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1. Introduction

The use of animal models in the study of human diseases is obviously important.
Fundamental properties of the disease can be investigated analytically and thoroughly by
this approach, contributing much to the progress of basic science as well as clinical medicine
(Nomaguchi & Adachi, 2010). Researchers in various specialties, therefore, have made every
effort to establish animal models for human diseases including those caused by infectious
agents. Acquired immunodeficiency syndrome (AIDS) of humans has long been one of the
major targets for the model study in appropriate animals. However, human
immunodeficiency virus type 1 (HIV-1) itself, the predominant causative virus of human
AIDS, can not be used due to its very narrow host range. Because HIV-1 has adapted itself
dexterously from the ancestral virus to replicate, persist and spread strictly in humans, it is
very unique among various primate immunodeficiency viruses and no good counterparts
are available in nature (Desrosiers, 2007; Kirchhoff, 2009; Sauter et al., 2009). Therefore, it
can be concluded that practical and meaningful animal systems of non-alternative nature for
HIV-1 study do not exist at all to date, although there are pre-existing animal models of
some significance.

HIV-1 does not replicate in animal species except for chimpanzees and humans (Nomaguchi
et al., 2008a). Animals frequently used for our experiments on virology, such as rodents and
nonhuman primates, are not exceptions to this barrier. However, if we are to search for,
develop and establish a fruitful animal model system for HIV-1 research, nonhuman
primates are considered to be most suited, for HIV-1 is best fitted with humans and some
apes. Ever since the discovery of HIV-1 (Barre-Sinoussi et al., 1983), many prominent
researchers keen on understanding its biology and molecular biology have done
investigations extensively to elucidate the bases underlying the species-specificity unique to
HIV-1. These studies have highlighted the presence of potent anti-HIV-1 factors in
nonhuman cells that efficiently restrict or even abolish the replication of HIV-1 and
successfully raised an epoch-making notion of the intrinsic immunity (Andrew & Strebel,
2010; Arhel & Kirchhoff, 2010; Ayinde et al., 2010; Bergamaschi & Pancino, 2010; Douglas et
al., 2010; Fujita et al., 2010; Huthoff & Towers, 2008; Kirchhoff, 2010; Luban, 2007; Malim &
Emerman, 2008; Nakayama & Shioda, 2010; Nomaguchi et al., 2008a, 2008b; Planelles &
Barker, 2010; Sauter et al., 2010; Strebel et al., 2009; Towers, 2007). Cellular factors shoulder
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326 HIV-Host Interactions

this intrinsic immunity known to date are cyclophilin A (CypA) (Franke et al., 1994; Thali et
al., 1994), apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G
(APOBEC3G)/APOBEC3F (Sheehy et al., 2002), tripartite motif protein 5o (TRIMb5a)
(Stremlau et al., 2004), TRIMCyp (Nisole et al., 2004; Sayah et al., 2004), and tetherin
(alternatively called BST-2) (Neil et al., 2008; Van Damme et al., 2008). Because HIV-1 can
indeed counteract human orthologs of these restriction factors effectively, it is well
anticipated that HIV-1 in turn can be genetically engineered to replicate efficiently in
nonhuman primates such as macaques. Nonetheless, most likely due to the lack of extensive
and appropriate biological studies, we are still forced to use macaque-derived simian
immunodeficiency virus (SIVmac) or SIVmac chimeric with a small portion of HIV-1 (SHIV)
as an input virus for in vivo model studies in macaques. SIVmac and SHIV are genetically
and biologically distinct from HIV-1 in a number of critical points, albeit they are quite
similar to HIV-1 in the genome organization and pathogenic potentials (Desrosiers, 2007;
Freed & Martin, 2007). They might not be used for future model studies aimed at
understanding the biology of HIV-1 as a highly replicable/mutable, persistent, and
pathogenic virus. We must go behind the outward form to grasp the inner meaning of the
phenomenon, i.e., the species-specificity.

On the collective basis of molecular and biochemical studies performed by us and others so
far, we recently have constructed a series of HIV-1 derivative clones tropic for macaque cells
and/or macaques (Hatcho et al., 2008; Igarashi et al., 2007, Kamada et al., 2006, 2009;
Kuroishi et al., 2009; Nomaguchi et al., 2008a; Saito et al., 2011; Yamashita et al., 2008), and
are currently further modifying them for in vivo studies (our unpublished results). The
viruses we have generated carry a minimal sequence of SIVmac, and overcome at least some
species barriers. Importantly, these viruses are regarded to be genetically HIV-1, since they
have less than 10% SIVmac genetic content (Igarashi et al., 2007). While we firmly believe
that HIV-1 derivative viruses already constructed in our laboratory are useful for a variety
of studies on HIV-1 infection in individuals, further improvement of the viruses by
deliberating the evolutional process of SIV/HIV would surely add more scientific
significance to basic and applied research fields. Needless to say, our goal is to generate a
macaque-tropic HIV-1 (HIV-1mt) that replicates efficiently and is pathogenic for macaques
as a standard pathogenic SIVmac clone such as SIVmac239 (Kestler et al., 1990). Through
construction and biochemical/biological characterization of the ideal HIV-1mt clone with
ability to induce AIDS at least in some species of macaques, we would be able to clarify the
detailed molecular mechanisms for the narrow host range (species-tropism) of HIV-1. Viral
Gag-capsid (CA) and accessory proteins (Vif, Vpx, Vpr, Vpu and Nef) are targets for those
studies as a matter of course. Moreover, by using this persistent and pathogenic HIV-Imt
clone as a seed virus for macaque infection experiments, we can trace and analyze its
mutation, adaptation, evolutional direction to generate viral quasi-species, and finally
pathogenesis in the context of immunological interaction. In addition, we can evaluate and
develop the anti-HIV-1 drugs/vaccines by this HIV-1mt/macaque system.

In this chapter, we first outline the early and current studies on HIV-1, SIVmac and SHIV to
emphasize and address the unique characteristics of HIV-1 and scientific issues to resolve.
We then describe viral and cellular factors that are responsible for or potentially associated
with restriction of viral replication. We finally focus on our recent studies on the strategies
to obtain HIV-1mt clones and on the biology/molecular biology of HIV-1Imt clones. Main
parts of this chapter consist of: (i) Overview of the biology and molecular biology of HIV-1,
SIVmac and SHIV; (ii) Determinants for HIV-1 species-tropism; (iii) Generation and
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characterization of various HIV-1mt clones. The primary mission of we basic virologists is to
understand viral replication and viral pathogenesis in vivo by multilateral approaches
(Nomaguchi & Adachi, 2010). We then take over our new important findings to functional
parties in related fields, thus promoting further progress in virology.

2. Overview of the biology and molecular biology of HIV-1, SIVmac and SHIV

Numerous immunodeficiency viruses of distinct groups have been isolated from humans
and a wide variety of African nonhuman primates (Desrosiers, 2007; Freed & Martin, 2007).
These viruses infect the immune system of primates, kill cells that are critical for effective
immune responses, and eventually cause AIDS in some hosts (Desrosiers, 2007; Kuritzkes &
Walker, 2007). Soon after the discovery in 1983 (Barre-Sinoussi et al., 1983; Barre-Sinoussi,
2010; Montagnier, 2010), HIV-1 was demonstrated to belong to a lentiviral genus of the
retrovirus family, and expected to exhibit the properties characteristic of the family (Goff,
2007). In 1986, another human immunodeficiency virus was identified and designated HIV-
2 (Clavel et al., 1986, Montagnier, 2010). Among these primate lentiviruses, HIV-1, HIV-2
and its close relative SIVmac are most well-studied through biological, biochemical and
medical approaches, and many findings crucial for the biological and medical sciences have
been generated (Ho & Bieniasz, 2008).

Basically, HIV/SIV exhibit a virological phenotype common to the retroviruses. Viral
proteins are synthesized from viral DNA genome integrated into host chromosomal DNA,
and progeny viral particles (virions) are produced from cells in a typical manner. However,
HIV/SIV are unique, as primate lentiviruses, in the genome and virion composition among
the retroviruses (Fig. 1). They all have additional genes relative to a standard retrovirus.
Importantly, these extra genes encode, in addition to structural Gag, Pol and Env proteins
common to all retroviruses, viral regulatory (Tat and Rev) and accessory proteins that are
essential for the specific and unique characteristics of HIV/SIV. HIV/SIV virions, therefore,
contain some viral proteins not found in the other retroviral virions. The common and
unique properties are also applicable to their replication cycle. HIV/SIV replicate in their
target cells essentially in the same way with the other retroviruses. Retroviral replication
cycle consists of early and late phases. The early phase (Fig. 2) begins with the virion entry
step into cells, and proceeds to the reverse transcription of viral RNA genome, uncoating,
nuclear import of viral DNA genome, and integration of viral DNA genome into host DNA
to generate proviral DNA. The late phase (Fig. 3) then starts with the proviral transcription,
and proceeds to the viral RNA export to cytoplasm, translation into viral proteins, assembly
of the viral RNA/proteins at cell surface, budding/release from cells, and maturation into
infectious virions.

