the TCID50 analysis, a higher frequency of infected cells was detected earlier in PM1 and PM1/CCR5 cells inoculated with NS than the parental SIVmac316. In contrast, SN showed decreased infectivity in PM1 and PM1/CCR5 cells, apparently because PM1 cells were not infected by a 1,000-fold diluted SN stock. Although the TCID50 values of SS were much higher than those of SIVmac316, the replication kinetics of SS were similar to those of SIVmac316 in PM1 and PM1/CCR5 cells. These results suggest that gp41 truncation increases infectivity for human cells and that the substitutions in gp120 of P26B404I are associated with slow and poor replication compared with that of SIVmac316.
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FIGURE 4. Replication of B404-resistant viruses in human and macaque cells. Frequencies of infected cells at 4, 7, and 10 days post-infection are shown. PM1 and PM1/CCR5 human T cells and HSC-F cynomolgus macaque T cells were infected with the various dilutions of SIVmac316, SS, SN, and NS. Infected cells were detected using flow cytometry after intracellular staining by B450 (anti-p27 Fab).



Infectivity for macaque cells was more significantly affected than that for human cells by the substitutions in gp120 of P26B404I (Figure 4, lower panels). Infected cells were detected in HSC-F cells inoculated with 1,000-fold diluted virus stocks of SIVmac316 and NS, but viral infection in HSC-F cells was limited to a low frequency even by inoculation with 10-fold diluted virus stocks of SS and SN. Truncation of gp41 did not significantly affect replication in HSC-F macaque cells, although truncation of gp41 was disadvantageous for replication in primary T cell cultures from macaques (Hirsch et al., 1989; Kodama et al., 1989).

These results demonstrate that gp41 truncation strikingly increases infectivity for human cells, but not for macaque cells, and that the substitutions in gp120 decrease infectivity in human and macaque cells. Truncation of gp41, which conferred extremely high infectivity for PM1/CCR5 cells, may be the first step to escape from neutralization and the substitutions in gp120 may be the second step to replicate in the presence of high concentration of B404.

INCREASED INCORPORATION OF Env INTO VIRIONS IN SIV WITH TRUNCATED gp41

Incorporation of Env into virions was examined using these recombinant viruses, because increased infectivity by gp41 truncation was suggested to be associated with the Env content of virions (Manrique et al., 2001; Zhu et al., 2003, 2006; Yuste et al., 2004, 2005). Analysis of viral proteins in cells and supernatants from transfected 293T cells revealed that incorporation of Env into virions was significantly high in SS and NS viruses with the Q733stop substitution (Figure 5). MAb to gp120 showed a higher amount of gp120 and gp160 in virions from SS and NS than those from SN and the parental SIVmac316, although the production of Env proteins in the transfected cells was at the same level among all the viruses (Figure 5A). MAb to gp41 also demonstrated that truncated gp41 was more abundant in virions compared with full-length gp41 (Figure 5B). Semi-quantification by densitometric scanning of gp41 and p26 images suggested that the levels of gp41 amount per virion in SS and NS were 12- and 44-fold higher than that of SIVmac316, respectively, after adjusting virion numbers using the p26 amounts. In contrast to the increased amount of Env proteins in virions from viruses with truncated gp41, the level of Gag p27 in virions was low in SS and NS compared with those in SN and SIVmac316 (Figure 5C). This indicates that the Env content per virion, which was normalized by the amount of p27, was significantly high in viruses with truncated gp41. These results suggest that truncation of gp41 by the Q733stop substitution enhances incorporation of Env into virions.
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FIGURE 5. Effect of B404-resistant mutations on the incorporation of Env into virions. Cell lysates (left panels) and virions (right panels) of SIVmac316 (lane 1), SS (lane 2), SN (lane 3), NS (lane 4), and mock-infected control (lane 5), which were prepared from transfected 293T cells, were analyzed by Western blotting. Viral proteins gp120 (A), gp41 (B), and p27 (C) were detected using MAbs M318T (anti-gp120 V2), B408 (anti-gp41 cluster I), and B450 (anti-p27), respectively.



NEUTRALIZATION RESISTANCE OF SIV WITH TRUNCATED gp41 IN MACAQUE CELLS

The analysis of infectivity of recombinant viruses suggested that the resistance to neutralization by truncation of gp41 might be due to adaptation to human cells. To examine this hypothesis, sensitivity to neutralization by B404 was determined in HSC-F macaque cells using SIVmac316 and NS, which showed similar infectivity for HSC-F cells (Figure 4). In flow cytometric analysis, infection in the presence or absence of B404 demonstrated that the high sensitivity of SIVmac316 and resistance of NS to neutralization were maintained in HSC-F cells (Figure 6). The frequency of infected cells decreased from 41.5% to the background level (2.03%) in inoculation with the undiluted stock of SIVmac316. In contrast, infection with NS, even with a 10-fold diluted virus stock, was significant in HSC-F cells in the presence of B404 (Figure 6A). Neutralization of NS in HSC-F cells was characterized by a decrease in maximal inhibition (Figure 6B), which was also observed in TZM-bl cells (Figure 3A). The magnitude of resistance of NS to B404 was greater when infection was performed using the undiluted stock compared with the 10-fold diluted stock, raising the possibility that B404 did not inhibit infection with a high titer of viruses. However, the resistance of NS was shown by infection with a low titer of NS, in which the frequency of infected cells in the absence of B404 (23.8%) was lower than infection with undiluted SIVmac316 (41.5%). Further, immunoblotting analysis revealed that the amount of virions was higher in the virus stock of SIVmac316 than that of NS (Figure 5).
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FIGURE 6. Contribution of gp41 truncation to neutralization resistance in infection of macaque cells. (A) Infection of HSC-F cells in the presence (4 μg/ml) or absence of Fab-B404 is shown. HSC-F cells were inoculated with undiluted SIVmac316 and NS, and 10-fold diluted NS. Viral infection was monitored 4 days post-infection using flow cytometry after intracellular staining by B450 (anti-p27 Fab). (B) Neutralization of SIVmac316 and NS by B404 in HSC-F cells are shown. Percent inhibition was calculated by comparison with the infected culture in the absence of B404.



These results indicate that gp41 truncation by the Q733stop substitution contributes to neutralization resistance of viruses in macaque cells. This suggests that the resistance to neutralization by truncation of gp41 is not due to the adaptation to human cells. The Q733stop substitution, the first major mutation during passages in the presence of B404, might be selected because it facilitates adaptation of virus to human cells and imparts resistance to antibody.

DISCUSSION

In the present study, truncation of the cytoplasmic tail of gp41, which was caused by the Q733stop substitution in Env, was the first major mutation detected during passage of SIV in the presence of the neutralizing antibody B404. Analysis of recombinant viruses suggested that the gp41 truncation was selected by their resistance to neutralizing antibody, which was characterized by the decrease of maximal inhibition compared with viruses with intact gp41, and increased infectivity for human cells. The premature stop codon in the gp41 cytoplasmic region was frequently detected in SIV strains propagated in human cell culture in vitro, such as the original SIVmac316 clone, SIVmac1A11 and 17E-Fr (Hirsch et al., 1989; Kodama et al., 1989; Mori et al., 1992; Bonavia et al., 2005; Vzorov et al., 2005). The truncation of gp41 is considered as an adaptation of SIV to replication in human cell culture, because the premature stop codon rapidly reverted to express full-length gp41 after infection of rhesus primary cell culture in vitro and rhesus macaques in vivo (Hirsch et al., 1989; Kodama et al., 1989). Mutant viruses harboring the gp41 truncation showed increased infectivity for human cells, although the effects on infectivity varied depending on the SIV strain and the length of the gp41 truncation (Manrique et al., 2001; Yuste et al., 2004, 2005; Vzorov et al., 2005, 2007). The enhancement effect of gp41 truncation on incorporation of Env into virions, which were demonstrated by quantification of viral proteins in virions (Yuste et al., 2004) and electron tomography analysis of Env trimers on virions (Zhu et al., 2003, 2006), was partly associated with the increased infectivity caused by gp41 truncation (Manrique et al., 2001; Yuste et al., 2004, 2005). Because expression of Env on the cell surface is regulated by the cytoplasmic domain of gp41, truncation of gp41 may increase Env density on both cells and virions (LaBranche et al., 1995; Berlioz-Torrent et al., 1999; Postler and Desrosiers, 2013). Consistent with these studies, infectivity for human cells and Env incorporation into virions was enhanced by gp41 truncation in the present study. Although the mechanism responsible for increasing viral infectivity caused by gp41 truncation remains unclear, the high virion Env content may contribute to the efficient replication of viruses with truncated gp41 in human cells.

The effect of gp41 truncation on susceptibility to antibody-mediated neutralization is controversial, perhaps due to the SIV strains used for the analyses. Because most of prototypic SIV clones with truncated gp41 were macrophage-tropic, CD4-independent, and neutralization-sensitive (Mori et al., 1992; Bonavia et al., 2005; Vzorov et al., 2005), the truncation of gp41 was assumed responsible for the high sensitivity to neutralization. However, the resistance to neutralization by gp41 truncation was shown using the E767stop mutant of SIVmac316 (Yuste et al., 2005). This is consistent with our results using SIVmac316 harboring the Q733stop substitution, indicating that gp41 truncation contributes to resistance of SIVmac316 to neutralization. The increased infectivity of viruses with gp41 truncation in human cells may partially play a role in resistance by overcoming antibody-mediated neutralization via efficient attachment and entry of viruses to cells. However, we showed that gp41 truncation was also associated with neutralization resistance in macaque cells, in which gp41 truncation did not significantly affect infectivity. This suggests that the increased infectivity in human cells does not significantly affect the neutralization resistance of viruses with truncated gp41. As shown by provision of excess Env in trans, high Env content in virions may be critical for antibody-mediated neutralization (Yuste et al., 2005). Further studies will be required to understand the mechanism of resistance to neutralization conferred by gp41 truncation.

In the present study, we demonstrated that truncation of the cytoplasmic tail of gp41 contributes to resistance to antibody-mediated neutralization. Although non-human primate models of SIV infection are commonly used to estimate vaccine efficacy, the lack of broadly neutralizing MAbs has hampered development of antibody-based vaccine candidates in an SIV-macaque model. The broadly neutralizing MAb B404, which neutralizes multiple, diverse SIV isolates (Kuwata et al., 2013), is a useful tool for understanding the mechanism of neutralization in an SIV-macaque model and will contribute to the development of HIV-1 vaccines.
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Noroviruses cause most cases of acute viral gastroenteritis worldwide. The lack of a cell culture infection model for human norovirus necessitates the use of molecular methods and/or viral surrogate models amenable to cell culture to predict norovirus inactivation. Murine norovirus (MNV) may be used to construct a small animal model for studying the biology and pathogenesis of noroviruses because MNV is the only norovirus that replicates in cell culture and a small animal model. However, recent studies have shown that natural MNV infection is widespread in laboratory mouse colonies. We investigated MNV infection in both conventional and specific pathogen-free (SPF) genetically modified mice from Japan and the US, and commercial mice from several animal breeders in Japan, using serological and molecular techniques. MNV antibodies were detected in 67.3% of conventional mice and 39.1% of SPF mice from Japan and 62.5% of conventional mice from the US. MNV antibodies were also found in 20% of commercial SPF C57BL/6 mice from one of three breeders. Partial gene amplification of fecal isolates from infected animals showed that the isolates were homologous to reported MNV sequences. These results suggest that both conventional and SPF laboratory mice, including commercial mice, are widely infected with MNV, which might require considerable attention as an animal model of human disease.
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INTRODUCTION

Human noroviruses are the major cause of non-bacterial epidemic gastroenteritis worldwide (Patel et al., 2009). The study of human norovirus has been hampered by the lack of a cell culture system. Murine norovirus (MNV) was first isolated and characterized as a sporadic and lethal pathogen in immunocompromised knockout mice (Karst et al., 2003). MNV is the only norovirus that replicates in cell culture and in a small animal model, though several studies have reported norovirus infection in humans, cattle, swine, dogs, and mice (Wobus et al., 2006; Patel et al., 2009). Thus, MNV is expected to be a surrogate for evaluating the resistance of human norovirus to disinfectants and can be used in animal model studies of human norovirus infection.

Natural MNV infection is prevalent in animal facilities around the world (Hsu et al., 2005; Perdue et al., 2007; Pritchett-Corning et al., 2009). These infections might influence not only the results of a mouse model for studying the biology and pathogenesis of noroviruses, but also those of other biological studies (Lencioni et al., 2008; Cadwell et al., 2010). Until recently, no MNV infection had been reported in laboratory mice in Japan. However, the first reports of MNV detected in conventional mouse colonies in Japan were published in 2009 (Goto et al., 2009b; Kitajima et al., 2009). Recent serological analysis of MNV found that MNV infection is also prevalent in conventional animal colonies in Japan (Kitagawa et al., 2010). However, information on the prevalence of MNV infection in specific pathogen-free (SPF) mice colonies and commercial SPF mice in Japan is not currently available. Most researchers in Japan think that MNV infection is absent among SPF mice facilities.

