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Figure 2. Geometries of indole/imidazolium complexes A-P used for
calculations of interaction energy potentials.
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Figure 3. MP2/cc-pVTZ interaction energy potentials for indole/imidazo-
lium complexes A-P (Figure 2). Intermolecular distance (R) is the dis-
tance between the indole plane and the midpoint of the two nitrogen
atoms of imidazolium.
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for the interaction energy for the geometries A-H, in which
the imidazolium ring locates above the six-membered ring
of indole, to be larger than in the corresponding geometries
I-P, in which the imidazolium ring is located above the
five-membered ring of indole, which indicates that 1,3-di-
methylimidazolium cation prefers to interact with the six-
membered ring of indole. These results are consistent with
the optimized structure for the indole/Na* complex, in
which the sodium cation is positioned on the six-membered
ring of indole.*®! Interestingly, the interaction energy in
the complexes (A, B, I, and J), in which the C2—H bond of
the imidazolium ion points toward the indole, is larger than
that of the corresponding complexes (C, D, K, and L), in
which the C4—H and C5—H bonds of imidazolium have
contact with the indole. In particular, the T-shaped struc-
ture B has a very large interaction energy compared with
those of the other structures. ‘

Two stable geometries were obtained by geometry opti-
mization of the indole/1,3-dimethylimidazolium complex.
The optimized geometries and the related interaction ener-
gies (E,,, the CCSD(T) level total interaction energy at the
basis set limit) are shown in Figure 4. Both structures are T-

I, -15.76
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Figure 4. Optimized geometries and CCSD(T) interaction energies at
the basis set limit (kcalmol™) for an indole/1,3-dimethylimidazolium
complex.

shaped. Structure I (—15.76 kcalmol™) in which the C,—H
bond of imidazolium points toward the center of six-mem-
bered ring of indole is more stable than II (—12.82 kcal
mol™) in which the C4—H and C5—H bonds of the imidazo-
lium ion have contact with the indole. The larger electro-
static and induction interactions in I compared with II
(Table 4) are the origin of the greater stability of the geom-
etry I. The center of the positive charge distributions of
imidazolium ring is close to the midpoint between the two
nitrogen atoms of the imidazolium ring.”® The shorter dis-
tance between the midpoint and the indole plane in geome-
try I is apparently the cause of the larger electrostatic and
induction energies.

Calculated interaction energies for the complex are com-
pared with those for the benzene complexes with pyridini-
um and K* cations in Table 4. The E,,, for the most stable
form (I) is larger than that of the benzene/pyridinium com-
plex (—14.77 kcalmol™) and also close to that of the ben-
zene/K* complex (—17.2 kcalmol™), which indicates that
strong attraction that exists between an indole and a 1,3-di-
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Table 4. Electrostatic, induction, and dispersion energies of indole/1,3-
dimethylimidazolium and other cation/st complexes.®!

EHF[‘}] If{imm Ecs[d] Eindm Eslmlm Ecmr[g}
I -870 1576 886 —657 673 -7.06
4 ~5.82 1282 =745 =519 682 ~7.01
benzene/piridinium® ~1477  ~812 913 812 -5.63
benzene/K ~172  ~11.9  -12.8 11.8 —44

[a] Energy in kcalmol™'. The geometries of clusters I and II are shown
in Figure 4. [b] HF/aug-cc-pVTZ interaction energy. [c] Estimated
CCSD(T) interaction energy at the basis set limit (ECCSD(T) limit).
[d] Electrostatic energy. [e] Induction energy. [[] Repulsion energy.
[g] Effect of electron correlation on the interaction energy; mainly dis-
persion energy. [h] Data in ref. [23].

methylimidazolium cation. The large electrostatic and in-
duction contributions to the attraction in the indole/1,3-di-
methylimidazolium complex, as in the cases of the benzene
complexes with pyridinium and alkali-metal cations, show
that the interactions in the indole/1,3-dimethylimidazolium
complex should be categorized as a cation—m interaction.