Of viral proteins unique to HIV/SIV, Tat and Rev are essential for virus replication as is the
case for structural proteins Gag, Pol, and Env, and act as regulators for expression of the
other viral proteins (Freed & Martin, 2007). Tat is a potent trans-activator of transcription,
and is the primary switch of viral gene expression. Rev is responsible for the viral RNA
export process, and required for expression of viral structural proteins and most of the
accessory proteins except for Nef. Thus, Rev can be considered to be the second expression
switch. In contrast to the two regulatory proteins, accessory proteins are not always
necessary for viral replication in cells (Freed & Martin, 2007). Early studies indicated that
these proteins are unnecessary or dispensable for virus replication in the established cell
lines. However, it was soon noticed that, in the primary natural target cells such as CD4-
positive T-lymphocytes and macrophages, or in some specific cell lines, the accessory
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proteins are essential or important for virus replication. These findings have led to the
identification of innate anti-viral factors APOBEC proteins (Sheehy et al., 2002) and tetherin
as described above (Neil et al., 2008; Van Damme et al., 2008), and to the search for an anti-
viral macrophage factor(s) (Fujita et al., 2010). Although some aspects of the accessory
proteins are becoming more organized and much clearer than before as summarized in
Table 1, detailed mechanisms for their activity remain to be elucidated. In particular, much
is still unknown about structurally related Vpr and Vpx proteins. Moreover, functional
studies in animals on HIV-1 and HIV-2 accessory proteins have not yet been performed.
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Fig. 1. Genome and virion characteristics of HIV/SIV. Upper: Proviral genome structure is
schematically shown. Blue, orange, pink areas (boxes) indicate the structural, regulatory and
accessory genes, respectively. Accessory genes unique to HIV-1 (vpu) and HIV-2/SIVmac
(vpx) are indicated by yellow and purple, respectively. LTR, long terminal repeat. Lower: A
schema of viral particle (virion). Viral proteins reported to be present in virion are
illustrated. CA, capsid; IN, integrase; MA, matrix; NC, nucleocapsid; PR, protease; RT,
reverse transcriptase; SU, surface; TM, transmembrane.
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Fig. 2. The early phase of HIV/SIV replication cycle in target cells. Viral replication steps
from the binding to generation of provirus are shown. Viral and cellular proteins
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particularly important in this chapter are highlighted. For details, see the reference (Freed &

Martin, 2007).
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Fig. 3. The late phase of HIV/SIV replication cycle in target cells. Viral replication steps from
the transcription of proviral genome to maturation are shown. Viral and cellular proteins
particularly important in this chapter are highlighted. For details, see the reference (Freed &

Martin, 2007).
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Accessory  Activities References

proteins

Vif Neutralization of antiviral activities of Holmes et al., 2007
APOBEC3G/F Huthoff & Towers, 2008
Induction of G2 cell cycle arrest [zumi et al., 2010

Vpx Inactivation of macrophage factor Fujita et al., 2010

Vpr Induction of G2 cell cycle arrest Le rouzic & Benichou, 2005
Trans-activation of transcription Andersen et al., 2008
Promotion of nuclear import of pre- Ayinde et al., 2010
integration complex Fujita et al., 2010

Vpu Degradation of tetherin Bour & Strebel, 2003
Degradation of newly synthesized CD4  Nomaguchi et al., 2008b
in ER Tokarev et al., 2009

Nef Down-regulation of cell surface Kirchhoff et al., 2008
molecules (CD4, MHC-I etc.) Kirchhoff, 2009
Enhancement of viral infectivity Jere et al., 2009

Table 1. Multi-functional activity of HIV/SIVmac accessory proteins. Major functions or
activities are listed. For details, refer to the articles shown. ER, endoplasmic reticulum;
MHC, major histocompatibility complex.

One of the most outstanding biological properties of HIV-1 is its especially narrow host
range. It was recognized soon after the virus isolation that HIV-1 can not infect macaque
cells and macaques, animals frequently used for experimental infection. We, therefore,
pioneered the work to determine viral determinants for this species-tropism by construction
and characterization of chimeric viruses between SIVmac and HIV-1 (Nomaguchi et al,,
2008; Sakuragi et al., 1992; Shibata et al., 1991, 1995; Shibata & Adachi, 1992). SIVmac has a
wider host range relative to HIV-1, and can efficiently replicate both in macaque and human
cells. The chimeric viruses (Fig. 4), later called SHIV, were useful to localize the viral genetic
area responsible for the tropism. Among NM-1, NM-3, and NM-8 in Fig.4, only NM-3 was
shown to display infectivity to macaque cells. In addition, Gag-CA region was suggested to
be important for the tropism by a similar analysis of chimeric viruses (Dorfman &
Gottlinger, 1996). Totally, these SHIV studies revealed that Gag-CA plus some viral
protein(s) encoded by the central viral genomic region may determine the HIV-1 species-
tropism.

As for input viruses of model infection studies in macaques, SIVmac and SHIVs have been
widely and frequently used (Ambrose et al.,, 2007, Nomaguchi et al., 2008). SIVmac is
thought to emerge by a cross-species infection of rhesus macaques with SIVsmm naturally
occurring in African sooty mangabeys (Fultz et al., 1986, Murphey-Corb et al., 1986). It
targets CD4-positive cells such as T-lymphocytes and macrophages, persists, and finally
cause AIDS in rhesus macaques. Pathogenic SHIVs have been obtained from the original
prototype SHIV by serial animal passages, and were used for infection experiments in
rhesus macaques. An SIVmac derivative that has reverse transcriptase (RT) of HIV-1 (RT-
SHIV) (Fig. 4) was also constructed to test the effect of anti-RT drugs on virus replication
(Uberla et al., 1995). Although these viruses did contribute much to HIV-1 model studies
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including the assessment of immune response, evaluation of anti-viral drugs, analysis of
drug-resistance, and establishing the strategy for vaccine development, there are some
intrinsic differences among important virological properties of HIV-1, SIVmac and SHIVs as
summalized in Table 2. These should be seriously considered for the future model studies.
To underscore the essential need for the suitable primate model research to answer basic
questions about HIV-1 in vivo, we wish to mention here, as an example, that the trials to
develop anti-viral vaccines have been unsuccessful due to the lack of appropriate models
(Hayden, 2008; Watkins et al., 2008).
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Fig. 4. Genome organization of HIV/SIV and representative SHIVs. Proviral genome
structure is schematically shown. White and blue areas (boxes) indicate the genes and LTR
of HIV-1 NL4-3 (Adachi et al., 1986) and SIVmac MA239 (Shibata et al., 1991), respectively.
Areas without gene names indicate that the genes there are inactivated by genetic
manipulations.
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drugs

Median disease
course

Approximately 10 years

Emergence of X4- Frequent
tropic isolates (Subtype B)

Accessory proteins in cells

anti-HIV-1 drugs

One to three years

Rare

HIV-1/human SIVmac/rhesus SHIV /rhesus
Outcomes in individuals
Response to Easily vaccinated
vaccines
Response to Not always inhibited by =~ Not always inhibitec

anti-HIV-1 drugs

Rapid

Vpx Not present

Vpr Influence viral replication
in macrophages

Vpu Antagonize tetherin

Nef Not antagonize tetherin

Not down-regulate CD3

Inactivate an unidentified
anti-viral factor in macro-
phages

Act on viral replication
nothing in macrophages

Not present

Antagonize tetherin
Down-regulate CD3

Table 2. Biology of HIV-1, SIVmac, and SHIV in infected hosts. For details, see the main references
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3. Determinants for HIV-1 species-tropism

Our early studies on systematic analysis of HIV-1 proviral mutants by site-directed
mutagenesis have clearly demonstrated the cell-dependent functionality of some viral
proteins (Gag-CA, Vif, Vpu, and Vpx) and the cell-dependent viral replication (Adachi et al.,
1999; Kawamura et al., 1994b, 1998; Sakai et al., 1993, 1995; Sakuragi et al., 1995). These
results have strongly suggested the presence of specific intracellular factors, other than
receptor molecules for viruses, responsible for viral cellular tropism. Importantly, restriction
factors against HIV-1 (APOBEC3/Vif, TRIMb5a/Gag-CA, and tetherin/Vpu) have been
recently identified and molecularly cloned (Neil et al., 2008; Sheehy et al., 2002; Stremlau et
al., 2004; Van Damme et al.,, 2008). Furthermore, a new restriction factor functional in
macrophages and antagonized by Vpx has been proposed (Fujita et al., 2008; Fujita et al.,
2010; Sharova et al., 2008; Srivastava et al., 2008). Taken altogether, these findings have
prompted active researchers to examine whether these cellular proteins are associated with
the HIV-1 species-tropism. As results of a series of comparative biological and biochemical
studies on the interaction between HIV/SIV and human/monkey restriction factors, it has
been revealed that various species-specific cellular proteins in Table 3 determine or
modulate the species-tropism of HIV-1. As can be understood in Table 3, viral accessory
proteins Vif, Vpu, Vpx (and/or Vpr), and Nef (in the case of some SIVs) play significant
roles (Tables 1 and 2) against the restriction factors present in host cells (Malim & Emerman,

Host restriction factors Viral proteins Antiviral effects

APOBEC3G/F Vif Induction of lethal mutations in the viral genome
CypA and Gag-CA Block of post-entry replication steps

TRIMb50./ TRIMCyp

Tetherin/BST-2 Vpu Inhibition of virion release

Macrophage factor? Vpx/Vpr? Suppression of uncoating /
reverse transcription?