The Institute of Resource Development and Analysis at Kumamoto University collects, preserves, and distributes experimental animals; thus, numerous mice are transferred to the institute from across Japan and from the other countries for embryo freezing or microbiological cleaning (Nakagata and Yamamura, 2009). Our division in the institute checks the microbiological status of genetically modified mice before or after embryo transfer. In the present study, we examined the prevalence of MNV infection in conventional and SPF genetically modified mice and commercial SPF mice using both serological and molecular biological methods.

MATERIALS AND METHODS

MICE

Ninety-six genetically modified mice derived from 29 facilities in 2011, including 18 mice derived from five different animal facilities in the US which were to be converted to SPF grade by in vitro fertilization, were used in this study. Thirty commercial SPF C57BL/6 mice derived from three breeders in Japan were tested for MNV infection. After arriving at our facility, the mice were kept in the laminar flow racks (negative air pressure) in our quarantine animal rooms, which are separate from the SPF animal rooms, until the collection of embryos and sperm. The quarantine period was less than 1 week, except for five mice used in an experiment for the frequency of detection of MNV. All procedures involving animals and their care were approved by the Animal Care Committee of Kumamoto University in accordance with the Regulations for Animal Experiments at Kumamoto University.

MICROBIOLOGICAL MONITORING

The animals were checked for the presence of specific pathogens using routine methods described previously (Goto et al., 2009a). Briefly, the analysis included a range of viruses, bacteria, mycoplasmas, and protozoans, which are listed in full in Table 1. The absence of all tested pathogens indicated that an animal was SPF grade.

TABLE 1. Microbiological status in tested facilities.
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SEROLOGICAL TEST FOR MNV

Serological analysis of MNV infection was performed using an enzyme-linked immunosorbent assay (ELISA) kit (Mouse Norovirus; Biotech Trading Partners, Encinitas, CA, USA) according to the manufacturer’s protocol.

RNA ISOLATION AND REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION

Total RNA was extracted from fresh feces as described previously (Nakamura et al., 2005). Primers and reverse transcriptase-polymerase chain reaction (RT-PCR) conditions were described elsewhere (Kitajima et al., 2009). PCR products were separated by 2% agarose gel electrophoresis.

SEQUENCE ANALYSIS

Polymerase chain reaction products were sequenced as described previously (Ohsugi et al., 2004). Nucleotide sequences were aligned using ClustalW. A phylogenetic tree was generated from a bootstrap analysis of 1,000 replicates using the neighbor joining method. Evolutionary distances were computed by the p-distance method using MEGA 5.05 software (Tamura et al., 2011).

RESULTS

IDENTIFICATION OF MICROBIOLOGICAL STATUS IN MICE REARED UNDER SPF OR CONVENTIONAL CONDITIONS

Microbiological analysis was performed in 96 mice from 29 animal facilities, including 18 mice from five US facilities. In addition, 10 of each SPF female C57BL/6 mouse were purchased from breeders A, B, and C (Figure 1). Most of the tested mice were negative for viruses and bacteria (Table 1). Mycoplasma pulmonis was isolated from a single mouse from a Japanese conventional facility. Trichomonas spp. contamination was common in US facilities, despite their disparate geographic locations across the country. Almost all of the mice reared under conventional conditions were positive for parasites and protozoa.
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FIGURE 1. Numbers of tested mice. Two SPF and 16 conventional mice derived from US animal facilities, 23 SPF and 55 conventional mice derived from domestic facilities, and 10 of each SPF female C57BL/6 mouse obtained from breeders A, B, and C were tested in this study.



ANTIBODIES TO MNV IN ANIMAL FACILITIES IN JAPAN AND THE US AND COMMERCIAL MICE IN JAPAN

Specific pathogen-free mice from the US were negative for MNV, whereas 62.5% (10/16) of conventional mice from US animal facilities were positive for MNV (Figure 2A). MNV infection was found in 39.1% (9/23) of SPF and 67.3% (37/55) of conventional mice in Japan. Surprisingly, antibodies were found in 20% (2/10) of commercial SPF mice derived from breeder C.
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FIGURE 2. Prevalence of MNV infection in conventional and SPF mice. (A) MNV seropositive mice from animal facilities in Japan and the US and breeders in Japan. (B) RT-PCR detection of MNV sequences in feces from tested mice. (C) Mice positive for both MNV antibodies by ELISA and MNV-specific sequences in feces by RT-PCR. SPF, specific pathogen-free; Conv, conventional.



DETECTION OF MNV IN FECES FROM SPF OR CONVENTIONAL MICE

Stool specimens were collected from 126 animals from 32 separate laboratory colonies in Japan and the US and screened for MNV (Figure 2B). No MNV genome segments were isolated from SPF mice from the US, similar to the serological study, whereas MNV was isolated from 25% (4/16) of conventional mice. MNV was isolated from 26% (6/23) of SPF mice and 27.3% (15/55) of conventional mice from Japan. The frequency of MNV isolation was similar between SPF and conventional mice from Japan and the US. In commercial SPF mice, MNV was isolated from 20% (2/10) of the mice from breeder C. The mice positive by both serological and molecular biological methods are shown in Figure 2C. These results suggest that MNV infection is widespread in both conventional and SPF mice, including commercial mice in Japan.

FREQUENCY OF DETECTION OF MNV

Five mice were autopsied 4 weeks after MNV-specific sequence detection and tested for antibodies against MNV (Table 2). All tested mice had antibodies for MNV. The MNV-specific sequence was not always detected in the feces of the mice except mice D and E during tested 4 weeks. The sensitivity of RT-PCR did not improve with different PCR conditions, PCR reagents, or primers. Thus, we speculated that the amount of MNV particles in the feces might vary in each mouse due to, for example, host defenses or intestinal circumstances.

TABLE 2. Change of MNV detection from feces after the first isolation.
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PHYLOGENETIC ANALYSIS

The partial nucleotide sequence was determined for the 5′ terminus of the capsid gene (Figure 3). Phylogenetic analysis of the partial capsid sequences of MNV showed widespread expression in various facilities throughout Japan and the US, and that these virus strains comprise reported MNV subgroups. Reference strains MNV-1 and Ku29 derived from an SPF facility in Japan were divergent from the other strain group including reference stains MNV-2, -3, and -4. Ku02 and Ku04 derived from the same facilities in Japan exhibited moderate similarity, but the sequences of Ku22 and Ku23 derived from different conventional US facilities were closely related despite their disparate geographic locations across the country.
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FIGURE 3. Phylogenetic analysis of the partial capsid gene of norovirus (approximately 350 nucleotides). Phylogenetic relationships were inferred using the neighbor joining method, with the evolutionary distances computed using the p-distance model. The statistical support for tree nodes was evaluated by bootstrap analysis (1,000 replicates). Bootstrap values (>50%) are indicated at branch nodes. Scale bar indicates nucleotide substitutions per site. Numbers in parentheses indicate GenBank accession numbers. Human isolates, Norwalk, Alphatron, Bristol, and Hawaii; bovine isolate, Jena; North American isolates, MNV-1, -2, -3, and -4, GV/NIH-4428/2005/USA, Ku22, and Ku 23; European isolate, Berlin; Japanese isolates, S7-P2, S7-PP3, MNV/M1/JP, MT30-2, Ku02, Ku04, Ku46, and Ku29 (SPF mice).



DISCUSSION

In this study, we analyzed MNV infection in mice derived from animal facilities in Japan, the US, and three breeders (Japan) using serological and molecular techniques. We show that MNV infection is widespread among both conventional and SPF mice in Japan, as well as commercial SPF mice. In a previous study, serological analysis revealed that 53.4% of conventional mice are positive for MNV, 48% positive for mouse hepatitis virus, and 31.2% positive for M. pulmonis (Kitagawa et al., 2010). Consistent with this report, we show that MNV is the most prevalent infection in mouse laboratory colonies, and the mice we tested, with the exception of one case, were negative for the antibodies for hepatitis virus and M. pulmonis (Table 1). This report is the first on MNV infection in SPF mice in Japan and commercial mice.

The frequency of MNV infection as detected by RT-PCR was lower than that detected by serological study using ELISA. We detected MNV antibodies in all five mice tested 4 weeks after the first MNV sequences were detected by RT-PCR Using RT-PCR, MNV sequences were detected consistently in the feces of only two mice. Thus, a survey for MNV infection might require the use of serological methods, such as ELISA. The first norovirus to infect mice, MNV-1, caused death in severely immunocompromised mice lacking recombination-activating gene 2 (RAG2) and signal transducer and activator of transcription 1 (STAT-1; RAG2/STAT1-/-) and mice lacking both the alpha/beta interferon (IFN-α/β) and the IFN-γ receptors (IFN-αβγR-/-; Karst et al., 2003; Mumphrey et al., 2007). In this study, the mice infected with MNV exhibited no clinical signs, though the tested mice, with the exception of the mice from breeders, were genetically modified, including compromised immune systems. Recently, MNVs (except MNV-1) were associated with asymptomatic infection and shedding in both normal and genetically modified mice (Hsu et al., 2006; Muller et al., 2007). The origin of MNV in laboratory mouse strains is unknown. Phylogenetic analysis of the partial capsid sequences of MNV in this study showed that the isolated virus strains comprised the reported MNV subgroups, though MNV-1 and Ku29 isolated from the SPF facility were divergent form the main group. However, bootstrap values for the position of Ku29 were not high (<70%). Thus, further study is needed to address whether the Ku29 isolate belongs to a new MNV genotype. These results indicate that attenuated (persistent) strains of MNV, such as MNV-2, -3, and -4, are spread around the world, making the viruses difficult to detect in animals without active screening (Muller et al., 2007; Barron et al., 2011). Using ELISA, we did not detect MNV antibodies in stocked serum from mice transported from domestic animal facilities before 2009 (data not shown). These results suggest that MNV has been spreading through 50% of animal facilities in Japan in only 2 years.

Finally, our results suggest that MNV infections have spread widely throughout the animal facilities in Japan, not only conventional mice colonies, but also SPF mice colonies. The findings warrant further studies to elucidate the spread of MNV infection in SPF colonies, including breeders, in Japan. These results also suggest that SPF laboratory mice, including commercial mice, which might require considerable attention as an animal model for human norovirus infection.
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HPV18 E1^E4 is assembled into aggresome-like compartment and involved in sequestration of viral oncoproteins
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Papillomavirus is the etiological agent for warts and several squamous carcinomas. Skin cancer induced by cottontail rabbit papillomavirus was the first animal model for virus-induced carcinogenesis. The target organ of the virus infection is stratified epithelium and virus replication is tightly regulated by the differentiation program of the host cell. E1^E4 protein is a viral gene product, and although it is considered to be involved in the control of virus replication, little is known about the biological role. We found that HPV18 E1^E4 was assembled into an aggresome-like compartment and was involved in sequestration of virus oncoproteins, which might contribute to the differentiation-dependent lifecycle of papillomavirus.
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INTRODUCTION

Papillomavirus is a small virus containing a double-stranded circular DNA as its genome (zur Hausen, 2002). Genomic DNA of typical papillomavirus, human papillomavirus type 16 (HPV16) or HPV18 is ca. 8 kb long and coding six regulatory genes (E1, E2, E4, E5, E6, E7) and two structural genes (L1, L2). Papillomaviruses are found in almost all mammals and also in amniotes. The virus infects to stratified epithelium organ, such as cutaneous or mucosal membrane, and the infection causes various types of hyperplasia. It is known that the infections of some types of papillomaviruses occasionally induce malignant tumors. The cancer formation by the infection of cottontail rabbit papillomavirus (CRPV) was the first animal model of virus-induced carcinogenesis (Campo, 2002).

The replication of papillomavirus is regulated by the differentiation program of the host cell (Doorbar, 2005). The target cell of the virus infection is basal cell of stratified epithelium, in which the virus replication maintains latent status. Cell division of the infected basal cell produces a daughter cell, and the daughter cell is moved to the surface region of the epithelium and proceeds to differentiate. Virus gene expression and genome replication are enhanced in accordance with the cell differentiation, and the productive replication occurs in fully differentiated cells (Sakakibara et al., 2013). The regulatory mechanism of the differentiation-dependent viral replication remains largely unknown.

A variety of mRNAs are produced by alternative splicing in HPV (Schwartz, 2013). About E4 gene, 5′ region of E1 is jointed to E4 coding sequence by RNA splicing, then the gene product contains five amino acid residues of E1 at the N-terminus of the protein coded by E4 ORF, which is called “E1^E4”. By the analysis of the specimens obtained from infected individuals and animals, the expression level of E1^E4 appeared to be intense in differentiated layers of the infected lesions (Sterling et al., 1993; Doorbar et al., 1997), suggesting that E1^E4 is involved in the productive stage of viral replication. It was reported on CRPV that the E1^E4 was required for the viral DNA amplification and the late protein expressions (Peh et al., 2004). E1^E4s of HPV16 and HPV31 were reported to be involved in viral genome amplification and cell cycle maintenance in S-phase of differentiated cells (Nakahara et al., 2005; Wilson et al., 2005). HPV16 E1^E4 was also reported to be required for viral genome maintenance in undifferentiated basal cells (Nakahara et al., 2005). There was a paper describing that HPV18 E1^E4 was participated in viral genome amplification and the late gene expression in differentiated cells, although it was not involved in the viral genome maintenance or the S-phase maintenance of differentiated cells (Wilson et al., 2007). With these findings, E1^E4 could be considered to play a role in productive phase of virus replication.