A plausible reaction mechanism is shown in Scheme 5.
Although the reaction mechanism through the imidazoli-
um-mediated hydrogen-bonding activation of conjugate ac-
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Scheme 5. Proposed reaction mechanism.

ceptors such as Brgnsted acid catalysis cannot be exclud-
ed,!"?"] based on the results of our mechanistic studies, we
propose a catalytic process involving possible cation—s in-
teractions of indole/imidazolium complexes. The cation—r
interaction of imidazolium salts with indole leads to the for-
mation of an indole/imidazolium complex (I). Close juxta-
position of imidazolium cations to electron-rich indole
rings, which leads to the increased acidity of indoles,
would facilitate a Lewis base activation of the NH group of
the indole by the imidazolium salt-derived chloride anion.
This is followed by Friedel-Crafts-type conjugate addition
to the acceptor, presumably activated by the hydroxy group
of HyMes?*, to generate the corresponding enolate IV. Sub-
sequent tautomerization of IV affords the 3-substituted
indole 4a and regenerates the imidazolium-salt catalyst.
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Conclusions

We have described an imidazolium salt-catalyzed Friedel-
Crafts-type conjugate addition of indoles that requires no
base, no solvent, and no carbene to provide various 3-sub-
stituted indoles in good to excellent yields at ambient tem-
peratures. The key to this reaction catalyzed by imidazoli-
um salts is the unique activation of indoles prompted by
the possible cation/m interaction of indole/imidazolium
complexes. High-level ab initio calculation reveals that
there is a strong attraction between the indole and the 1,3-
dimethylimidazolium cation, and that the most stable T-
shaped structure of indole/imidazolium complex is stabi-
lized by large electrostatic and induction interactions, which
is a characteristic feature of the cation—sn interaction. These
findings expand the potential for the development of novel
reactions based on these classes of molecules. Efforts to de-
velop an enantioselective version™ of this reaction and to
explore the detailed mechanism are currently in progress.

Experimental Section

General Procedure for Azolium Salt-Catalyzed Friedel-Crafts-Type
Conjugate Addition of Indole 2.

Chalcone 3 (0.50 mmol, 1.0 equiv.), indole (2, 2.0 equiv.), and HyMesCl
(1e, 10 mol %) were placed in a test tube. The reaction mixture was
stirred at 40°C for 24 h. Purification by flash column chromatography
on silica gel with n-hexane/EtOAc gave the corresponding compound
4a.
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ABSTRACT: D;escribe‘d is the development of 8-azac0i1marin—4-
ylmethyl groups as aqueous photolabile protecting groups. A key

X
feature of the strategy is the isosteric replacement of the C7—C8
enol double bond of the Bhc derivative with an amide bond, Br 1
resulting in conversion of the chromophore from coumarin to 8- o 00

azacoumarin. This strategy makes dramatically enhanced water

solubility and facile photocleavage possible.

Novel caging group
¢ Pyridine-containing chromophore
¢ Excellent water solubility
# Efficient photorelease at lower pH

hemical processes mediated by photolabile protecting
groups find  numerous utilities in szfnthetic organic
chemistry,” chemical biology, and cell biology.” The exceptional

previous
approach X
| e

utilities of photolabile protecting groups include their mild 4 0”~o
conditions associated with the photocleavage that can proceed coumarin chromophore hydrophilic chromophore
smoothly and quickly even in aqueous conditions and their (hydrophobic) X=H, Br

potential as photoactivatable molecules or caged compounds ﬂThiS study ;:ng OMe, NEt;, etc
that enable spatial and temporal control of their biological =~ ;---ooeee i T
functions. Among various caging groups,4_7 coumarins have . % o pyridine-containing chromonhore ,
had widespread applications to caging chemistry in recent years. . X)\/Y:IZ . Zh anced water sglubility P
In particular, the potential of two-photon photolysis with Dy ANNPNoANg  # higher molar absorptivity
practically useful absorption cross sections (720—900 nm) is 8-azacoumarin ¢ efficient photorelease at fow pH |
among the outstanding advantages of coumarin types such as t ___chromophore . ;

the 6-bromo-7-hydroxycoumarin-4-ylmethyl (Bhc) group.”®
However, one of the drawbacks of coumarin types is their
low aqueous solubility. Aqueous solubility is critical for the
utility of caged compounds, since hydrophobic caged
compounds will be aggregated in physiological conditions and
the photocleavage would be plagued by sluggish reactivity.”™

There are a few methods for increasing the aqueous solubility
of coumarin chromophores. One successful example is the
introduction of one or more hydrophilic carboxyl groups such
as BCMACM,® BBHCM,® and DEAC450." Although these
approaches effectively achieve the increase of hydrophilicity of
coumarin chromophores, the development of new strategies for
increasing the hydrophilicity with high photosensitivity remains
challenging.

In this report, we disclose a simple and powerful strategy
based on the concept of the amide-alkene isosterism for
increasing the hydrophilicity of coumarin-type photolabile
protecting groups (Figure 1), leading to the development of
novel 8-azacoumarin-type protecting groups. The newly

2

W' ACS Publications  © 2014 American Chemical Society
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Figure 1. Strategies to increase the hydrophilicity of the coumarin
chromophore.

designed 8-azacoumarin-type protecting groups have approx-
imately 10- to 18-fold enhanced solubility in aqueous buffer
compared to that of the parent Bhc group and possess
photophysical and photochemical properties favorable for
caging chemistry. Our presented strategy has the potential to
provide new solutions for the development of caged
compounds with enhanced hydrophilicity.