Table 3. Restriction factors against HIV-1. Cellular anti-HIV-1 factors identified and one of
potential anti-viral factors are listed. As for the details of restriction factors of these two
categories, see the text.

2008). It is well-predicted that primate immunodeficiency viruses now have evolved by
acquiring the appropriate accessory genes through numerous mutations and recombinations
(Kirchhoff, 2009, 2010; Sauter et al., 2009, 2010). Among viral structural proteins, only Gag-
CA, which constitutes a major virion component, appears to be deeply involved in the
species-tropism of HIV-1. By adapting Gag-CA and accessory proteins to the hostile
environment, HIV/SIV could spread, persist, and survive. In this regard, HIV-1 has
developed its specific characteristics from the progenitor form, and may be still uniquely
altering its virological property through multiple rounds of the infection cycle in human
populations.

3.1 Vif and APOBEC3G/F

Accessory protein Vif (Table 1) is essential for HIV /SIV replication in certain cell types such as
natural target cells (T-lymphocytes and macrophages) that express APOBEC3G/APOBEC3F.
APOBEC3G/F are members of a polynucleotide cytidine deaminase family that displays
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diverse functions (Holmes et al., 2007), and are potent inhibitors of viral replication
counteracted by Vif. Vif degrades APOBEC3G/F via the ubiquitin-proteasome pathway (Table
1 and Fig. 3). In the absence of Vif, APOBEC3G/F are incorporated into virions, and cause
lethal mutations in viral genome during the reverse transcription process in a new infection
cycle (Table 3). There are two functional domains in Vif, that is, N-terminal binding region to
APOBEC proteins and C-terminal region for degradation (Strebel et al., 2009). Noteworthy,
HIV-1 Vif does not degrade APOBEC3Gs of the rhesus macaque and African green monkey
probably due to its inability to binding to them. In contrast, SIVmac Vif can inactivate both
human and simian APOBEC3Gs. Thus, the interaction of Vif and APOBEC3G/F is critically
important for the unique species-tropism of HIV-1. In our experience, APOBEC3G/F is the
strongest determinant for this tropism among the restriction factors listed in Table 3. Whether
another activity of Vif to induce G2 cell cycle arrest (Izumi, T., 2010) (Table 1) is involved in the
species-tropism is presently unknown.

3.2 Gag-CA and its interacting cellular proteins (CypA, TRIM5a. and TRIMCyp)

Early studies have already indicated that Gag-CA is responsible for the HIV-1 species-
tropism as described above (Shibata et al., 1991; Dorfman & Gottlinger, 1996). Recent works
have focused on the interaction of Gag-CA and its counterpart (CypA, TRIMSo and a
TRIM5a./CypA fusion protein, TRIMCyp). It is well-established now that CypA, TRIM5a
and TRIMCyp act as an inhibitor of HIV-1 replication in a species-specific manner (Lim et
al., 2010; Luban, 2007; Nakayama & Shioda, 2010; Price et al., 2009; Towers, 2007; Ylinen,
2010). These cellular proteins exert their anti-viral powers on the incoming virion core in a
poorly defined way (Table 3 and Fig. 2). Of note, CypA positively and negatively regulates
HIV-1 replication in human and macaque cells, respectively. Importantly, rhesus TRIMb5a,
cynomolgus TRIM5a and cynomolgus TRIMCyp effectively inhibit HIV-1 replication, but
not rhesus TRIMCyp. Therefore, CypA, TRIM5a and TRIMCyp can determine the unique
species-tropism of HIV-1. We estimate that Gag-CA is the second strongest determinant for
the tropism. It should be stressed here that the polymorphism observed in TRIM5 alleles
affects the sensitivity of hosts to virus infection.

3.3 Vpu and tetherin

Accessory protein Vpu (Table 1) is required for optimal replication of HIV-1 in certain cell
types that express tetherin. Tetherin specifically inhibits the virion release from cells (Table
3) and is countered by Vpu (Nomaguchi et al. 2008b; Strebel et al., 2009). Vpu degrades
cellular tetherin and CD4 effectively. It is generally accepted that Vpu enhances virion
release from the cell surface by down-regulation of tetherin (Tablel, Table 2 and Fig.3), and
thereby promote viral replication. However, Vpu proteins of HIV-1 and some SIVs can not
efficiently antagonize simian tetherin molecules relative to those of SIVs with a high ability
(Sauter et al, 2009). In fact, HIV-1 NL4-3 scarcely suppressed the anti-viral activity of the
rhesus tetherin. Based on this finding, it can be concluded that tetherin is associated with the
species-tropism of HIV-1. However, in our experience, the positive effect of Vpu on viral
replication is much smaller than those of Vif and Gag-CA. Moreover, another functional
activity of Vpu to degrade cellular CD4 is considered to be irrelevant to the HIV-1 species-
tropism. Whether Vpu is associated with the HIV-1 pathogenesis is an important question to
address. Interestingly and importantly, Env of some HIV-2 isolates and Nef of some SIVs
have the Vpu-like ability to enhance virion release (Strebel et al., 2009; Zhang et al., 2009).
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3.4 Potential determinants for HIV-1 species-tropism

It has been recently reported that HIV-2/SIVmac Vpx is necessary for the post-entry step of
viral replication, such as uncoating/reverse transcription, in monocyte-derived dendritic
cells and macrophages (Fujita et al., 2008; Goujon et al., 2007; Srivastava et al., 2008). Vpx is
supposed to counter an unidentified anti-retroviral factor(s) present in cells of this lineage
(Tables 1-3 and Fig. 2). Because Vpx can also up-regulate the HIV-1 replication, the
unidentified macrophage factor appears to be commonly important for HIV/SIV replication.
To substantiate the macrophage entity as a restriction factor against HIV/SIV and/or the
other retroviruses, its identification is urgently required.

During a systemic characterization of HIV-Imt CA mutants, we have noticed a TRIMba-
independent enhancement of viral infectivity in macaque cells (Nomaguchi et al.,
manuscript in preparation). This result suggests the presence of unknown anti-viral factor
that interact with HIV-1 Gag-CA. We also have found a mutation in the Env-SU region that
confers the mutant a significant affinity to macaque CD4, considerably promoting virus
replication (Nomaguchi et al., manuscript in preparation). These observations may be
relevant to the HIV-1 species-tropism.

4. Generation and characterization of various HIV-1mt clones

To obtain a novel class of HIV-1 that infects, replicates and finally causes AIDS in macaques,
we and a research group in USA have independently initiated the work on HIV-Imt and
have done macaque model studies (Hatcho et al., 2008; Hatziioannou, 2006, 2009; Igarashi et
al., 2007; Kamada et al., 2006, 2009; Kuroishi et al., 2009; Nomaguchi et al., 2008a; Saito et al.,
2011; Yamashita et al., 2008). Another group has published a report on HIV-1Imt derivatives
very recently (Thippeshappa et al., 2011). We now are actively and thoroughly amending
the HIV-1mt genome by computer-assisted and structure-guided mutagenesis.