Several biological and biochemical properties of E1^E4 were reported previously. HPV16 E1^E4 interacts with cytokeratins and collapses the cytokeratin networks spreading in the cytoplasm (Doorbar et al., 1991). Phosphorylation of HPV16 E1^E4 by extracellular signal-regulated kinase (ERK) was reported to cause conformational change of E1^E4 and promote the interaction with cytokeratins (Wang et al., 2009).

The expression of E1^E4 of HPV16 orHPV18 induces G2/M cell cycle arrest (Davy et al., 2002; Nakahara et al., 2002) and the interaction between the E1^E4 and Cyclin A/B has been proposed to be involved in the cell cycle arrest (Davy et al., 2005, 2006). HPV16 E1^E4 was also reported to be involved in RNA processing through its association with E4-DEAD box protein (E4-DBP), a putative RNA helicase (Doorbar et al., 2000), in RNA metabolism (Bell et al., 2007), and in mitochondrial function (Raj et al., 2004). There was a report that HPV1 E4 induced the redistribution of nuclear domain 10 (ND10) body, which is a candidate site of the HPV genome replication (Roberts et al., 2003). These biological properties of E1^E4 might be involved in the HPV lifecycle, however, their precise roles in virus replication remain to be elucidated.

There is a self-association motif in the C-terminal region of E1^E4, and E1^E4s form aggregates in the cytoplasm through the motifs (Bryan et al., 1998). It was reported that the aggregate had amyloid-like structure (McIntosh et al., 2008). Several viruses were reported to utilize cytoplasmic aggregates called as “aggresome” for their replication (Wileman, 2007). Although the biological significance of the aggregate formed by E1^E4 was unknown, it might contribute to HPV lifecycle.

“Aggresome” was originally defined as a cytoplasmic compartment in which misfolded proteins are assembled (Johnston et al., 1998). Accumulation of misfolded proteins is toxic for cell viability as in the cases of neurological disorders including Parkinson’s, Alzheimer’s, and Huntchington’s diseases. To counteract the toxicity, misfolded proteins are refolded into native structure or eliminated by molecular chaperones or proteasomes, respectively. However, aggregated proteins exhibit resistance to proteolysis. The aggregates are assembled at microtubule organizing center (MTOC) region and form “aggresome”, for which the dynein-dependent retrograde transport along microtubules is involved. Aggresomes contain polyubiquitinated proteins, molecular chaperones, and histone deacetylase 6 (HDAC6), and are wrapped in vimentin cage. It is considered that aggresomes activate autophagy pathway and they are processed in autophagy-dependent manner (Kopito, 2000).

In order to investigate E1^E4 function, we searched for cellular factors that interact with 18E1^E4 protein, and vimentin was identified as a candidate. We also found the 18E1^E4 aggregates were wrapped with vimentin as “aggresomes.” In this report, we present the structure of 18E1^E4 aggregate and its possible role in HPV replication.

MATERIALS AND METHODS

CELL CULTURE, TRANSFECTION

HeLa, CV1 and 293T cells were maintained with Dulbecco’s modified minimal essential medium (DMEM) supplemented with 10% fetal bovine serum. The cells were transfected with plasmid DNA (5 μg) and herring sperm DNA (5 μg; Roche Diagnostics, GmbH, Mannheim, Germany) by a standard calcium phosphate coprecipitation method.

DNA CONSTRUCTION

HPV18 and HPV11 genomic DNAs were provided by Dr. Peter M. Howley (Harvard Medical School, Boston, USA). 18E1^E4, 11E1^E4, 18E5, 18E6, and 18E7 cDNAs were obtained by a polymerase chain reaction (PCR). 18E1^E4 and 11E1^E4 cDNAs were cloned into pPC86 vector (InvitrogenTM, Life Technologies, Corp., Carlsbad, CA, USA), pGEX-5X (Promega Corp., Madison, WI, USA), pCMV4 (Nakahara et al., 2002), and pEGFP-C1 (Clontech Laboratories, Inc., Mountain View, CA, USA). 18E5, 18E6, and 18E7 cDNAs were cloned into pCMV7.1 (Sigma-Aldrich Corp., St. Louis, MO, USA) in order to express 3xFLAG-tagged proteins.

YEAST TWO-HYBRID SYSTEM

We used ProQuestTM Two-Hybrid System (InvitrogenTM, Life Technologies, Corp, Carlsbad, CA, USA). 18E1^E4 cDNA was cloned into pPC86 vector. For cDNA library, we used ProQuestTM Human Fetal Brain cDNA Library (InvitrogenTM, Life Technologies, Corp., Carlsbad, CA, USA). Screening was performed by following manufacturer’s instruction.

GST PULL DOWN ASSAY

Glutathione S-transferase (GST)-tagged 18E1^E4 and 11E1^E4 were expressed by using pGEX-5X vector (Promega Corp., Madison, WI, USA). The fusion proteins were expressed in E. coli (BL21 strain), and purified with Glutathione Sepharose 4B beads (GE Healthcare UK Ltd, Little Chalfont, Buckinghamshire, UK). 35S-methionine labeled protein was synthesized with TNT Quick Coupled Transcription/Translation Systems (Promega Corp., Madison, WI, USA). Vimentin cDNA was obtained by PrimeScript II 1st strand cDNA Synthesis Kit (Takara Bio Inc., Shiga, Japan) with mRNAs obtained from HeLa cells. The cDNA was cloned into pGEM-3Zf(+) (Promega Corp., Madison, WI, USA) for in vitro transcription/translation.

Purified GST-fusion proteins and 35S-Met labeled vimentin were incubated in a binding buffer [20 mM Tris–HCl (pH 7.5), 50 mM NaCl, 4 mM MgCl2, 0.5% Nonidet P-40, 2% skim milk, 2 mM dithiothreitol (DTT)] at 4°C for 2 h. The complex was subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE), and the vimentin bound to GST-fusion protein was detected with BAS5000 (FUJIFILM Corp., Tokyo, Japan).

IMMUNOPRECIPITATION AND IMMUNOBLOT

Total cell lysates were prepared with triple detergent lysis buffer [150 mM NaCl, 50 mM Tris–HCl (pH 8.0), 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate] supplemented with protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) and 1 mM DTT. The cell lysates were centrifuged at 14,000 rpm for 10 min at 4°C, and the supernatants were used for immunoprecipitation and immunoblot. The supernatants were used as soluble fractions in several experiments. The pellets were resuspended in 2× SDS sample buffer [0.125 M Tris–HCl (pH6.8), 4% SDS, 0.2 M DTT, 20% glycerol, 0.001% bromophenol blue] and used as insoluble fractions. In our experiment, 10 μg of protein could be obtained from ca. 1 × 104 cells as soluble fraction. For immunoblot analysis, 10 μg of soluble fraction was loaded into each lane. It was not feasible to measure the protein concentration of insoluble fraction, therefore the portion equivalent to 1 × 104 cells was loaded into each lane.

For immunoprecipitation, the cell lysates, Protein-G agarose (Invitrogen Corp., Carlsbad, CA, USA) and an appropriate antibody were incubated in NET-Gel Buffer [150 mM NaCl, 50 mM Tris–HCl (pH7.5), 0.1% Nonidet P-40, 1 mM EDTA, 0.25% gelatin] at 4°C for ≥ 4 h. The complex bound to Protein-G agarose beads was washed six times, and then suspended in 6× SDS sample buffer [0.35 M Tris–HCl (pH6.8), 10% SDS, 0.6 M DTT, 30% glycerol, 0.012% bromophenol blue].

The immunoprecipitation samples or the cell lysates were subjected to SDS-PAGE, and blotted to a polyvinylidene difluoride (PVDF) membrane (Hybond-P; GE Healthcare UK Ltd, Little Chalfont, Buckinghamshire, UK). The immunoblot with anti-β-actin antibody (Clone AC-15; Sigma-Aldrich Corp., St. Louis, MO, USA) was used for checking the protein amount loaded on the gel. Following antibodies were used for immunoblot and immunofluorescence analyses; anti-FLAG polyclonal antibody (F7425), anti-FLAG monoclonal antibody (F3165; Sigma-Aldrich Corp., St. Louis, MO, USA), anti-vimentin antibody (sc-6260), anti-DnaJB6 (Hsp40) antibody (sc-100710), anti-HDAC6 antibody (sc-11420; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-γ-tubulin antibody (ab11316), anti-ubiquitin antibody (ab7780; Abcam plc., Cambridge, UK), and anti-p62 antibody (PM045; Medical & Biological Laboratory Co., Ltd, Nagoya, Japan). Horseradish peroxidase (HRP)-conjugated secondary antibodies and a luminal reagent (ECL-prime) were purchased commercially (GE Healthcare UK Ltd, Little Chalfont, Buckinghamshire, UK). The chemiluminescent signal was visualized with a chemiluminescent image analyzer (LAS-3000; FUJIFILM Corp., Tokyo, Japan).

IMMUNOFLUORESCENCE ANALYSIS

For IFA, the cells on cover glasses were fixed with 4% paraformaldehyde (PFA) at room temperature for 5 min or cold methanol (for γ-tubulin staining) at -20°C for 20 min, permeabilized with 0.1% Nonidet P-40/phosphate buffered saline (PBS) followed by blocking with 5% non-fat dry milk. The samples were incubated with each primary antibodies diluted as manufacturer’s instruction. Alexa Fluor® 488 or 546 labeled secondary antibodies were purchased commercially (Molecular Probes®, Life Technologies Corp., Carlsbad, CA, USA). Fluorescence microscope (Axiovert200 and AxioVision; Carl Zeiss Microscopy GmbH, Jena, Germany) and confocal laser microscope (TCS SP2 AOBS, Leica Microsystems GmbH, Wetzlar, Germany) were used for analysis.

CHEMICAL INHIBITORS

At 24 h after transfection, chemical inhibitors were added into the culture medium. After incubation for 24 h, the cells were harvested to obtain cell lysates, or fixed for IFA. Nocodazole (Sigma-Aldrich Co., St. Louis, MO, USA), MG132 (Wako Pure Chemicals Industries, Ltd, Osaka, Japan), ciliobrevin D (Merck KGaA, Darmstadt, Germany), and tubacin (Santa Cruz Biotechnologies, Inc., Dallas, TX, USA) were purchased commercially, solubilized in DMSO, and used at 10, 10, 20, and 10 μM, respectively, as working concentration.

RESULTS

INTERACTION BETWEEN HPV18 E1^E4 AND VIMENTIN PROTEINS

To investigate the biological function of HPV E1^E4, we searched for cellular factors that interact with HPV18 E1^E4 protein (18E1^E4). For screening, we used the yeast two-hybrid assay with 18E1^E4 as the bait. Among several factors identified from screening, we focused on vimentin, a cytoskeletal protein categorized as a type III intermediate filament. It is known that vimentin is involved in various cellular events, including cell division and signal transduction (Ivaska et al., 2007); therefore, we considered that the interaction between 18E1^E4 and vimentin might induce a modification of the cellular structure or function to adapt it in favor of virus replication.

The interaction between 18E1^E4 and vimentin was confirmed by the in vitro binding assay (Figure 1A). We could detect weak but significant interaction between GST-tagged 18E1^E4 and vimentin obtained by in vitro translation, indicating the direct binding of 18E1^E4 to vimentin. Similar binding activity was also detected between HPV11 E1^E4 (11E1^E4) and vimentin (Figure 1A).
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FIGURE 1. Interaction between 18E1^E4 and vimentin. (A) GST-pull down experiment was performed with GST-E1^E4 and in vitro translated vimentin. The GST-fusion proteins used for the experiment were checked by Coomassie Brilliant Blue staining (left panel). In vitro translated vimentin bound to GST protein (10 μg) was shown in right panel. “Input” indicates the in vitro translated vimentin used for each binding assay. (B) Binding of ectopically expressed FLAG-18E1^E4 to endogenous vimentin. 293T cells were transfected with FLAG-18E1^E4 expression plasmid, and the endogenous vimentin bound to FLAG-18E1^E4 was detected by immunoprecipitation with anti-FLAG antibody followed by immunoblot with anti-vimentin antibody. (C) Co-localization of endogenous vimentin (vim, green) and FLAG-18E1^E4 (E1^E4, red) in CV1 cells. Nuclei were stained with DAPI. Note that the co-localization could be observed in majority of the cells (≥70%) in that FLAG-18E1^E4 aggregates were detected. (D) Fine analysis of intracellular localization with confocal microscopic analysis. FLAG-18E1^E4 aggregate (red) was wrapped with vimentin (vim, green) in CV1 cells. Control shows mock transfected cells.