Our prototype HIV-Imt designated NL-DT5R (Kamada et al., 2006) contains a 21-nucleotide
SIVmac Gag-CA element (corresponding to the HIV-1 CypA-binding loop) and the entire
SIVmac vif gene inserted into the genetic background of HIV-1 NL4-3 (Adachi et al., 1986).
From this clone, we have systemically generated a series of HIV-1mt clones as shown in Fig.
5. Because CCR5-tropic (R5) viruses of HIV-1 are thought to be clinically more important
than CXCR4-tropic (X4) viruses, we have constructed two sets of HIV-Imt clones. Our
strategy for generation of HIV-Imt clones pathogenic for macaques are as follows: (i)
Adaptation of viruses in macaque cells. Targets for infection are cynomolgus and rhesus
macaque lymphocyte cell lines immortalized by Herpesvirus saimiri (HVS) (Table 4).; (ii) In
vitro mutagenesis of the clones based on bioinformatics. With the aid of the computational
sciences, new viral genome sequences are designed.; (iii) Selection of appropriate clones by
their replication kinetics in macaque lymphocyte cell lines in Table 4. Viruses which
replicates similarly with or more robustly than SIVmac239 in cynomolgus and rhesus
peripheral blood mononuclear cells are then chosen. On the basis of this strategy, we have
successfully obtained a number of new generations with increasing ability to replicate from
the original prototype NL-DT5R (see below). However, so far, none of the HIV-1mt clones
tested are pathogenic for macaques (pig-tailed and cynomolgus) (Igarashi et al., 2007;
Nomaguchi et al,, manuscript in preparation; Saito et al.,, 2011), although they all can
replicate in the monkeys. The newest clones in Fig. 5 (MN4Rh-3V and MN5Rh-3V), which
replicate best in macaque cells among our HIV-1mt clones, have not yet been examined for
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their pathogenicity. It should be mentioned here that the replication potentials of the HIV-
1mt clones in cell lines parallel with those in individuals.

CypA CypA
binding binding
loogl. ML el ;::z-'.'.'.'.'_'_' nef loog ) oL “'":":::::::E L
= rier . = i
NL-DTSR [ | NL-DTS62[ | :
st %9 ! ool i e 3R seR 99 | = it e T
NL-DTERS DJ:]W_Il ":tﬂ-“ F-Ll%’ NL—DTEEQSD[ I ] ,_ILT_IL—I-I_II {Ll l
wws [JET b DO e oo st o BTH
mna-gs [ l .- . E‘HE;] Mis-145 [} | B 1 FJ%
s [ s e B e i s« BT
MnaRh-av [ o s F_‘%] MNSRA-3v[_ | . Fh'%
O — — O E— —
vif tal ng
Sivmac e — L l;L':::::::::,e1,'.'.'.::'.'.'.'.'.'.:'.:'le:rl—|
MA239 (. gag | T LT 1 L
5'LTR pol WOX vor env ALTR
wlato,,
A e FEY nef
HIV-1 ‘:|—| — =Vou ‘E F__'_l_‘
NL4-3 gag 1 T T 1 1
5LTR pol vor eny FLTR
HV T — — B D;j
NF462 ' I 1

Fig. 5. Genome organization of HIV/SIV and various clones of HIV-Imt. Proviral genome
structure is schematically shown. Blue, white and pink areas (boxes) indicate the genes and
LTR of SIVmac MA239 (Shibata et al., 1991), X4-tropic HIV-1 NL4-3 (Adachi et al., 1986) and
R5-tropic HIV-1 NF462 (Kawamura et al., 1994a), respectively. HIV-1mt clones on the left
and right are X4 and R5 viruses, respectively. Arrows indicate the site of each single/double
nucleotide-mutation introduced (Nomaguchi et al., manuscripts in preparation). There are
several single-nucleotide mutations in the green area of Gag-CA (Nomaguchi et al.,
unpublished). h6/7L, Loop between helices 6 and 7.

In parallel with the generation and characterization of a series of HIV-1 mt clones, we have
searched for and established macaque cell lines suitable for our projects. Table 4 lists the cell
lines we routinely use now. Since the lymphocyte cell lines immortalized by HVS do not
lose their original characteristics as primary lymphocytes in most cases and are readily
maintained for experiments, to biologically characterize viruses like HIV-1, it is quite
important for laboratory researchers to have HVS-immortalized cell lines. In our laboratory,
cynomolgus HSC-F (Akari et al., 1996; Fujita et al., 2003) and rhesus M1.3S (Doi et al., 2011)
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cell lines are chosen as targets for virus infection, and frequently used. HSC-F cells are very
sensitive to HIV-Imt and SIVmac clones, and produce a large amount of progeny viruses
after infection. M1.3S cells are quite resistant to HIV-Imt and SIVmac clones, and are
appropriate for selection of highly replicable and potentially pathogenic viruses. Because we
are interested in analyzing the species-tropism of HIV-1, we need to have various target cell
lines of human and simian origins with a unique property. Monolayer cell lines of
cynomolgus MK.P3 (F) and rhesus LLC-MK?2 are easily used for transfection experiments
and for monitoring the single-cycle viral infectivity assays. In fact, we have differentially
and successfully used the cell lines in Table 4 depending on the purpose of each project.

Macaques  Cell lines Origins TRIMS alleles
Cynomolgus HSC-F lymphocyte TRIM50 and TRIMCyp
MK.P3 (F) kidney TRIM5a and TRIMCyp
Rhesus HSR1.4  lymphocyte Mamu-3 and Mamu-4
HSR5.4  lymphocyte Mamu-7
M1.3S lymphocyte Mamu-1 and Mamu-3
LLC-MK2 kidney Mamu-1 and Mamu-7

Table 4. Cell lines for virological evaluation of HIV-1mt. TRIM5 alleles of the cell lines listed
have been determined in our laboratory (Doi et al., 2010; our unpublished results). For the
polymorphism of TRIM5 alleles, see the references (Newman et al., 2006; Virgen et al., 2008;
Wilson et al., 2008).

We have repeatedly examined the replication kinetics of HIV-1mt clones in various macaque
cell lines. Fig. 6 shows the typical kinetics (a schema) based on the results from our
numerous infection experiments. In highly sensitive HSC-F cells, all the viruses do replicate
to distinct extents. As is clear, MN4Rh-3V and MN5Rh-3V replicate most robustly among
HIV-1mt clones. In relatively resistant M1.3S cells, three clones do replicate but the others
do not. In both cell lines, SIVmac239 (MA239N) (Doi et al., 2010) displays the best potential
to replicate. These results indicate that we still need to improve MN4Rh-3V and MN5Rh-3V
to obtain the ideal clone, the pathogenic HIV-1mt. In this situation, there are two directions.
These are the selection of host macaques susceptible to the currently available clones and the
further efforts to obtain the desired clones. First, pig-tailed and/or the other macaque
species sensitive to the viruses can be selected by their TRIMS alleles (Newman et al., 2006;
Virgen et al., 2008; Wilson et al., 2008), and used for infection. Indeed, American research
groups have adopted this strategy using the pig-tailed macaques/variants of simian-tropic
(st) HIV-1 with a vif-substitution only (Hatziioannou et al., 2009; Thippeshappa et al., 2011).
However, we very much prefer to take the second possibility. Through this approach, we
would be able to better understand the molecular mechanism underlying various events
between the pathogen and host. Furthermore, if one is interested in the studies to analyze
the mutations, adaptations, and evolution of the pathogen, the pressure-giving environment
(Malim & Emerman, 2008), i.e., natural hosts having a wide variety of restriction factors,
would be much better. Of a particular note, pig-tailed monkeys infected with various st
HIV-1s have not yet develop AIDS (Igarashi et al., 2007, Hatziioannou et al., 2009;
Thippeshappa et al., 2011).
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Fig. 6. Schematic representation of replication kinetics of various viral clones. A schema of
replication kinetics is illustrated. Molecular proviral clones for study are shown on the right.
Routinely, cell-free virus samples are prepared by transfection of proviral clones into 293T
cells (Kamada et al., 2006), and viruses produced in cells of equal RT units are inoculated
into HSC-F and M1.3S cells (Table 4). After infection, viral replication is monitored at
intervals by RT activity in the culture supernatants.

5. Conclusion

We have described the generation of CXCR4-tropic and CCR5-tropic HIV-1 clones with
macaque cell-tropism (HIV-1mt) in this chapter. The best X4 and R5 viruses we have now
replicate comparably with a standard SIVmac clone in macaque cells, although their
pathogenicity for macaques needs to be determined. The genomes of these HIV-1 mt clones
contain the entire vif gene of SIVmac, some nucleotide substitutions in the gag gene to give a
small number of mutated amino acids, two adaptive mutations in the pol gene, and one
adaptive mutation in the env gene (Fig. 5).
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For the moment, our goal is to have the HIV-1mt clones pathogenic for cynomolgus and/or
rhesus macaques with the aid of computational sciences. The clones are expected to have the
HIV-1-derived or closely related accessory genes except for the vif gene. With these ideal
HIV-1mt clones, we would be able to authentically investigate the HIV-1/host interaction
including: (i) viral replication in individuals; (ii) viral pathogenesis; (iii) viral
mutations/adaptations/evolution. Once these clones are available, a wide variety of basic
and clinical studies would be initiated otherwise impossible.

6. Acknowledgment

We thank Mrs. Kazuko Yoshida of our laboratory (Institute of Health Biosciences, The
University of Tokushima Graduate School) for excellent editorial assistance. This work was
supported in part by a Grant-in-Aid for Scientific Research (B) from the Japan Society for the
Promotion of Science (ID no. 21390141).

Our recent studies described in this chapter have been done in collaboration with the
following researchers: Akatsuki Saito and Hirofumi Akari (Primate Research Institute,
Kyoto University, Japan); Ken Kono, Emi E. Nakayama and Tatsuo Shioda (Research
Institute for Microbial Diseases, Osaka University, Japan); Masaru Yokoyama and Hironori
Sato (Center for Pathogen Genomics, National Institute of Infectious Diseases, Japan). We
are indebted to these scientists for their critical contribution to our work. We also thank all
staffs in our department and the other institutions who have supported our work.

Many original articles reporting the scientifically new and important findings could not be
cited due to the tremendous numbers of publications and the space limitations. We express
our sincere regret over these omissions based on rather subjective considerations.

7. References

Adachi, A.; Gendelman, H.E.; Koenig, S.; Folks, T.; Willey, R.; Rabson, A. & Martin, M.A.
(1986). Production of acquired immunodeficiency syndrome-associated retrovirus
in human and nonhuman cells transfected with an infectious molecular clone.
Journal of Virology, Vol.59, No.2, (August 1986), pp. 284-291, ISSN 0022-538X

Adachi, A.; Tamaki, M.; Shimano, R.; Inubushi, R.; Naito, T.; Yoshida, K.; Oshima, Y.;
Kawamura, M.; Koyama, A.H. (1999). Cell-dependent replication potentials of HIV-
1 gag mutants. Microbes and Infection, Vol.1, No.9, (July 1999), pp. 671-676, ISSN
1286-4579

Akari, H.; Mori, K; Terao, K.; Otani, I.; Fukasawa, M.; Mukai, R. & Yoshikawa, Y. (1996). In
vitro immortalization of Old World monkey T lymphocytes with Herpesvirus
saimiri: its susceptibility to infection with simian immunodeficiency viruses.
Virology, Vol.218, No.2, (April 1996), pp. 382-388, ISSN 0042-6822

Ambrose, Z.; KewalRamani, V.N.; Bieniasz, P.D. and Hatziioannou, T. (2007). HIV/AIDS: in
search of an animal model. Trends in Biotechnology, Vol.25, No.8, (August 2007), pp.
333-337, ISSN 0167-7799

Andersen, J.L.; Le Rouzic, E. & Planelles, V. (2008). HIV-1 Vpr: mechanism of G2 arrest and
apoptosis. Experimental and Molecular Pathology, Vol.85, No.1, (August 2008), pp. 2-
10, ISSN 0014-4800

www.intechopen.com



Macaque-Tropic HIV-1 Derivatives:
A Novel Experimental Approach to Understand Viral Replication and Evolution In Vivo 341

Andrew, A. & Strebel K. (2010). HIV-1 Vpu targets cell surface markers CD4 and BST-2
through distinct mechanisms. Molecular Aspects of Medicine, Vol.31, No.5, (October
2010), pp. 407-417, ISSN 0098-2997

Arhel, N. & Kirchhoff, F. (2010). Host proteins involved in HIV infection: new therapeutic
targets. Biochimica et Biophysica Acta-Molecular Basis of Disease, Vol.1802, No.3,
(March 2010), pp. 313-321, ISSN 0925-4439

Ayinde, A.; Maudet, C.; Transy, C. & Margottin-Goguet, F. (2010). Limelight on two
HIV/SIV accessory proteins in macrophage infection: is Vpx overshadowing Vpr?
Retrovirology, Vol.7, (April 2010), 35, ISSN 1742-4690

Barre-Sinoussi, F.; Chermann, J.C.; Rey, F.; Nugeyre, M.T.; Chamaret, S.; Gruest, J.; Dauguet,
C.; Axler-Blin, C.; Vezinet-Brun, F.; Rouzioux, C.; Rosenbaum, W. & Montagnier, L.
(1983). Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired
immune deficiency syndrome (AIDS). Science, Vol.220, No.4599, (May 1983), pp.
868-871, ISSN 0036-8075

Barre-Sinoussi, F. (2010). HIV: a discovery opening the road to novel scientific knowledge
and global health improvement. Virology, Vol.397, No.2, (February 2010), pp. 255-
259, ISSN 0042-6822

Bergamaschi, A. & Pancino G. (2010). Host hindrance to HIV-1 replication in monocytes and
macrophages. Retrovirology, Vol.7, (April 2010), 31, ISSN 1742-4690

Bour, S. & Strebel K. (2003). The HIV-1 Vpu protein: a multifunctional enhancer of viral
particle release. Microbes and Infection, Vol.5, No,11, (September 2003), pp. 1029-
1039, ISSN 1286-4579

Brown, C.R,; Czapiga, M.; Kabat, J.; Dang, Q.; Ourmanov, I.; Nishimura, Y.; Martin, M.A. &
Hirsch, V.M. (2007). Unique pathology in simian immunodeficiency virus-infected
rapid progressor macaques is consisitent with a pathogenesis distinct from that of
classical AIDS. Journal of Virology, Vol.81, No.11, (June 2007), pp. 5594-5606, ISSN
0022-538X

Clavel, F.; Guetard, D.; Brun-Vezinet, F.; Chamaret, S.; Rey, M.A.; Santos-Ferreira, M.O,;
Laurent, A.G.; Dauguet, C. Katlama, C.; Rouzioux, C.; Klatzmann, D.;
Champalimaud, J.L. & Montagnier, L. (1986). Isolation of a new human retrovirus
from West African patients with AIDS. Science, Vol.233, No.4761, (July 1986), pp.
343-346, ISSN 0036-8075

Desrosiers, R.C. (2007). Nonhuman lentiviruses, In : Fields Virology 5th edition, D.M. Knipe,
P.M. Howley, D.E. Griffin, R.A. Lamb, M.A. Martin, B. Roizman & S.E. Straus,
(Eds.), 2215-2243, Lippencott Williams & Wilkins, ISBN 978-0-7817-6060-7,
Philadelphia, USA.

Doi, N.; Fujiwara, S.; Adachi, A. & Nomaguchi, M. (2010). Growth ability in various
macaque cell lines of HIV-1 with simian cell-tropism. Journal of Medical Investigation,
Vol.57, No.3/4, (August 2010), pp. 284-292, ISSN 1343-1420

Doi, N.; Fujiwara, S.; Adachi, A. & Nomaguchi, M. (2011). Rhesus M1.3S cells suitable for
biological evaluation of macaque-tropic HIV/SIV clones. Frontiers in Microbiology,
Vol.2, (May 2011), 115, ISSN 1664-302X

www.intechopen.com



342 HIV-Host Interactions

Dorfman, T. & Gottlinger H.G. (1996). The human immunodeficiency virus type 1 capsid p2
domain confers sensitivity to the cyclophilin-binding drug SDZ NIM 811. Journal of
Virology, Vol.70, No.9, (September 1996), pp. 5751-5757, ISSN 0022-538X

Douglas, J.L.; Gustin, J.K.; Viswanathan, K.; Mansouri, M.; Moses, A.V. & Fruh, K. (2010).
The great escape: viral strategies to counter BST-2/tetherin. PLoS Pathogens, Vol.6,
No.5, (May 2010), 1000913, ISSN 1553-7366

Franke, E.K.; Yuan, H.E. & Luban, J. (1994). Specific incorporation of cyclophilin A into
HIV-1 virions. Nature, Vo0l.372, No.6504, (November 1994), pp. 359-362, ISSN
0028-0836

Freed, E.O. & Martin, M. A. (2007). HIVs and their replication, In : Fields Virology 5th edition,
D.M. Knipe, P.M. Howley, D.E. Griffin, R.A. Lamb, M.A. Martin, B. Roizman & S.E.
Straus, (Eds.), 2107-2185, Lippencott Williams & Wilkins, ISBN 978-0-7817-6060-7,
Philadelphia, USA.