Next, we examined the interaction between endogenous vimentin and ectopically expressed 18E1^E4 in 293T cells. For the experiment, a FLAG epitope-tag was added at the N-terminus of 18E1^E4. The FLAG-18E1^E4 was immunoprecipitated with anti-FLAG antibody, and then co-precipitated vimentin was detected by immunoblotting analysis. As shown in Figure 1B, 18E1^E4 could interact with endogenous vimentin.

Intracellular localizations of 18E1^E4 and vimentin were analyzed with CV1 cells, monkey kidney epithelial cells negative for papillomavirus infection. In control cells, vimentin showed filamentous distribution throughout the cytoplasm (Figure 1C). The ectopically expressed 18E1^E4 formed aggregates in cytoplasm, as reported previously (Figure 1C; Nakahara et al., 2002). In 18E1^E4-expressing cells, vimentin was co-localized at the E1^E4 aggregates. 11E1^E4 could also form aggregates with vimentin (Figure 1C). The fine localization of 18E1^E4 and vimentin was examined with confocal microscopic analysis, and it was found that the aggregate was wrapped by vimentin (Figure 1D). These results indicated that 18E1^E4 and vimentin were associated in vivo, and suggested that 18E1^E4 recruited vimentin to its aggregates through this interaction.

E1^E4 WAS ASSEMBLED INTO AGGRESOME-LIKE COMPARTMENT

It is known that cytoplasmic aggregates are organized in cells infected with several viruses; the aggregate is called an “aggresome” (Wileman, 2007). Aggresomes are structures assembled close to the MTOC. They contain molecular chaperones, ubiquitinated proteins, proteasomes, and HDAC6, and are wrapped with a vimentin cage (Rodriguez-Gonzalez et al., 2008). 18E1^E4 formed aggregates on the periphery of a nucleus and was associated with vimentin as shown in Figures 1C,D, raising the possibility that the E1^E4 proteins were assembled in an aggresome-like compartment.

We examined the intracellular localizations of 40 kDa heat shock protein (Hsp40), HDAC6, and p62, all of which were known to be assembled in the aggresome (Johnston, 2006). From immunofluorescence analysis of CV1 cells, it appeared that these factors were co-localized with the 18E1^E4-containing aggregates (Figure 2A). Because ubiquitinated proteins have been known to be recruited to the aggresome (Johnston, 2006), their localizations were also analyzed using anti-ubiquitin antibody. As shown in Figure 2B, ubiquitinated proteins were accumulated in the 18E1^E4 aggregates. These observations indicated that the 18E1^E4 aggregate had an aggresome-like composition. These results suggested that 18E1^E4 formed an aggresome-like compartment, called “18E1^E4-aggresome” hereafter.
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FIGURE 2. Intracellular localization of “aggresome”-associated factors. (A) Co-localization of endogenous Hsp40, HDAC6, or p62 (green) with FLAG-18E1^E4 (red) in CV1 cells. Nuclei were stained with DAPI. Control shows mock transfected cells. (B) Ubiquitinated proteins (Ub, green) were accumulated in FLAG-18E1^E4 aggregates (red) in CV1 cells. (C) γ-tubulin was localized at centrosomes in control cells (control). In FLAG-18E1^E4 expressing CV1 cells, γ-tubulin (γ-tub, green) was co-localized at the E1^E4 (red). For (A–C), the co-localizations could be observed in most of the cells (>90%) in that 18E1^E4 aggregates were detected. (D) The cell lysates were obtained from the 293T cells transfected with FLAG-18E1^E4 expression plasmid. The lysates were used for immunoprecipitation with anti-FLAG antibody, and then the precipitates were analyzed by immunoblot with anti-γ-tubulin antibody.



It is considered that aggresomes are assembled by recruiting their components by retrograde transport through microtubules and are located close to MTOC. We analyzed the localization of γ-tubulin, a component of MTOC (Figure 2C). In control cells, γ-tubulin appeared at the centrosome as small dots in the perinuclear region. In the cells expressing 18E1^E4, γ-tubulin was co-localized at the 18E1^E4-aggresome, and the normal centrosome could not be detected in those cells, suggesting that 18E1^E4-aggresome formation disrupted the normal centrosome or MTOC structure.

The finding that γ-tubulin was co-localized at the 18E1^E4-aggresome urged us to investigate the interaction between γ-tubulin and 18E1^E4. 18E1^E4 with a FLAG-epitope tag at its N-terminus was expressed in 293T cells, and anti-FLAG antibody was used for immunoprecipitation of 18E1^E4-containing complexes. The complexes were analyzed by immunoblot detection with anti-γ-tubulin (Figure 2D). The result indicated the interaction between 18E1^E4 and γ-tubulin, which might be involved in the co-localization of γ-tubulin at the 18E1^E4-aggresome as observed in Figure 2C.

DYNEIN-DEPENDENT FORMATION OF 18E1^E4 AGGRESOME

Misfolded/ubiquitinated proteins are connected to dynein, a motor protein, the association of which is mediated by HDAC6 as a linker molecule (Johnston, 2006). This complex is transported along microtubule filaments to the proximate region of MTOC and forms an aggresome (Kawaguchi et al., 2003). Nocodazole treatment interferes with the polymerization of microtubules and prevents aggresome formation.

Nocodazole treatment of normal HeLa cells induced early M-phase cell cycle arrest and the cells were round (control, Figure 3A). In contrast, 18E1^E4-expressing cells were flat (18E1^E4, Figure 3A). We reported that 18E^E4 expression induced G2/M cell cycle arrest and accumulation of aneuploid cells (≥4N; Nakahara et al., 2002), suggesting that the cells were maintained in S and G2 phases of the cell cycle. By nocodazole treatment, the formation of 18E1^E4-aggresome was significantly inhibited and small aggregates of 18E1^E4 were broadly distributed in the cytoplasm, indicating that the assembly of 18E1^E4-aggresome required functional microtubule networks. We could detect γ-tubulin in 18E1^E4 small aggregates in nocodazole-treated cells (Figure 3B), suggesting that 18E1^E4 associated with γ-tubulin in cytoplasm and assembled it to an 18E1^E4-aggresome in a microtubule-dependent manner.
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FIGURE 3. Dynein-dependent transport through microtubule filaments was required for the assembly of 18E1^E4-aggresome. (A) Nocodazole treatment disrupted the 18E1^E4-aggresome assembly. HeLa cells were transfected with FLAG-18E1^E4 expression plasmids, treated by nocodazole (10 mM) at 24 h after transfection. At 24 h after the treatment, the cells were fixed by 4% PFA, then stained with anti-FLAG antibody (red). Control shows untransfected cells, and “mock” indicates mock-treated cells. (B) γ-tubulin (green) was associated with small aggregates of FLAG-18E1^E4 (red) in the nocodazole-treated cells. The association could be detected in most of the cells (≥90%) that were positive for FLAG-18E1^E4 expression. Cells were prepared and treated as in (A), except for fixation by cold methanol. (C, D) Ciliobrevin D (a dynein inhibitor) and tubacin (an HDAC6 inhibitor) treatments prevented 18E1^E4-aggresome assembly. Cells were prepared, fixed, and stained as in (A), except for the inhibitors.



A similar experiment was performed with a dynein inhibitor, ciliobrevin D (Figure 3C). Ciliobrevin D treatment strongly suppressed E1^E4-aggresome formation, indicating that dynein-dependent transport was involved in E1^E4-aggresome formation.

The effect of an HDAC6 inhibitor, tubacin, was also tested (Figure 3D). HDAC6 is important for aggresome formation by loading the cargo containing misfolded/ubiquitinated proteins onto a dynein motor (Kawaguchi et al., 2003). Tubacin treatment disrupted the E1^E4-aggresome and small aggregates containing 18E1^E4 were detected in the cytoplasm, as in the cases of nocodazole and ciliobrevin D treatments.

These results suggested that the 18E1^E4-aggresome was assembled by dynein-dependent retrograde transport along microtubule filaments.

PROTEASOME INHIBITOR AUGMENTED E1^E4-AGGRESOME FORMATION

In the cytoplasmic region, proteasomes are located around the centrosome, close to cytoskeletal networks and on the surface of the endoplasmic reticulum (ER), and the centrosome region is considered as the major site for proteasome-dependent proteolysis, called the proteolysis center (Wójcik and DeMartino, 2003). It was reported that inhibition of proteasome function accelerated aggresome formation in the centrosome region (Johnston et al., 1998), which is considered as one of the hallmarks of aggresomes.

We examined the effect of MG132, a proteasome inhibitor, on cells expressing 18E1^E4, and found that MG132 treatment augmented 18E1^E4-aggresome formation (Figure 4A). This observation was consistent with the idea that 18E1^E4 formed aggresome-like compartment.
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FIGURE 4. Effect of proteasome inhibitor on 18E1^E4-aggresome assembly. (A) MG132 treatment augmented the aggresome assembly. HeLa cells were transfected with FLAG-18E1^E4 expression plasmid, treated with MG132 (10 mM) at 24 h after transfection. “mock” indicates mock-transfected cells. Cells were fixed by 4% PFA at 24 h after treatment, then stained with anti-FLAG antibody (red). Control shows mock transfected cells. (B) Cells prepared as shown in (A) were used to obtain cell lysates. The soluble and insoluble fractions were immunoblotted with anti-FLAG antibody. Most part of 18E1^E4 protein was found in the insoluble fraction of cell lysate. MG132 treatment increased the amounts of 18E1^E4 in both fractions. (C) Immunoblot analysis was performed as shown in (B) with anti-γ-tubulin antibody. γ-tubulin was partially sequestrated in the insoluble fraction by 18E1^E4.



The expression levels of 18E1^E4 were examined in MG132-treated cells. As reported previously (Nakahara et al., 2002), most of 18E1^E4 was found in the insoluble fraction of cell lysate (Figure 4B), which was corresponding to 18E1^E4-aggresome formation. With MG132, 18E1^E4 in the insoluble fraction was increased significantly, reflecting the augmentation of aggresome formation. Surprisingly, 18E1^E4 in the soluble fraction was also increased, suggesting that some portion of 18E1^E4 was processed in proteasome-dependent manner (Figure 4B).

18E1^E4 proteins were assembled into aggresomes as insoluble fraction of cell lysate, indicating that the factors recruited to 18E1^E4-aggresomes might be sequestrated as insoluble materials. As shown in Figures 2C,D, γ-tubulin was associated with 18E1^E4 and recruited to the aggresomes. We examined the effect of 18E1^E4 expression on the protein levels of γ-tubulin (Figure 4C). The amounts of soluble γ-tubulin were reduced by 18E1^E4 expression. On the contrary, those in the insoluble fraction were increased, suggesting that γ-tubulin was sequestrated into the 18E1^E4-aggresome as insoluble material, which might reduce active fraction of γ-tubulin and disturb normal centrosome/MTOC formation as shown in Figure 2C.

18E1^E4 AGGRESOME WAS INVOLVED IN THE TURN OVER OF HPV ONCOPROTEINS

As described above, 18E1^E4 could sequestrate γ-tubulin in the aggresome. In considering the involvement of 18E1^E4-aggresome in HPV replication, we examined the possibility that the aggresome contributed to sequestration of other viral proteins.

In CV1 cells, FLAG-epitope tagged 18E5, 18E6, or 18E7 was expressed with or without 18E1^E4, and then the expression level was monitored by immunoblotting analysis (Figure 5A). Although the expression of E5 was not affected, those of E6 and E7 in the soluble fraction were significantly reduced by 18E1^E4 and accumulation of those proteins in insoluble material was observed. This result suggested that E6 and E7 were sequestrated in 18E1^E4-aggresomes. Nocodazole treatment blocked the effect of 18E1^E4 (Figure 5B), suggesting that the 18E1^E4-aggresome formation was involved in sequestration of 18E6 and18E7.
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FIGURE 5. Major viral oncoproteins were sequestrated in 18E1^E4-aggresome. (A) CV1 cells were co-transfected with 18E1^E4 and FLAG-tagged 18E5, 18E6, or 18E7 expression plasmids. At 48 h after transfection, cells were lysed by triple detergent buffer. The expression levels of HPV18 E5, E6, and E7 were analyzed both in soluble (left panel) and insoluble fractions (right panel) of cell lysates. (B) The effect of nocodazole treatment (10 mM) was examined by a similar experiment as shown in (A). (C) Intracellular localization of FLAG-tagged 18E5, 18E6, or 18E7 (red) with EGFP-tagged 18E1^E4 (green) in CV1 cells. Nuclei were stained with DAPI. The colocalization could be detected in most of the cells (≥90%) that were positive for EGFP-tagged 18E1^E4 expression.



In the cells expressing 18E1^E4, E6 and E7 were co-localized at 18E1^E4-aggresomes (Figure 5C). The localization of 18E5 was not altered by 18E1^E4 expression. These observations indicated that major viral oncoproteins, E6 and E7, were recruited to the 18E1^E4-aggresome and sequestrated in insoluble materials.