Fujita, M.; Yoshida, A.; Sakurai, A.; Tatsuki, J.; Ueno, F.; Akari, H. & Adachi, A. (2003).
Susceptibility of HVS-immortalized lymphocytic HSC-F cells to various strains and
mutants of HIV/SIV. International Journal of Molecular Medicine, Vol. 11, No.5,
(2003), pp. 641-644, ISSN 1107-3756

Fujita, M.; Otsuka, M.; Miyoshi, M.; Khamsri, B.; Nomaguchi, M. & Adachi, A. (2008). Vpx is
critical for reverse transcription of the human immunodeficiency virus type 2
genome in macrophages. Journal of Virology, Vol.82, No.15, (August 2008), pp. 7752-
7756, ISSN 0022-538X

Fujita, M.; Otsuka, M.; Nomaguchi, M. & Adachi, A. (2010). Multifaceted activity of HIV
Vpr/Vpx proteins: the current view of their virological functions. Reviews in
Medical Virology, Vol.20, No.2, (March 2010), pp. 68-76, ISSN 1099-1654

Fultz, P.N.; McClure, HM.; Anderson, D.C.; Swenson, R.B.; Anand, R. & Srinivasan, A.
(1986). Isolation of a T-lymphotropic retrovirus from naturally infected sooty
mangabey monkeys (Cercocebus atys). Proceedings of the National Academy of
Sciences of the United States of America, Vol.83, No.14, (July 1986), pp. 5286-5290,
ISSN 0027-8424

Goff, S.P. (2007). The retroviruses and their replication, In : Fields Virology 5th edition, D.M.
Knipe, P.M. Howley, D.E. Griffin, R.A. Lamb, M.A. Martin, B. Roizman & S.E.
Straus, (Eds.), 1999-2069, Lippencott Williams & Wilkins, ISBN 978-0-7817-6060-7,
Philadelphia, USA.

Goujon, C.; Riviere, L.; Jarrosson-Wuilleme, L.; Bernaud, J.; Rigal, D.; Darlix, J.L. &
Cimarelli, A. (2007). SIVsm/HIV-2 Vpx proteins promote retroviral escape from a
proteasome-dependent restriction pathway present in human dendritic cells.
Retrovirology, Vol.4, (January 2007), 2, ISSN 1742-4690

Hayden, E.C. (2008). US plans more primate research. Nature, Vol.453, No.7194, (May 2008),
p-439, ISSN 0028-0836

Hatcho, K.; Kamada, K.; Yamashita, T.; Adachi, A. & Nomaguchi, M. (2008). Replication
potentials of vif variant viruses generated from monkey cell-tropic HIV-1 derivative
clones NL-DT5/NL-DT5R.  Microbes and  Infection, Vol.10, No.10/11,
(August/September 2008), pp. 1218-1222, ISSN 1286-4579

www.intechopen.com



Macaque-Tropic HIV-1 Derivatives:
A Novel Experimental Approach to Understand Viral Replication and Evolution In Vivo 343

Hatziioannou, T.; Princiotta, M.; Piatak, M. Jr.; Yuan, F.; Zhang, F.; Lifson, ].D. & Bieniasz,
P.D. (2006). Generation of simian-tropic HIV-1 by restriction factor evasion. Science,
Vol.314, No.5796, (October 2006), p. 95, ISSN 0036-8075

Hatziioannou, T.; Ambrose, Z.; Chung, N.P.Y.; Piatak, M. Jr.; Yuan, F.; Trubey, C.M.;
Coalter, V.; Kiser, R.; Schneider, D.; Smedley, J.; Pung, R.; Gathuka, M.; Estes, ].D.;
Veazey, R.S.; KewalRamani, V.N.; Lifson, ].D. & Bieniasz, P.D. (2009). A macaque
model of HIV-1 infection. Proceedings of the National Academy of Sciences of the United
States of America, Vol.106, No.11, (March 2009), pp. 4425-4429, ISSN 0027-8424

Ho, D.D. & Bieniasz, P.D. (2008). HIV-1 at 25. Cell, Vol.133, No.4, (May 2008), pp. 561-565,
ISSN ISSN 0092-8674

Holmes, R.K.; Malim, M.H. & Bishop, K.N. (2007). APOBEC-mediated viral restriction: not
simply editing? Trends in Biochemical Sciences, Vol.32, No.3, (March 2007), pp. 118-
128, ISSN 0968-0004

Hutoff, H & Towers, G.]J. (2008). Restriction of retroviral replication by APOBEC3G/F and
TRIMbalpha. Trends in Microbiology, Vol.16, No.12, (December 2008), pp. 612-619,
ISSN 0966-842X

Igarashi, T.; Iyengar, R.; Byrum, R.A.; Buckler-White, A.; Dewar, R.L.; Buckler, C.E.; Lane,
H.C,; Kamada, K.; Adachi, A. & Martin, M.A. (2007). Human immunodeficiency
virus type 1 derivative with 7% simian immunodeficiency virus genetic content is
able to establish infections in pig-tailed macaques. Journal of Virology, Vol.81, No.20,
(October 2007), pp. 11549-11552, ISSN 0022-538X

Izumi, T.; lo, K; Matsui, M.; Shirakawa, K., Shinohara, M.; Nagai, Y.; Kawahara, M.;
kobayashi, M.; Kondoh, H.; Misawa, N.; Koyanagi, Y.; Uchiyama, T. & Takaori-
Kondo A. (2010). HIV-1 viral infectivity factor interacts with TP53 to induce G2 cell
cycle arrest and positively regulate viral replication. Proceedings of the National
Academy of Sciences of the United States of America, Vol.107, No.48, (November 2010),
pp- 20798-20803, ISSN 0027-8424

Jere, A,; Fujita, M.; Adachi, A. & Nomaguchi, M. (2010). Role of HIV-1 Nef protein for virus
replication in vitro. Microbes and Infection, Vol.12, No.1, (January 2010), pp. 65-70,
ISSN 1286-4579

Kamada, K.; Igarashi, T.; Martin, M.A.; Khamsri, B.; Hatcho, K.; Yamashita, T.; Fujita, M.;
Uchiyama, T. & Adachi, A. (2006). Generation of HIV-1 derivatives that
productively infect macaque monkey lymphoid cells. Proceedings of the National
Academy of Sciences of the United States of America, Vol.103, No.45, (November 2007),
pp- 16959-16964, ISSN 0027-8424

Kamada, K.; Yamashita, T.; Hatcho, K.; Adachi, A. & Nomaguchi, M. (2009). Evasion from
CypA- and APOBEC-mediated restrictions is insufficient for HIV-1 to efficiently
grow in simian cells. Microbes and Infection, Vol.11, No.2, (February 2009), pp. 164-
171, ISSN 1286-4579

Kawamura, M.; Ishizaki, T.; Ishimoto, A., Shioda, T.; Kitamura, T. & Adachi, A. (19%4a).
Growth ability of human immunodeficiency virus type 1 auxiliary gene mutants in
primary blood macrophage cultures. Journal of General Virology, Vol.75, No.9,
(September 1994), pp. 2427-2431, ISSN 0022-1317

www.intechopen.com



344 HIV-Host Interactions

Kawamura, M.; Sakai, H. & Adachi, A. (1994b). Human immunodeficiency virus Vpx is
required for the early phase of replication in peripheral blood mononuclear cells.
Microbiology and Immunology, Vol. 38, No.11, (November 1994), pp. 871-878, ISSN
0385-5600

Kawamura, M.; Shimano, R.; Inubushi, R.; Akari, H. & Adachi, A. (1998). Early function of
Gag proteins is cell-dependent. Biochemical and Biophysical Research Communications,
Vol.248, No.3, (July 1998), pp. 899-903, ISSN 0006-291X

Kestler, H.; Kodama, T.; Ringler, D.; Marthas, M.; Pedersen, N.; Lackner, A.; Regier, D.;
Sehgal, P.; Daniel, M.; King, N. & Desrosiers, R. (1990). Induction of AIDS in rhesus
monkeys by molecularly cloned simian immunodeficiency virus. Science, Vol.248,
No0.4959, (June 1990). pp. 1109-1112, ISSN 0036-8075

Kirchhoff, F. (2009). Is the high virulence of HIV-1 an unfortunate coincidence of primate
lentiviral evolution? Nature Reviews Microbiology, Vol.7, No.6, (June 2009), pp. 467-
476, ISSN 1740-1526

Kirchhoff, F. (2010). Immune evasion and counteraction of restriction factors by HIV-1 and
other primate lentiviruses. Cell Host & Microbe, Vol.8, No.1, (July 2010), pp. 55-67,
ISSN 1931-3128

Kirchhoff, F.; Schindler, M.; Specht, A.; Arhel, N. & Munch, J. (2008). Role of Nef in primate
lentiviral immunopathogenesis. Cellular and Molecular Life Sciences, Vol.65, No.17,
(September 2008), pp. 2621-2636, ISSN 1420-682X

Kuritzkes, D.R. & Walker, B.D. (2007). HIV-1 pathogenesis, clinical manifestations and
treatment, In: Fields Virology 5th edition, D.M. Knipe, P.M. Howley, D.E. Griffin,
R.A. Lamb, M.A. Martin, B. Roizman & S.E. Straus, (Eds.), 2187-2214, Lippencott
Williams & Wilkins, ISBN 978-0-7817-6060-7, Philadelphia, USA.