DISCUSSION

It was reported that ectopically expressed HPV E1^E4 formed aggregates in cytoplasm (Doorbar et al., 1991), although the function of the aggregate remained to be clarified. In this paper, we described that 18E1^E4 was assembled into an aggresome-like compartment (18E1^E4-aggresome) and was involved in the sequestration of viral oncoproteins.

AGGRESOME-LIKE COMPARTMENT FORMATION BY 18E1^E4.

We found that 18E1^E4 interacted with vimentin and recruited it to the 18E1^E4 aggregates (Figure 1), which inspired us to consider that 18E1^E4 was assembled into an aggresome-like compartment because aggresomes are known to be wrapped by vimentin.

There is a report that 16E1^E4 could interact with cytokeratins 8/18 (CK8/18) but not with vimentin (Wang et al., 2004). We therefore analyzed the interaction between 18E1^E4 and endogenous vimentin both in vivo and in vitro (Figures 1B,C), although they used an in vitro binding assay with recombinant vimentin and 16E1^E4. The different experimental condition could be the cause of the controversial observations.

Aggresomes are assembled to process misfolded/ubiquitinated proteins that are not well handled by the ubiquitin-proteasome pathway or the chaperone-dependent refolding system (Goldberg, 2003). It is known that aggresomes incorporate molecular chaperones, ubiquitinated proteins, p62 and HDAC6 (Rodriguez-Gonzalez et al., 2008). We confirmed that these molecules were recruited to the 18E1^E4-aggregate (Figures 2A,B). This observation strongly suggested that 18E1^E4 aggregate had an aggresome-like structure.

Aggresome formation is dependent on microtubules and dynein. Microaggregates of misfolded proteins are transported to MTOC along microtubules in a dynein-dependent manner (Johnston, 2006). Dynein is a motor protein and microaggregates are linked to dynein through HDAC6 (Kawaguchi et al., 2003). We examined the effects of nocodazole, an inhibitor of microtubule polymerization; ciliobrevin D, a dynein inhibitor; and tubacin, a HDAC6 inhibitor, on 18E1^E4 aggregate formation, and found that all of the inhibitors could efficiently interfere with aggregate formation (Figure 3). This result supported the possibility that 18E1^E4 was assembled in the aggresome-like compartment, 18E1^E4-aggresome. We are currently investigating a role of the interaction between 18E1^E4 and vimentin in aggresome formation.

DISRUPTION OF MTOC BY 18E1^E4

Aggresomes are known to be assembled close to MTOC (Johnston et al., 1998). We examined the localization of γ-tubulin, a component of MTOC, in 18E1^E4-expressing cells, and found that it was co-localized at the 18E1^E4-aggresome (Figure 2C). Direct interaction was found between 18E1^E4 and γ-tubulin (Figure 2D), by which γ-tubulin might be recruited to the E1^E4-aggresome. Even though nocodazole treatment inhibited E1^E4-aggresome formation, colocalization of 18E1^E4 and γ-tubulin could be detected (Figure 3B). It was also found that regular centrosome or MTOC formation was disrupted in 18E1^E4 expressing cells (Figure 2C). Proper assembly of MTOC is essential for mitotic events (Bettencourt-Dias and Glover, 2007), and the disturbance of MTOC formation by 18E1^E4 might contribute to the G2/M cell cycle arrest induced by 18E1^E4.

POSSIBLE ROLE OF 18E1^E4 AGGRESOME IN VIRUS REPLICATION

Although it is known that aggresome formation has a protective role against bacterial and protozoal infections (Wileman, 2007), several viruses are reported to utilize aggresomes for their replication processes (Wileman, 2007). Nucleocytoplasmic large DNA viruses (NCLDV), including poxviruses, African swine fever virus (ASFV), iridoviruses and phycodnaviruses, have been reported to utilize aggresomes as compartments for the accumulation of host and viral proteins, where virus replication and virion assembly are accelerated. It has been proposed that infection with a retrovirus or herpes virus produces an aggresome-like structure in the perinuclear region, which is utilized as a virus assembly site (Wileman, 2007). These findings suggested that the 18E1^E4-aggresome had a functional role in virus replication.

As shown in Figures 2C,D, 18E1^E4 bound to γ-tubulin and recruited it to aggresome-like compartment. This sequestration of γ-tubulin might cause disruption of normal centrosome/MTOC organization. We considered that the 18E1^E4-aggresome might be involved in sequestration of other viral proteins, especially of the viral oncoproteins. We examined the effect of 18E1^E4 on the expression levels of 18E5, 18E6, and 18E7 (Figure 5A). Although the expression level of E5 did not altered by 18E1^E4, those of E6 and E7 in soluble fraction were severely reduced. E6 and E7 were found in insoluble fraction and co-localized at 18E1^E4-aggresomes (Figures 5A,C). These observations suggested that 18E1^E4 sequestrated E6 and E7 into the inactive aggregate and reduced active fractions of them. We could not detect direct binding activity of 18E1^E4 to 18E6 or 18E7 (data not shown), and therefore it will be necessary to clarify the mechanism by which E6 and E7 are recruited to the aggresome.

Most 18E6 and 18E7 are partitioned in soluble fraction as shown in Figure 5A. The amounts of these proteins in soluble fraction were significantly reduced by 18E1^E4 expression, although those in insoluble fraction were increased modestly. The result suggested that 18E1^E4 expression reduced the total amounts of these oncoproteins in the cells possibly by accelerating their turn over. We are now investigating the effect of 18E1^E4 expression on total amounts of the viral oncoproteins.

In lesions infected with cutaneous-type HPVs, HPV1, HPV4, and HPV63, E1^E4 aggregate could be detected in upper layers of the warts as intracytoplasmic inclusion bodies (Egawa, 1994). In the case of HPV16 infection, it was reported that inclusion bodies of E1^E4 were found in differentiated layers of cervical intraepithelial neoplasia grade 1 (CIN1) lesions (Doorbar et al., 1997; Doorbar, 2005). These observations suggest that the E1^E4-aggresome functions in the upper layers of the infected lesion.

Here we propose a model of E1^E4 function in viral replication. In basal and parabasal cells of HPV-infected lesions, viral oncoproteins, E6 and E7, are expressed from the viral early promoter. This suppresses cell differentiation and promotes cell proliferation (Nguyen et al., 2003; Ueno et al., 2006), which is required for expanding the population of infected cells. As cellular differentiation progresses, the viral late promoter is activated and directs the expression of E1^E4. E1^E4 causes G2/M cell cycle arrest and activates endoreduplication (Nakahara et al., 2005). This cellular condition favors genome amplification and gene expression of the virus. Then the high-level expression of E1^E4 induces aggregate formation in upper layers of the lesion, where the E1^E4-aggresome sequestrates E6 and E7, suppresses their inhibitory effect on cellular differentiation and induces terminal differentiation. Terminal differentiation is required for capsid protein expression and virion assembly, although the underlying mechanism remains unknown (Sakakibara et al., 2013).

It was reported that the formation of E1^E4 aggregates disrupted cytokeratin networks and might be helpful for virion egress from keratinized cells (Doorbar et al., 1991). This idea is very attractive for an E1^E4 function, and it is important to verify these E1^E4 functions in an animal infection model, histological analysis of human samples, or an organotypic raft culture system.
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Viruses PM1 PM1/CCR5 TZM-bl

SIVmac316  4.2E+02 (1.0) 1.4E403 (1.0) 9.6E+404 (1.0)
SS 2.9E4-05 (710) 4.7E4-05 (350) 6.3E4-06 (66)
SN 2.0E+03 (4.8) 8.4E+03 (6.2) 2.9E405 (3.1)
NS 2.9E406 (7100)  1.4E406 (1,000)  1.4E+07 (140)

*Infectivity is shown by the TCIDgq/ml values of the viruses, which were prepared
by transfection of 293T cells, in PM1, PM1/CCR5, and TZM-bl cells. The fold-
change, which was calculated by dividing the mutant TCIDgo/ml value by that of
the parental SIVmac316, is shown in the parentheses.
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Substitution Region P26B404 P26C
I I

gp120 (n=22) (n=8) (n=14)
V17L Signal peptide 100% 100% 0.0%
G62S C1 0.0% 0.0% 21.4%
M67V/L/T C1 4.5% 0.0% 21.4%
ABST C1 0.0% 0.0% 92.9%
T136M V1 4.5% 875% 0.0%
T1371 V1 0.0% 0.0% 14.3%
K141E/R V1 0.0% 12.5% 71%
E176K V2 90.9% 12.5% 35.7%
F277v C2 100% 0.0% 0.0%
N295S C2 0.0% 100% 0.0%
Q341H V3 13.6% 12.5% 14.3%
D374N C3 0.0% 0.0% 28.6%
K403R V4 0.0% 12.5% 71%
W441R C4 4.5% 0.0% 71%

gp41 (n = 10) (n=2) (n=7)
F528S/L Extracellular 20.0% 0.0% 0.0%
D571M/E Extracellular 10.0% 100% 0.0%
Q733stop Cytoplasmic 100% 100% 0.0%
W762stop Cytoplasmic 100% 0.0% 0.0%
W782stop Cytoplasmic 100% 0.0% 0.0%
A833T Cytoplasmic 90.0% 0.0% 0.0%
R839K Cytoplasmic 0.0% 0.0% 57.1%
R861K Cytoplasmic 100% 100% 0.0%

*Percentages of substitutions in populations P26B404 and P26C, which were
obtained after 26 passages in the presence and absence of B404, respectively, are
shown. The P26B404 population is separated into two subpopulations according
to the phylogenetic analysis in Figure 1. All the substitutions that are observed in
more than one clone are shown here. Boldface indicates substitutions dominant
(>~50%) in each population. The numbers of clones analyzed for the gp120 and

gp41 regions are shown in parentheses.
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Promoter Gene Diseases ATLL-like HAM/TSP-like Reference

HTLV-1 LTR tax Thymic involution None None Hinrichs etal. (1987)
Neurofibroma Nerenberg etal. (1987)
Early death

HTLV-1 LTR tax Sjogren-like syndrome None None Green etal. (1989)
(exocrinopathy)

HTLV-1 LTR env-pX Arthritis None None Iwakura etal. (1991)

HTLV-1 LTR tax Arthritis None None Habu etal. (1999)

CDh4 tax Arthritis None None

HTLV-1 LTR tax Skeletal abnormalities None None Ruddle etal. (1993)

Granzyme B tax Granular lymphocytic leukemia Leukemia/lymphoma None Grossman etal. (1995)

Metallothionein tax Arthropathy None None Saggioro etal. (1997)

Ick-proximal tax CD4~CD8~ pre-T-cell leukemia Leukemia/lymphoma None Hasegawa etal. (2006)

Ick-distal tax CD4*, CD8*, and CD4+CD8* Leukemia/lymphoma Symmetrical paraparesis Ohsugi etal. (2007)

T-cell leukemia
Arthropathy

Histiocytic sarcoma (spinal cord)

of the hind limbs
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Virus Viral protein  Major reported functions Reference
BLV Tax Transcriptional activator of viral expression Derse (1987), Willems etal. (1987), Katoh etal. (1989)
Oncogenic potential Willems etal. (1990)
Activation of NF-kappa B (NF«B) pathway Szynal etal. (2003), Klener etal. (2006)
Rex Nuclear export of viral mRNAs Felber etal. (1989)
G4 The maintenance of high viral load Willems etal. (1994), Florins etal. (2007)
Oncogenic potential Kerkhofs etal. (1998), Lefebvre etal. (2002)
R3 The maintenance of high viral load Willems etal. (1994), Florins etal. (2007)
HTLV-1 Tax Transcriptional activator of viral expression Kashanchi and Brady (2005)
Oncogenic potential Matsuoka and Jeang (2011)
Induction of DNA damage, cellular senescence and apoptosis Chlichlia and Khazaie (2010)
Functional regulation of many cellular proteins by direct binding ~ Boxus etal. (2008)
HBZ Inhibition of HTLV-1 transcription Lemasson etal. (2007)
Suppression of the classical pathway of NF-«B Zhao etal. (2009)
Enhancement of TGF signaling Zhao etal. (2011)
Oncogenic potential Satou etal. (2006, 2011)
Rex Nuclear export of viral mRNAs Felber etal. (1989)
p12' Maintenance of viral infectivity Collins etal. (1998)
Activation of nuclear factor of activated T-cells (NFAT) pathway Ding etal. (2002)
p13! Suppression of viral replication Andresen etal. (2011)
with farnesyl Lefebvre etal. (2002)
Activation of Ras-mediated apoptosis Hiraragi etal. (2005)
p30" Suppression of viral replication Nicot etal. (2004)

Regulation of gene transcription by binding with p300
Enhancement of Myc transforming potential