Kuroishi, A.; Saito, A.; Shingai, Y.; Shioda, T.; Nomaguchi, M.; Adachi, A.; Akari, H. &
Nakayama, E.E. (2009). Modification of a loop sequence between alpha-helices 6
and 7 of virus capsid (CA) protein in a human immunodeficiency virus type 1
(HIV-1) derivative that has simian immunodeficiency virus (SIVmac239) vif and
CA alpha-helices 4 and 5 loop improves replication in cynomolgus monkey cells.
Retrovirology, Vol. 6, (August 2009), 70, ISSN 1742-4690

Le Rouzic, E. & Benichou, S. (2005). The Vpr protein from HIV-1: distinct roles along the
viral life cycle. Retrovirology, Vol.2, (February 2005), 11, ISSN 1742-4690

Lim, S.-Y.,; Rogers, T.; Chan, T.; Whitney, ].B.; Kim, J.; Sodroski, J. & Letvin, N.L. (2010).
TRIM5a modulates immunodeficiency virus control in rhesus monkeys. PLoS
Pathogens, Vol.6, No.1, (January 2010), e1000738, ISSN 1553-7366

Luban, J. (2007). Cyclophilin A, TRIM5, and resistance to human immunodeficiency virus
type 1 infection. Journal of Virology, Vol.81, No.3, (February 2007), pp. 1054-1061,
ISSN 0022-538X

Malim, M.H. & Emerman, M. (2008). HIV-1 accessory proteins-ensuring viral survival in a
hostile environment. Cell Host & Microbe, Vol.3, No.6, (June 2008), pp. 388-398, ISSN
1931-3128

Montagnier, L. (2010). 25 years after HIV discovery: prospects for cure and vaccine. Virology,
Vo0l.397, No.2, (February 2010), pp. 248-254, ISSN 0042-6822

www.intechopen.com



Macaque-Tropic HIV-1 Derivatives:
A Novel Experimental Approach to Understand Viral Replication and Evolution In Vivo 345

Murphey-Corb, M.; Martin, L.N.; Rangan, S.R.; Baskin, G.B.; Gormus, B.J.; Wolf, R.H.;
Andes, W.A.; West, M. & Montelaro, R.C. (1986). Isolation of an HTLV-III-related
retrovirus from macaques with simian AIDS and its possible origin in
asymptomatic mangabeys. Nature, Vol.321, No.6068, (May 1986), pp. 435-437, ISSN
0028-0836

Nakayama, E.E. & Shioda, T. (2010). Anti-retroviral activity of TRIMS alpha. Reviews in
Medical Virology, Vol.20, No.2, (March 2010), pp. 77-92, ISSN 1099-1654

Neil, S.J.; Zang, T. & Bieniasz, P.D. (2008). Tetherin inhibits retrovirus release and is
antagonized by HIV-1 Vpu. Nature, Vol.451, No.7177, (January 2008), pp. 425-430,
ISSN 0028-0836

Newman, R.M.; Hall, L.; Connole, M.; Chen, G.-L.; Sato, S.; Yuste, E.; Diehl, W.; Hunter, E.;
Kaur, A.; Miller, GM. & Johnson, W.E. (2006). Balancing selection and the
evolution of functional polymorphism in Old World monkey TRIMb5a.. Proceedings
of the National Academy of Sciences of the United States of America, Vol.103, No.50,
(December 2006), pp. 19134-19139, ISSN 0027-8424

Nisole, S., Lynch, C., Stoye, J.P. & Yap, M.W. (2004). A trim5-cyclophilin A fusion protein
found in owl monkey kidney cells can restrict HIV-1. Proceedings of the National
Academy of Sciences of the United States of America, Vol.101, No.36, (September 2004),
pp- 13324-13328, ISSN 0027-8424

Nomaguchi, M.; Doi, N.; Kamada, K. & Adachi, A. (2008a). Species barrier of HIV-1 and its
jumping by virus engineering. Reviews in Medical Virology, Vol.18, No.4,
(July/ August 2008), pp. 261-275, ISSN 1099-1654

Nomaguchi, M.; Fujita, M. & Adachi, A. (2008b). Role of Vpu protein for virus spread and
pathogenesis. Microbes and Infection, Vol.10, No.9, (July 2008), pp. 960-967, ISSN
1286-4579

Nomaguchi, M. & Adachi, A. (2010). Virology as biosystematics: towards understanding the
viral infection biology. Frontiers in Microbiology, Vol.1, (July 2010), 2, ISSN 1664-
302X

Planelles, V. & Barker, E. (2010). Roles of Vpr and Vpx in modulating the virus-host cell
relationship. Molecular Aspects of Medicine, Vol.31, No.5, (October 2010), pp. 398-406,
ISSN 0098-2997

Price, A.].; Marzetta, F.; Lammers, M.; Ylinen, L.M.].; Schaller, T.; Wilson, S.J.; Towers, G.]. &
James, L.C. (2009). Active site remodeling switches HIV specificity of antiretroviral
TRIMCyp. Nature Structural & Molecular Biology, Vol.16, No.10, (October 2009), pp.
1036-1042, ISSN 1545-9993

Saito, A.; Nomaguchi, M.; lijima, S.; Kuroishi, A.; Yoshida, T.; Lee, Y.J.; Hayakawa, T.; Kono,
K.; Nakayama, E.E.; Shioda, T.; Yasutomo, Y.; Adachi, A.; Matano, T. & Akari, H.
(2011). Improved capacity of a monkey-tropic HIV-1 derivative to replicate in
cynomolgus monkeys with minimal modifications. Microbes and Infection, Vol.13,
No.1, (January 2011), pp. 58-64, ISSN 1286-4579

Sakai, H.; Shibata, R.; Sakuragi, J.; Sakuragi, S.; Kawamura, M. & Adachi, A. (1993). Cell-
dependent requirement of human immunodeficiency virus type 1 Vif protein for
maturation of virus particles. Journal of Virology, Vol.67, No.3, (March 1993), pp.
1663-1666, ISSN 0022-538X

www.intechopen.com



346 HIV-Host Interactions

Sakai, H., Tokunaga, K., Kawamura, M. & Adachi, A. (1995). Function of human
immunodeficiency virus type 1 Vpu protein in various cell types. Journal of General
Virology, Vol.76, No.11, (November 1995), pp. 2717-2722, ISSN 0022-1317

Sakuragi, J.; Sakai, H.;, Kawamura, M.; Tokunaga, K.; Ueda, S. & Adachi, A. (1995).
Generation and characterization of a host cell-dependent gag gene mutant of
human immunodeficiency viruis type 1. Virology, Vol.212, No.1, (September 1995),
pp- 251-254, ISSN 0042-6822

Sakuragi, S.; Shibata, R.; Mikai, R.; Komatsu, T.; Fukasawa, M.; Sakai, H.; Sakuragi, J.;
Kawamura, M.; Ibuki, K.; Hayami, M. & Adachi, A. (1992). Infection of macaque
monkeys with a chimeric human and simian immunodeficiency virus. Journal of
General Virology, Vol.73, No.11, (November 1992), pp. 2983-2987, ISSN 0022-1317

Sauter, D.; Schindler, M.; Specht, A.; Landford, W.N.; Munch, J.; Kim, K.-A.; Votteler J;
Schubert, U.; Bibollet-Ruche, F.; Keele, B.F.; Takehisa, J.; Ogando, Y.; Ochsenbauer,
C.; Kappes, J.C; Ayouba, A.; Peeters, M.; Learn, G.H.; Shaw, G.; Sharp, P.M.;
Bieniasz, P.; Hahn, B.H.; Hatziioannou, T. & Kirchhoff, F. (2009). Tetherin-driven
adaptation of Vpu and Nef function and the evolution of pandemic and
nonpandemic HIV-1 strains. Cell Host & Microbe, Vol.6, No.5, (November 2009), pp.
409-421, ISSN 1931-3128

Sauter, D.; Specht, A. & Kirchhoff, F. (2010). Tetherin: holding on and letting go. Cell,
Vol.141, No.3, (April 2010), pp. 392-398, ISSN 0092-8674

Sayah, D.M.; Sokolskaja, E.; Berthoux, L. & Luban, J. (2004). Cyclophilin A retrotransposition
into TRIM5 explains owl monkey resistance to HIV-1. Nature, Vol.430, No.6999,
(July 2004), pp. 569-573, ISSN 0028-0836

Sharova, N.; Wu, Y.; Zhu, X,; Stranska, R.; Kaushik, R.; Sharkey, M. & Stevenson, M. (2008).
Primate lentiviral Vpx commanders DDB1 to counteract a macrophage restriction.
PLoS Pathogens, Vol.4, No.5, (May 2008), 1000057, ISSN 1553-7366

Sheehy, A.M.; Gaddis, N.C.; Choi, ].D. & Malim, M.H. (2002). Isolation of a human gene that
inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature, Vol.418,
No.6898, (August 2002), pp. 646-650, ISSN 0028-0836

Shibata, R.; Kawamura, M.; Sakai, H.; Hayami, M.; Ishimoto, A. & Adachi, A. (1991).
Generation of a chimeric human and simian immunodeficiency virus infectious to
monkey peripheral blood mononuclear cells. Journal of Virology, Vol.65, No.7, (July
1991), pp. 3514-3520, ISSN 0022-538X

Shibata, R. & Adachi A. (1992). SIV/HIV recombinants and their use in studying biological
properties. AIDS Research and Human Retroviruses, Vol.8, No.3, (March 1992), pp.
403-409, ISSN 0889-2229

Shibata, R.; Sakai, H.; Kawamura, M.; Tokunaga, K. & Adachi, A. (1995). Early replication
block of human immunodeficiency virus type 1 in monkey cells. Journal of General
Virology, Vol.76, No.11, (November 1995), pp. 2723-2730, ISSN 0022-1317

Srivastava, S.; Swanson, S.K.; Manel, N.; Florens, L., Washburn, M.P. & Skowronski, J.
(2008). Lentiviral Vpx accessory factor targets VprBP/DCAF1 substrate adaptor for
cullin 4 E3 ubiquitin ligase to enable macrophage infection. PLoS Pathogens, Vol.4,
No.5, (May 2008), €1000059, ISSN 1553-7366

www.intechopen.com



Macaque-Tropic HIV-1 Derivatives:
A Novel Experimental Approach to Understand Viral Replication and Evolution In Vivo 347

Strebel, K.; Luban, J. & Jeang, K.-T. (2009). Human cellular restriction factors that target
HIV-1 replication. BMC Medicine, Vol.7, (September 2009), 48, ISSN 1741-7015

Stremlau, M.; Owens, C.M.; Perron, M.].; Kiessling, M.; Autissier, P. & Sodroski, J. (2004).
The cytoplasmic body component TRIM5a restricts HIV-1 infection in Old Word
monkeys. Nature, Vol.427, No.6977, (February 2004), pp. 848-853, ISSN 0028-0836

Thali, M.; Buskovsky, A.; Kondo, E.; Rosenwirth, B.; Walsh, C.T.; Sodroski, J. & Gottlinger,
H.G. (1994). Functional association of cyclophilin A with HIV-1 virions. Nature,
Vol.372, No.6504, (November 1994), pp. 363-365, ISSN 0028-0836

Thippeshappa, R.; Polacino, P.; Kimata, M.T.Y.; Siwak, E.B.; Anderson, D.; Wang, W.;
Sherwood, L.; Arora, R.; Wen, M.; Zhou, P.; Hu, S.-L. & Kimata, J.T. (2011). Vif
substitution enables persistent infection of pig-tailed macaques by human
immunodeficiency virus type 1. Journal of Virology, Vol.85, No.8, (April 2011), pp.
3767-3779, ISSN 0022-538X

Tokarev, A.; Skasko, M.; Fitzpatrick, K. & Guatelli, J. (2009). Antiviral activity of the
interferon-induced cellular protein BST-2/tetherin. AIDS Research and Human
Retroviruses, Vol.25, No.12, ISSN 0889-2229

Towers, G.J. (2007). The control of viral infection tripartite motif proteins and cyclophilin A.
Retrovirology, Vol.4, (June 2007), 40, ISSN 1742-4690

Uberla, K.; Stahl-Hennig, C.; Bottiger, D.; Matz-Rensing, K.; Kaup, F.J.; Li, J.; Haseltine,
W.A.; Fleckenstein, B.; Hunsmann, G.; Oberg, B. & Sodroski, J. (1995). Animal
model for the therapy of acquired immunodeficiency syndrome with reverse
transcriptase inhibitors. Proceedings of the National Academy of Sciences of the United
States of America, Vol.92, No.18, (August 1995), pp. 8210-8214, ISSN 0027-8424

Van Damme, N.; Goff, D.; Katsura, C.; Jorgenson, R.L.; Mitchell, R.; Johnson, M.C.; Stephens,
E.B. & Guatelli, J. (2008). The interferon-induced protein BST-2 restricts HIV-1
release and is downregulated from the cell surface by the viral Vpu protein. Cell
Host & Microbe, Vol.3, No.4, (April 2008), pp. 245-252, ISSN 1931-3128

Virgen, C.A.; Kratovac, Z.; Bieniasz, P.D. & Hatziioannou, T. (2008). Independent genesis of
chimeric TRM-cyclophilin proteins in two primate species. Proceedings of the
National Academy of Sciences of the United States of America, Vol.105, No.9, (March
2008), pp- 3563-3568, ISSN 0027-8424

Watkins, D.I; Burton, D.R.; Kallas, E.G.; Moore, ]J.P. & Koff, W.C. (2008). Nonhuman
primate models and the failure of the Merck HIV-1 vaccine in humans. Nature
Medicine, Vol.14, No.6, (June 2008), pp. 617-621, ISSN 1078-8956

Wilson, S.J.; Webb, B.L.; Ylinen, L.M.; Verschoor, E.; Heeney, J.L. & Towers, G.J. (2008).
Independent evolution of an antiviral TRIMCyp in rhesus macaques. Proceedings of
the National Academy of Sciences of the United States of America, Vol.105, No.9, (March
2008), pp- 3557-3562, ISSN 0027-8424

Yamashita, T.; Doi, N.; Adachi, A. & Nomaguchi, M. (2008). Growth ability in simian cells of
monkey cell-tropic HIV-1 is greatly affected by downstream region of the vif gene.
Journal of Medical Investigation, Vol.55, No.3/4, (August 2008), pp. 236-240, ISSN
1343-1420

Ylinen, L.M.; Price, A.].; Rasaiyaah, J.; Hue, S.; Rose, N.J.; Marzetta, F.; james, L.C. & Towers,
G.J. (2010). Conformational adaptation of Asian macaque TRIMCyp directs lineage

www.intechopen.com



348 HIV-Host Interactions

specific antiviral activity. PLoS Pathogens, Vol.6, No.8, (August 2010), 1001062,
ISSN 1553-7366

Zhang, F.; Wilson, S.J.; Landford, W.C.; Virgen, B.; Gregory, D.; Johnson, M.C.; Munch, J.;
Kirchhoff, F.; Bieniasz, P.D. & Hatziioannou, T. (2009). Nef proteins from simian
immunodeficiency viruses are tetherin antagonists. Cell Host & Microbe, Vol.6, No.1,
(July 2009), pp. 54-67, ISSN 1931-3128

www.intechopen.com



_ HIV-Host Interactions
abdildingadl | Edited by Dr. Theresa Li-Yun Chang

erena L. Chang

ISBN 978-953-307-442-9

Hard cover, 364 pages

Publisher InTech

Published online 02, November, 2011
Published in print edition November, 2011

HIV remains the major global health threat, and neither vaccine nor cure is available. Increasing our
knowledge on HIV infection will help overcome the challenge of HIV/AIDS. This book covers several aspects of
HIV-host interactions in vitro and in vivo. The first section covers the interaction between cellular components
and HIV proteins, Integrase, Tat, and Nef. It also discusses the clinical relevance of HIV superinfection. The
next two chapters focus on the role of innate immunity including dendritic cells and defensins in HIV infection
followed by the section on the impact of host factors on HIV pathogenesis. The section of co-infection includes
the impact of Human herpesvirus 6 and Trichomonas vaginalis on HIV infection. The final section focuses on
generation of HIV molecular clones that can be used in macaques and the potential use of cotton rats for HIV
studies.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Masako Nomaguchi, Naoya Doi, Sachi Fujiwara and Akio Adachi (2011). Macaque-Tropic HIV-1 Derivatives: A
Novel Experimental Approach to Understand Viral Replication and Evolution in Vivo, HIV-Host Interactions, Dr.
Theresa Li-Yun Chang (Ed.), ISBN: 978-953-307-442-9, InTech, Available from:
http://www.intechopen.com/books/hiv-host-interactions/macaque-tropic-hiv-1-derivatives-a-novel-
experimental-approach-to-understand-viral-replication-and-e

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