Zhang etal. (2001)
Zhang etal. (2001)
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Species Virus (strain) Route of Clinical signs Virological data Reference
inoculation
African green monkey none HHV-6B (HST) s.cfiv Skin rash (1 animal) 1gG response, viral DNA (PBMC, I.n.) Yalcin etal. (1992)
(Cercopithecus aethiops)
Cynomolgus macaque none HHV-6B (HST) s.civ. none 1gG response, viral DNA (PBMC, Yalcin etal. (1992)
(Macaca fascicularis) spleen)
Pig-tailed macaque none HHV-6A (GS) iv. fever, nasal discharge, splenomegaly, 1gG response, plasma viremia, viral Lusso etal. (2007)
(Macaca nemestrina) lymphadenopathy, abdominal rash transcripts (1.n.)
Marmoset none HHV-6A (U1102)  i.v.* motor weaknesses, sensorial abnormalities, 1gG and IgM response, viral DNA (brain,  Leibovitch etal. (2013)
(Callithrix jacchus) facial palsy, lesions in the corpus callosumat  spleen, L.n., heart, kidney, liver)
MRI
none HHV-68B (229) (A none 1g9G response, viral DNA (brain) Leibovitch etal. (2013)
none HHV-6A (U1102)  i.n.* none Plasma viremia, viral DNA (saliva, Leibovitch etal. (2013)
PBMC)
Mouse (Mus musculus) none HHV-68B (229) i.p. none 1gG response Svensson etal. (2010)
none HHV-6A N/A none N/A Lusso (1996)
Hu SCID HHV-6A (GS) in the N/A N/A Gobbi etal. (1999)
(Thy/liv) HHV-6B (PL:1) implant

*Inoculation performed using several (three or four) injections, s.

subcutaneous; i.v. intravenous; i.n., intanasal; i.p., intraperitoneal; Ln., lymph nodes; N/A, not available.
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Chimpanzee Tree shrew uPA-SCID FRG AFQB-huHSC/ Hep Rosa26-FLuc  Rat
R > &
HCV entry Yes Yes Yes Yes Yes Yes Yes
HCV production Yes Yes Yes Yes No No Yes
Viremia Weaker thanin ~ Low High High No No Low
humans
HCV pathogenesis Milder than in Hepatitis, fibrosis, No No Fibrosis N/A Hepatitis
humans, HCC?  cirrhosis
Immune response Yes Yes No No Yes Yes No
MHC match Immune Yes Yes N/A N/A Yes Yes No
system/ hepatocytes
MHC match Immune Yes Yes N/A N/A No Yes Yes
system/host
Vaccine development Yes Possible No No Yes No No

HCC, hepatocellular carcinoma; N/A, not applicable.
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A BLV Tax
TaxD247G Increased

activity
Putative . i
zinc finger Leucine-rich ]lluﬂ
1 30 53 157 197 24 265 309

TaxS240P

B The region between amino acids 240 and 265 of BLV Tax

1. Activation of BLV-LTR promoter (Tajima and Aida, 2000)

2. Expression and propagation of BLV in vitro but not in vivo (Tajima and Aida, 2000)

3. Induction of apoptosis in vitro but not ex vivo (Takahashi et al., 2005)

4. Expression of many cellular genes, such as AP-1 signaling pathway-related proteins,
G-proteins, GTP-binding proteins, and immune response-related proteins (Arainga
etal., 2012)

Restri ial of:
1. Activation of other retroviral enhancers (Tajima and Aida, 2000)
2. Induction of c-fos expression (Tajima and Aida, 2000)
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Antiviral host factors  Antagonized by  NOT antagonized by

Human APOBEC3G  HIVA1 if SiVagm Vif
SiVmacvif

RM APOBEC3G SIVmacvif HIVA Vif
SiVagm Vif

Human BST2 HIV Vpu HIV- Nef
HIV2 Env Sivmac Nef

RMBST2 SivgsnVpu HIVA Vpu*
SivdenVpu
Sivmac Nef

Human SAMHD1 SIVdebVpr HIVA Vpr
SiVimus Vor Sivmacvpr
SivmacVpx SiviemVpx
HIV2Vpx SIVmndVx

AM SAMHD1 SIVdeb Vpr HIVA Vpr
SIVimus Vor SivmacVpr
SivagmVor Siviem Vor
SivmacVpx
HIV2Vpe®
SiViemVpx
SIVmndVx

Summary o findings about APOBEC3G-Vfinteraction (Shoohy otal. 2002; Koo
otal, 2003; Mariani otal 2003; Zannou and Bioniasz, 2006; Vicgon and Hatzioan
0u, 2007), BSF2-Vpu, Net, and Env interacton (Nei et 2008; Van Damme
otal, 2008; Ja otal. 2009; Lo Tortorec and Neil, 2009; Saute otal, 2009; Zhang
etal, 2003; Sorra-Moreno etal, 2011), and SAMHDIVpx and Vo interaction
(Hrecka etal, 2011; Laguette etal, 2011, 2012 Lim etal, 2012). "Vpus from
‘Somo HIVA1 strains such as HIV-1 oy aro able 1o antagonizo AM BST2, **Vpxs
from some HIV:2 strains are ineffective in antagonizing AM SAMHD!.






OPS/images/fmicb-04-00174/fmicb-04-00174-g001.jpg
DOMAINS

SCR
(short consensus
repeat)

(ser. mre prol rlch)

(lmnsmembrane)

CcYT
(cytoplasmic)

Ligand binding sites

AdV
Cab | Jagged1 | HHv.6A
} Neisseria alal
C3b
C4b 1 streptococcus

Neisseria
(O~ O-glycosylation

@—N-glycosylation






OPS/images/fmicb-04-00187/fmicb-04-00187-t002.jpg
TRIMS alleles Restrictive against:

HIV-1 HIV-1mt MN4Rh-3 SlVmac239

Human TRIMba

RMTRIMSa (TFP)  + + _
RM TRIM5a (Q) + + -
CMTRIM5a + + -
RM TRIMCyp = = =
PM TRIMCyp = - -

CMTRIMCyp (DK) + - -
CMTRIMCyp (NE) — - —

Summary of findings about interactions between each TRIM5 allele and
lentiviruses (Stremlau etal., 2004, Newman etal., 2006; Liao etal., 2007; Bren-
nan etal., 2008; Virgen etal., 2008; Dietrich etal., 2011, Saito etal., 2012b). "+ "
denotes restrictive, while "—" denotes not restrictive against each lentivirus,
respectively.
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Primate Route Strain Type  Virus Dose® Infected  Viremia®  Findings (source)

stock®

Macaca mulstta v, ¢ ND ND  Humans ND ND ND No disesse, leucopenia
(Lavinder and Francis, 1914)

Macaca cyciopis scivip  ND ND  Humans ND ND ND No disease (Koizumi and
Tonomura, 1917)

Macaca mulatta NI ND ND  Humans ND Yes ND Animal chilly and morose, rash
on chin, and throat (Chandler
and Rice, 1923)

Macaca fascicularis sc ND ND  Humans ND Yes ND First to demonstrate
unquestionably that some
primates were permissive to DV

Cercopithecus callitrichus ND ND  Humans ND Yes ND infection but that they are
asymptomatic

Papio spp. ND ND  Humans ND No ND

Cercocebus spp. ND ND  Humans ND No ND (Blanc etal., 1929)

Macaca mulatta s, mi ND ND  Humans, ND No ND

mosquitoes

Macaca fascicularis se,mijic  ND ND  Humans, ND Yes ND No fever, some leukopenia and

philippinensis mosquitoes lymphocytosis, demonstrated
transmission of DV from
primates to humans through
mosquitoes

Macaca fascicularis s, mi ND ND  Humans, ND Yes ND (Simmons et al., 1931)

fusca* mosquitoes

Pan troglodytes* sc, id Hawaiian NI Human ND Yes ND Mild fever (101°F) (Paul et al.,
1948)

Homo sapiens id NI NI Human 1 Yes + Low dose gave multiple
patterns of disease: (1)
unmodified attack, (2) short
febrile illness without rash or 3)
noillness but partial immunity

id 10¢ Yes + Progression of symptoms:(1)
edema and erythema, (2) fever,
(3) maculopapular eruptions
with sparing at the site of the
original skin lesion
into scars Conc.  Yes + Unmodified dengue
human
serum
eye 2E5¢ Yes + Typical dengue
eye 1E4¢ No - No disease or immunity
in 1E6Y Yes + Unmodified dengue or mild rash
in 1E4¢ No - No disease or immunity (Sabin,
1952)
Cebus capucinus scorip Hawaiian, DV1,DV2  Human ND Yes + No overt signs of illness
NGC

Ateles geoffroyi Yes +

Ateles fusciceps Yes +

Alouatta pallata Yes +

Callthrix geoffroyi* Yes ND

Saimiri oerstedi Yes ND

Aotus trivirgatus Yes ND (Rosen, 1958)

Hylobates lar sc BKM725-  DV1 LLC-MK2 800 Yes + Fever and hemorrhagic

67 manifestations ocourred but
‘were associated with acute
BKM1179-  DV1 800 Lymphomatous leukemia, no
67 correlation between antibody
titers to
BKM1749  DV2 16E3 DV and protection from viremia
24969 ov3 6.6E2
Ks16868  DV4 5E3 (Whitehead et al., 1970)
Saimiri sciureus sc Hawaii ov1 Mice 1E64°  Yes + Some fever in DV1 infection,
16007 ov1 LLC-MK2 1E57  Yes - No platelet, hematocrit or
leukocyte count changes
NGC Dv2 Mice 1E67°  Yes +
NGC Dv2 mosquitoes 125 Yes +
16681 ov2 LLC-MK2 €55 Yes -
Pak-20 ov3 LLCMK2 1E34  Yes 50
16562 ov3 LLC-MK2 1657 Yes -
43285 ova LLCMK2 1E39  No -
Saguinus oedipus s Hawaii ovi Mice 1E64°  Yes + Brief fever in DV1 infection
NGC Dv2 Mice 1E6.7°  Yes +
NGC ov2 Mosquitoes €25 Yes +
Hg7 Dv3 Mice 1E58  Yes -
Pak-20 Dv3 LLC-MK2 1634 Yes -
H241 ova Mice 1E66° No -
Saimiri sciureus in Hawaii ov1 Mice 1E6.4°  Yes ND No disease reported
NGC Dv2 Mice 1E5°  No ND
NGC ov2 mosquitoes  1E25  No ND
Pak-20 ov3 LLC-MK2 1E21 No ND
H-241 Dva Mice 1E66° No ND
Saguinus oedipus in NGC DVI Mice 1E53°  Yes +
H87 DV3  Mice 1E6.2°  Yes ND
Pak-20 DV3  LLCMK2 1E27  No ND
H241 DV Mice 1E56°  No ND
Aotus trivirgatus in Hawaii DVI Mice 1E5.7°  No ND
NGC DV2  Mice 1E66°  Yes ND
Pak-20 DV3  LLCMK2 1E21 Yes ND (Scherer et al., 1972)

Macaca mulatta (indian) ~ sc 16007 DV LLCMK2 5E5 Yes 1763 Lymphadenopathy in DV1, 2, &
4, rare hemorrhaging in DV1& 4,
leucopenia

16681 DV2  LLCMK2 SE5 Yes 48E2 In DV2 & 4, lymphocytosis was
common

16562 DV LLCMK2 5E5 Yes + Thrombocytopenia in 21-33%
of animals with all serotypes

43288 DV LLCMK2 5E5 Yes 282 Complement decreases in
secondary DV2, no change in
behavior, eating or prothrombin

Macaca sc,id 16007 DVI LLCMK2 N Yes - No disease

fascicularis 16681 ov2 NI Yes -

fascicularis® 16562 ov3 N Yes -

43285 ova N Yes -
Chiorocebus sc.id 16007 DV LLCMK2 1E5 Yes + No disease
aethiops* 16681 DV2 1E5 Yes +
16562 DV3 1E45  Yes +
Erythrocebus scid 16007 DVI LLCMK2 NI Yes + No disease
patas 16681 DV2 1E5 Yes +
16562 ov3 1E45  Yes -
43285 DV4 1E33 Vs - (Halstead et al., 1973a,b)

Macaca mulatta s 16007 DVI LLCMK2 1265 Yes 350 Lymphadenopathy, virus
distribution after sc injection
indicated that most virus did not

16681 Dv2 2E6 Yes 443 .
move far from the inoculation

16562 ov3 1E5 Yes 40 site, day after viremia virus was
distributed widely throughout

43288 ov4 18 Yes 1085 skin (Marchette et al., 1973)
Pan troglodytes idsc 49313 DVI  Mosquitoes  1E31  Yes 16669 Nasal discharges and
lymphadenopathy
NC38 DV2  Humans 1E36 Vs 1E569  Symptoms found in individual
animals
49080 DV3  Mosquitoes  1E27  Yes 16629 Splenomegaly, leucopenia
1711 DV4  Mosquitoes  1E28  Yes 1E69 Hemorrhage, shaking chill
lethargy (Scherer et al,, 1978)
Macaca mulatta s 16681 DV2  LLCMK2 165 Yes 1867 Cyclophosphamide treatment
caused chronic infection, 3/9
died, internal hemorrhaging,
enlarged kidney, severe acute
proliferative glomerulonephritis,
pleural effusion, passively
transferred antibody aided viral
clearance (Marchette et al.,
1980)
Macaca mulatta s PR159 DV2  FRAL 56 Yes ND No disease
H-241 Dv4 144 (Kraiselburd et al., 1985)
Macaca mulatta & is,im, it 16007 DVi  PDK 2565 Yes ND Mild neurovirulence
Macaca fascicularis (Angsubhakorn et al., 1987)
Aotus nancymae s Westen  DVI NI 24 Yes + Pathology more pronounced in
Pacific 74 DV1, mild leucopenia, changes
in attitude and appetite
516803 DV2 Changes in fecal consistency,
2120 became lethargic
CH53489  DV3 Common symptoms:

lymphadenopathy, nasal
discharges and splenomegaly
(Schiavetta et al., 2003)

341750 ova

Aotus s QTe152 DV NI 1E4 Yes + No disease
nencymae Q2124 DV2 -

0BS8041  DV2 + (Kochel et al., 2005)
Macaca sc 60305 DVi  Vero 165 Yes 1E16 No disease
mulatta 16007 DVi Vero 1E5 Yes 124

16007 DVi  C636 15 Yes 1E19

40247 DV2  C6R6 1E5 Yes 1E36

4412 DV2  Vero 1E5 Yes 129

Hg7 V3 Vero 1E5 Yes 1E2.7

16562 DV3  \Vero 1€5 No -

74886 DV3  C66 165" Yes 1E2.2 (Freire etal., 2007)
Meacaca fascicularis sc 40514 ovVi NI 1€64'  Yes 400t No disease, characterized T-cell

and neut antibody
cross-reactivity, no changes in

28128 ov4 1€62 20t IFN-y, TNFo, IL4, IL8, IL10
transcription during infection
(Koraka et al., 2007)

Macaca mulatta sc Westen  DVI NI 1E4 Yes ND No disease, increases in AST,
Pacific 74 transcriptional upregulation of
1SGs, OASs, Mxs, etc., no
increases in cytokine gene
expression (Sariol et al., 2007)

Chiorocebus aethiops sc SB8553 ov2 NI 1E6 Yes + No fever or lymphomegaly, no

sabaeus changes in behavior or weight,
no respiratory, digestive or
nervous system disturbances,
lower inoculum titers gave
prolonged viremia and better
neut antibody responses (Martin
etal., 2009)

Macaca mulatta (Indian) v 16681 bv2 Vero 1E7 Yes ~8E3 Consistent hemorrhaging in 9/9
animals, decline in platelet
count and leucopenia, elevated
thrombin-antithrombin,
D-dimers, ALT, and CK, no
increases in hematocrit,
prothrombin or activated PTT
(Onlamoon et al., 2010)

Callithrix jacchus sc 02-171 o1 C6/36 3.5E7 Yes 5E5N No disease

DHF0663 Dov2 6.7E7 16E7" Found differing NK, NKT, and
niave effector memory and
central T-cell kinetics during DV
infection with different strains

DSS1403  DV3 4.5E6 5.5E4"

05401 ov4 1566 2.5E4"

Jam/77/07  DV2 1265 2.8E6"

Mal77/08  DV2 19E5 9.6E6" (Omatsu et al., 2011; Yoshida
etal, 2013)

Homo sapiens sc 45A75 OV FRAL 283 Yes + CD8+Teelldervied IFN-y
associated with protection from
fever and viremia, sll-R2a
correlated with disease onset
and severity, PBMC-derived
TNFa, I1:2, 4, 5,10 did not
correlate with protection or
disease (Gunther et al,, 2011;

CH53489  DV3 AL 1€5 Sun etal, 2013)
Macaca nemestrina s 98900645 DV3  C6/36 1E7- Yes 62.94 Inoculation route influenced
1€8 virus-tissue distribution
id 4798 Minimal hepatitis
iv 58.62 (Pamungkas et al., 2011)

Saguinus midas and s DHFOB63 ~ DV2  C6/36 67E7  Yes 2766 No disease, CD16+ NK cell

Saguinus labiatus depletion did not alter virus
replication or pathogenesis

iv 267 (Yoshida et al., 2012)

Macaca mulatta (indian) ~ sc NGC oz N 1€5 Yes 257 Day 14 Pl showed the highest
levels in T-cell activation,
Anti-NS1, 3, &5 Teel
responses were characterized
(Mladinich et al., 2012)

Macaca mulatta vsc 16681 DV2  Vero 17 Yes + Hemorrhaging in 50% of iv

(Chinese) inoculated primates

(unpublished)

aCell type or organism in which DV stock was propagated; ®Highest inoculum dose is given when there were variable doses; Titers given when available; “HID;
MLDS50 or MLD50/mI; ' TCIDSO or TCIDSO/MI; S MIDS0/MI; "RNA/mI; +/~, indicates presence or absence of viremia, ic, intracardial; mi, mosquito inoculation;
v, intravenous; sc, subcutaneous; id, intradermal, ip, intraperitoneal; in, intranasal; im, intramuscular; is, intraspinal; it, intrathalmic; NI, not indicated; ND, not
determined; MIDS0, mosquito infectious dose 50; TCIDS0, tissue culture infectious dose 50; MLDSO, suckling mouse intracranial lethal dose 50; HID, human
minimal infectious dose; *indicates species name change.
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Vaccine

VEEV

AdV

DNA

DNA +
AdV

HPIV3

HPIV3/
AHN-F

VsV

VLP

Viral protei

including

MARV Musoke GP or NP

MARV Musoke GP or GP + NP NHP.

MARV Musoke NP

EBOV NP or GP + NP
EBOVGP

EBOV GP or GP + NP
EBOV NP

EBOV GR NP or GP + NP NHP

GPs of MARV (Musoke and
Ci67) and RAW

MARV Angola GP NHP

EBOVGP

EBOV GP + NP NHP

GPs of EBOV and SUDV, MARV
(Musoke and Ci67) and RAVV +
NP of EBOV and MARV Musoke

MARV Musoke or RAW GP

MARV Musoke GP NHP

MARV Angola GP

EBOVGP

EBOV GP or NP

DNA: GPs of EBOV, SUDV and NHP

TAFV + EBOV NP AdV: EBOV
GP

DNA: MARY Angola GP AdV:
MARV Angola GP

EBOV GP or GP + NP

EBOV GR GP + NP or GP + NHP
GM-CSF

EBOV GP
EBOV GP Guinea pig
MARV Musoke GP NHP
EBOV GP Mouse
Guinea pig
NHP
EBOV GP + SUDV GP +
Musoke GP
MARV Musoke GP
EBOV GP
SUDV GP
MARV Musoke GP + VP40 Guinea pig
produced in 293T¢
NHP
EBOV GP + VP40 + NP Mouse
produced in 293T¢
EBOV GP + VP40 produced
in293T¢
EBOV GP + NP + VP40 NHP
produced in 293T¢
EBOV GP + VP40 produced  mouse

in insect cells?

EBOV GP + VP40 + NP
produced in insect cells?

Species
ines tested

Guinea pig

Mouse

Guinea pig

Guinea pig

Mouse

Guinea pig

Mouse

Guinea pig

Guinea pig

Strategy
Dose/Schedule

108 FFU, 2 or 3 doses.

107 FFU, 3 doses.

2 x 10° IU, 2 doses

107 IU, 3 doses

107 FFU, 3 doses

5 x 107-8 PFU, 2 doses

10" PU, 1dose
108 PFU, 2 doses
2% 10' particles, 1 or 2 doses

4% 10" PFU, 2 doses

10 1g, 3 or 4 doses with RIBI
aadjuvand

2011, 3 doses
4mg, 4 doses

05pg, 4 doses
05ug, 1dose and 150, 3or 4
doses

5009, 4 doses
4mg of DNA, 3 doses and
boosted with 10" PFU of AdV.
4mg of DNA, 3 doses and

boosted with 10" PU of AdV

1053 PFU
4 10° TCIDSO, 1 dose

2 x 107 TCIDSO, 2 doses

4% 10° PFU, 1 dose

2 x 107 PFU, 1 28 day before
dose infection
107 PFU, 1dose  28or141d

before infection®

2 x10° PFU, 1 24h before

dose infection
30mpi
24hpi

24h before
infection
1hpi
24hpi

107 PFU, 1 dose 28 day before

infection

107 PFU, 1 dose 262 day before

infection®
3107 PFU, 1 28 day before
dose infection
2 x 107 PFU, 1 24hpi
dose

48hpi
1x 107 PFU, 1 20-30mpi
dose
2107 PFU, 1
dose, 20-30 mpi

50 g, 3 doses with RIBI adjuvant

1mg, 3 doses with QS-21 adjuvant

5019, 2 doses, with QS-21 adjuvant

10ng, 3 doses

25010, 3 doses, with RIBI adjuvant

50119, 2 doses

101, 3 doses

10-60 g, 2 doses, with QS-21 adjuvant

Route

sc

sc

sc

in

inand
intracheally

imorip

Challenge virus

GP-adapted MARV
Musoke

MARV Musoke

mouse-adapted EBOV

GP-adapted EBOV

EBOV

MARV (Musoke or Ci67)
or RAW

MARV Angola
mouse-adapted EBOV
EBOV

EBOV, SUDV or MARV
(Musoke or Ci67)

GP-adapted MARV
Musoke

MARV Musoke
MARV Angola

mouse-adapted EBOV

GP-adapted EBOV

EBOV

MARV Angola

GP-adapted EBOV/
EBOV

GP-adapted EBOV

MARV (Musoke or
Angola) or RAW

MARV Musoke and Popp

mouse-adapted EBOV

GP-adapted EBOV

EBOV
supbv
EBOV, SUDV, TAFV or

MARV Musoke

MARV Musoke

EBOV

supv

GP-adapted MARV
(Musoke or Ci67) or
RAWV

MARV (Musoke or Ci67)
or RAW

Mouse-adapted-EBOV

EBOV

Mouse-adapted-EBOV

Survival  References

rate (%)

100 Hevey etal, 1998
100

67

100 Pushko et al., 2001

2

100

20

0 Geisbert et al., 2002
100 Wang et al., 2006a
100 Geisbert etal., 2010a
100 Wang et al., 2006b
100 Sullivan et al,, 2003
100 Swenson et al., 2008a
100 Riemenschneider et al., 2003
67

100 Geisbert etal., 2010a
78 Vanderzanden et al,, 1998
100

100 Xu etal, 1998

100 Sullivan et al,, 2000
100 Geisbert et al., 2010a
100 Bukreyev et al,, 2006
83 Bukreyev et al,, 2007
100

100 Bukreyev et al,, 2009
100 Daddario-Dicaprio et al., 2006a
100 Jones etal., 2005

100 Feldmann et al., 2007
100

100

67

83

50

100 Jones etal., 2005

2

100 Geisbert etal., 2009
83 Geisbert etal., 2010c
33

100 Daddario-Dicaprio et al., 2006b
50 Feldmann et al., 2007
100 Geisbert et al., 2008
100 Swenson et al., 2008b
100

100 Warfield et al,, 2007a
100 Warield et al., 2003
100 Warfield et al,, 2007b
100 Sun etal., 2009

83

100 Warfield et al., 2007a

2Cynomolgus macaques were immunized by intramuscular injection with a single dose of VSVAG expressing MARV Musoke GP and subsequently challenged on Day 28 after immunization by intramuscular
injection with MARV Musoke strain. The immunized macaques, which were protected from the lethal MARY challenge, were rechallenged with MARV Popp strain 113 days after initial challenge (141 days after
immunization).
bCynomolgus macaques were immunized by intramuscular injection with a single dose of VSVAG expressing EBOV GP and subsequently challenged on Day 28 after immunization by intramuscular injection with
EBOV. The macaques protected from the lethal EBOV challenge were rechallenged with SUDV 234 days after initial challenge (262 days after immunization).
©293T cells were cotransfected with plasmid vectors encoding GP and VP40 (and NP) of EBOV or MARV. The VLPs were collected and purified from the cell supernatants.
9The VLPs were produced by use of recombinant baculovirus constructs expressing GP and VP (and NP) of EBOV or MARY from coinfected insect cells.
Abbreviations; FFU, focus-forming unit; GP-adapted, guinea pig-adapted; IU, infectious unit; PFU, pleque-forming units; PU, particle units; sc, subcutaneously; im, intramuscularly in, intranasell; ip, intrapenitoneally;
mpi, minutes post-infection; hpi, hours post-infection; doi, days post-nfection.
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Mouse Guinea pig Hamster NHP Human

Virus adaptation Adapted Adapted Adapted Wild-type Wild-type
Viremia High High High High High®
Virulence High High High High High®
Weight loss Severe Severe No Severe Severe®
Rash No No No Yes Yesd
Thrombocytpenia Yes Yes Yes Yes Yes®
Lymphocyte apoptosis Yes Limited Yes Yes Yes'
Cytokine response Yes Yes Yes Yes Yes?

PT Remained Increased Increased Increased Increased”
PTT/aPTT Remained Increased Increased Increased Increased'
i ND ND Increased Increased ND

Fibrin deposition in organs Little Moderate Little Abundant Observed
Protein C activity ND ND Decreased Decreased ND

*Ksiazek et al., 1999; Ndambi et al., 1999; Sanchez et al., 2004; Towner et al., 2004; Kuhn, 2008.

Bisaacson et al., 1978; Piot et al., 1978; Smith et al., 1978; Bwaka et al., 1999; Sanchez et al., 2007; Kuhn, 2008.
©Bwaka et al., 1999; Kuhn, 2008.

disaecson et al, 1978; Smith et al, 1978; Bwaka et al, 1999; Sanchez et al, 2007; Kuhn, 2008.

*®Sanchez et al., 2007; Kuhn, 2008.

"Baize et al., 1999.

9Baize et al, 1999, 2002; Sanchez et al, 2007.

hSanchez et al., 2007; Kuhn, 2008.

iSanchez et al, 2007.

I Dietrich et al., 1978.

Abbreviation; PT, prothrombin time; PTT, partial thromboplastin time; APTT, activated partial thromboplastin time; TT. thrombin time ; ND, no data.
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Treatment

"NAPc2

APC

PMO

PMO plus

SiRNA

Mechanism/target viral protein

Blocks TF: FVila
mediated activation of
factor X

Anti-thrombotic: cleaves
and inhibits coagulation
cofactors FVIila and Fva

Targets viral  EBOV
mRNA to VP24,VP35
block and L
transcription

EBOV VP24
and VP35
(AVI-6002)

MARV
Musoke
VP24 and
NP
(AVI-6003)

Targetsviral  EBOV L
mRNA to
block

transcription

EBOVL,
VP24 and
VP35

EBOVL,
VP24 and
VP35

Species tested

NHP

NHP

Mouse

Guinea pig

NHP

NHP

NHP

guinea pig

NHP

Dose

30 grkg bw

2mg/m?h

50019

12.6-200mg

40mg/kg bw

280r
40mgkg bw

4mg/kg bw

16mag/kg bw
300r
40mgrkg bw

40ma/kg
30mgkg

75 or
15 mg/kg

PEL-mixed,
8mgrkg

SNALP-
formulated,
1makg

SNALP-
formulated,
0.75mg/kg

SNALP-
formulated,
2mgfkg

Route

sc

iv

ip

scand

scoriv

iv

iv

Strategy

Dose schedule

10 mpi and administraion
daily for 14 days

24hpi and administraion daily
for 8 days

10 mpi and administraion daily
for 14 days

30-60 mpi and administration
for 7 days

twice at 24 h and 4 h before
infection

single dose at 24 hpi
single dose 24 h before
infection

single dose 24 hpi
single dose 96 hpi

2 day before challenge and
administration for 9 days

30-60 mpi and administration
daily for 10 or 14 days

30-60 mpi and administration
daily for 14 dpi

3h before infection and 24,
48 and 96 hpi

1,24, 48,72, 96,120 and

144 hpi

30mpi, 1,3 and 5 dpi

30mpi, 1, 2,3, 4, 5and 6dpi

*Two of five guinea pigs received the SiRNAs using the SNALP delivery systems died but the death could not be attributed to viral replication.
Abbreviation; bw, bodyweight: sc, subcutaneously: iv, intravenously: ip, intrapenitoneally; im, intramuscularly: mpi, minutes post-infection; hpi, hours post-infection; dpi, days post-infection.

Challenge
virus

EBOV

MARV
Angola

EBOV

mouse-
adapted
EBOV

GP-adapted
EBOV

EBOV

EBOV

MARV
Musoke

GP-adapted
EBOV

EBOV

Survival rate (%)  References

33 Geisbert
etal, 2003a

33

17 Geisbert
etal, 2007

18 Hensley
etal, 2007

100 Warfield
etal, 2006

100

>25

25-50

50-75

75

63 Warren et al.
2010

60

0

20

100

100

100

60

25 Geisbert
etal., 2006

60°

100

66 Geisbert
etal, 2010d

100
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Combination of Animal Models and Mathematical Modeling

Small Animal Mathematical
Models Modeling

Time course of
experimental data

Quantification
of dynamics

Computational Virology

Estimation of key parameters of virus infection in vivo.
Comparison of data within a study and among studies.

Prediction of outcomes of different animal experiments.
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Ease of use/cost

Susceptibility to human DV strains
Mimic human viremia

Mimic human immune responses
MODEL HUMAN DISEASE
Fever

Hemorrhages

Platelet count reduction

Hepatomegaly
Pleural effusion
CNS disease®
DHF/DSS
Lethality

Primate models

+
(+) reduced
+

Indian rhesus
monkey

Indian rhesus
monkey

Murine models

CD3d-engrafted
humanized
mouse
CD3d-engrafted
humanized
mouse, C57BL/6
CD34-engrafted
humanized
mouse

Balb/c

+

+

+, commonly present; —, absent; *Rarely observed in human dengue infections.
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Nucleotide  KS705 Plasma PBMC Thymus Spleen IngLN MesLN Rectum Jejunum Lung Aminoacid ~Genomic

position change region
312 T C c 4 C [ c c [ C PBS
323 T A A
543 T C VIA
569 A G G G G G G G G G KIE gag-MA
638 G A A A A A A A A A AV
2948 Cc T T T T T T us RT
5165 Cc T T T T PIS i
5190 G RIK
6838 T G R
6859 A G E/G
120
6906 A G SiG SGRIEY
7272 A G G G w
8624 c A A Cistop envgpat
PIT rev.
8803 A G EIG envgpal
RIG nef
8816 Cc T T T T T T T AA env
PIL nef
9359 A G G G G G YiIc us

9644~9 Tbp-del Tbp-del Tbp-del
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Pathogens Methods* U.S. facilities Breeders

SPF! Conv! SPF Conv A B c
Viruses
Mouse hepatitis virus E | 0/2* 016 0/23 0/55 0/10 0/10 0/10
Sendai virus E | 0/2 016 0/23 0/55 0/10 0/10 0/10
Bacteria and mycoplasma
Citrobacter rodentium c 0/2 0/16 0/23 0/55 0/10 0/10 0/10
Clostridium piliforme E |l 0/2 0/16 0/23 0/55 0/10 0/10 010
Corynebacterium C 0/2 0/16 0/23 0/55 0/10 0/10 0/10
Helicobacter hepaticus RT-PCR 0/2 0/16 0/23 0/55 0/10 0/10 0/10
Mycoplasma pulmonis CEI 0/2 0/16 0/23 1/55 0/10 0/10 010
Pasteurella C 0/2 0/16 0/23 0/55 0/10 0/10 010
Salmonella spp. c 0/2 0/16 0/23 0/55 0/10 0/10 010
Parasites and protozoa
Aspiculuris tetraptera M 0/2 0/16 0/23 23/55 0/10 0/10 0/10
Syphacia spp. M 0/2 0/16 0/23 6/55 0/10 0/10 0/10
Giardia muris M 0/2 0/16 0/23 0/55 0/10 0/10 0/10
Spironucleus muris M 0/2 016 0/23 0/55 0/10 0/10 0/10
Trichomonas spp. M 0/2 16/16 0/23 12/55 0/10 0/10 0/10
Octomitus pulcher M 0/2 0/16 0/23 1/55 0/10 0/10 010
Entamoeba spp. M 0/2 0/16 0/23 6/55 0/10 0/10 010
Chilomastix spp. M 0/2 0/16 0/23 3/55 0/10 0/10 0/10
Ectoparasite M 0/2 0/16 0/23 5/55 0/10 0/10 0/10

*C, culture; E, ELISA; |, indirect fluorescent antibody method; M, microscopic examination; RFPCR, reverse transcriptase-polymerase chain reaction.

* SPE specific pathogen-free; Conv, conventional.

* Number of positive/number of tested. Positive results are indicated in bold.
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Nucleotide ~ KS661  Plasma  Thymus  Spleen  Ax IngIN  MesiN  MesIN  Jejunum  Jejunum  Rectum  Lung Genomic
position original RNA RNA region
107 G A A R
135 T c c c c c c c c

543 T c c c c c c c c c c c VA

569 A G G G G G G G G G G G KE

572 G A A A A A A A A A A A Al gagMA
638 1 A A A A A A A A A A v

969 T c G G c c c c c c VA

1016 A G G G G G w 0agCA
1532 c A A A A A A A A A A A wn

2453 A G G G G G G G G G G G KR polAT
an c T ki T T ki i 7 T T T AV

4300 c G G G G ™

4478 A T T HL POHNT
4664 A T siL

5057 A G G G G G G G G G G G KE

5072 A G G G G G G G G G G A

5238 G A A A A RIK it
5249 T c € c c c c c c YH

5250 A G G G G 4

5918 6 A A A A A A A A A A A vor
6040 c T

6126 A c c c c ar tat
6146 [ A A A A A A A A A A A

6328 A G

6363 c A A A A A A A NE vou
6394 c T

6553 A G G G G HR

6766 T c (- c ¢ P

6772 G A A A A SN

67688 G A v

6843 A G G G G G G G G G G ND

6546 A G G G G KE

6850 T c c c c c c VA

6877 G T A1

6880 T A uva

6890 A G

6893 A G G G G G G

6897 A G G G G G G KE

6907 G A A A A A A A SN

6936 A G G G G ND

7003 T c c c c c c c c c c viA

7182 G A A A A A A A A A A oN

7251 A T T T Ny

7269 T [ 3 envgpi20
7284 A G RIG

7306 A G G G G G G G G NS

7385 A T

702 T A A A FY

54 A c c c c c c c c c SR

a5 G A A A A A A A A A A s

7533 G A A A A A A A A A A AT

7554 G A A A A A A A A €K

7647 A G G G G G G G G G G A

7707 A G G G NR

m G T A T A T A SfloN

7725 A c c c c c c c c c c c "

7831 G A A RIK

7847 A [ [ G G G 6 G G G G G

8100 A T MV

8134 A G G G G G G G G G G G KR

8238 G A A A A T A A A A oN

8352 G A oN

8431 e T av

8453 A G G 9 G G G G G G G G

8492 c T T T T T T T

8493 c T T T T T T T T T T T UF

8567 c T T T ks T T T T T T T SF envgpdl
8605 c T T T T T T T T T T v

8613 c T T T T T AW

8734 A T T T T T T T T T T T an

813 G A SN

8750 T G G G G G G G G G G G NK

8780 A G G G G G G G G G G

8792 € T v

8803 A G RIG

son G A A A A A A A A A A A RK

9080 T c c c c c c c c c c c via

082 T ¢ c c c c c c c c c c P

9100 c A A A A A A A A A A A e

9116 G c s

9226 G A A A A A A A 3

9229 G A A A A A A A A A A 3 nef
9322 A G G G G G G ND

9341 A G G G 4 G G G G G G G

9380 c G G G s

9430 c T T T T T T T T oIS

9460 9 A A A A A A A A A A A v

9518 G A A A A A A A A A A A RK

9558 G A

9561 A 9 3 G 4 G G G G G G G w

62206228 AAFins  AATins  AATins  AAFins  AATins  AAFins  AAFins  AAFns  AAFns  AATins  AATins vou
6898-6901 Anndel AAAdel  AMAdel  AAAdel  AAAdel  AAAdel envgp120v2)
67576775 18bp-del env-gp120V1)
6757-6778 21bp-del envgp120V1)
67576779 23bp-del envgp120V1)
6908-6916 9pel 9bp-del envgp120v2)
6911-6920 9bp-del envgp12002)
8799-8831 33bp-del 3360-del 33bpdel 33bpdel  33bpdel  bpdel  3bpdel  330pedel nef

8839-9886 48bp-del nef
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*RT-PCR positive.
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Nucleotide KS661 ~ Plasma PBMC Thymus Spleen AxiLN IngLN MesLN Colon.LN Jejunum Rectum Lung Cerebellum Tonsil Aminoacid Genomic

position  original change  region
135 T c TR
543 T c VA
569 A G G G G G G G G G G G KE
573 c T v
638 G A A A A A A A A A A A A A A
737 G VM 92"
752 G A X
1048 A W
4644 A G anQ pol
5129 A G G G G G G G G 6 ND
5249 T c c c c ¢ YH vif
5250 A G G G vic
6186 c T T T T T T T T PIL vou
6804 A G G G G G w
6841 G A RIK
6859 A G 6 envgpi20
6922 G A RIK
7648 c A A A A A A TK
8095 G c c RIT
8109 A c c ML
8238 G A A A A A A A A A A A DN envgpdl
8326 A c c KT
8576 A G G aR tat
SIG rev
SIS envgpdl
8598 A G G G G G G G vic rev
w envgpat
8624 c A A P rev
Clstop envgpdt
90m G A RIK nef
9263 c T T s
9275 T c "
9281 A T T T T T T T T T T T T nefius
9359 A G G G G G G G G G [ Yic
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