Our studies started from the design of novel chromophores
with enhanced hydrophilicity (Figure 2). Our approach to
increasing hydrophilicity is based on the introduction of polar
and hydrophilic amide functionality into the coumarin
chromophore. As shown in Figure 2, the C7—C8 enol double
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Figure 2. Isostere-based design of an 8-azacoumarin-type photolabile
protecting group.

bond of the coumarin chromophore was replaced with an
amide bond followed by aromatization of the lactam moiety to
form a hydroxypyridine-containing 8-azacoumarin chromo-
phore. This strategy relies on the concept of structural
isosterism of amides and alkenes (enols), familiar in medicinal
chermstry and exemplified by alkene-type dipeptide iso-
steres,'> which are regarded as ideal ground state mimetics of
dipeptides and thus have been applied to many biologically
active peptides."

Our synthesis of 8-azacoumarins with a hydroxylmethyl
group at the C4 position began with 2,6-dichloropyridine 3
(Scheme 1). Successive treatments of 3 with potassium tert-

Scheme 1. Synthesis of Azacoumarin Derivatives 7 and 9
a) 8-aza-hc-CH,0Ac 7 o

Z OMe
1) 'BuOK, toluene, reflux MeO /L

COoMe
2) Na, BnOH, 120 °C X

m m 2 m
R — JE——

S
2N 3 Hz PAIC, EOAC 0 AN\ PPhe BUOTN”

cl N N OH toluene oo
9
3 @ gsie/:)s) 4 -5 °C toreflux
65%
OH
1) Ac,0, DMAP
LiBr, NaBH, Z l s pynd[ne CH,Cly
e
THE, 20°¢c  BUO” N7 070 2) TFA, CHCly
6
45% 94% (TFA salt)

(2 steps)

s o,

(TFA salt)

b) 8-aza-Bhc-CH,0Ac 9

H
1) Ac,0, DMAP
1) NBS, CH3CN pyridine, CH,Cl,

5§ — >
2)LiBr, NaBHs  y0” SN
THF, -20 °C
22%
(2 steps)

Br. &

= A

00 2) TFA, CH.Cl,

40%
(2 steps)

butoxide and sodium benzyl alkoxide followed by hydro-
genolysis of the benzyl group afforded the hydroxypyridine
derivative 4 in an excellent yield (91% in 3 steps). Reaction of 4
with dimethyl acetylenedicarboxylate (DMAD) in the presence
of PPh; provided the desired 8- azacoumarm S with an ester
functionality at the C4 position in 65% yield."* Chemoselective
reduction was required for the conversion of this conjugated
ester of S to the corresponding alcohol, since the lactone
moiety of 8-azacoumarin is subject to cleavage by reducing
agents. Screening of various reducing agents revealed that the
use of LiBH, prepared in situ in THF at —20 °C afforded
acceptable conversion giving the desired 8-azacoumarin

1185

derivative 6 with a hydroxylmethyl group at the C4 position,
in 45% isolated yield. Compound 6 was subjected to acetylation
of the alcohol followed by TFA treatment to give the desired 4-
acetoxymethyl-8-aza-hc (8-aza-hc-CH,0Ac, 7). Furthermore, in
order to study the substituent (heavy atom) effects’® on the 8-
azacoumarin chromophore, the 6-brominated derivative (8-aza-
Bhc-CH,0Ac, 9) was also synthesized in a similar manner
(Scheme 1b).

The key underlying concept of our approach is the
introduction of an amide functionality to the coumarin
chromophore to increase the aqueous solubility. The aqueous
solubility of 8-azacoumarin derivatives 7 and 9 in PBS (0.1%
DMSO) was evaluated with the parent Bhc derivative 10
(Table 1). As expected, 8-azacoumarin derivatives showed

Table 1. Hydrophilic Properties of 8-Azacoumarins 7 and 9
and Bhc Derivative 10

OAc QAc OAc
HO N" 0" S0 HON" 00 oo
7 9
compd o)
7 6611 5.67
9 10832 422
10 602 5.88°

“Concentration at saturation in PBS buffer (0.1% DMSO).
bDetermined using c1tr1c/phosphate buffer in the pH range 2.6—7.0.
“Literature value = 6.2 in H,0."

hydrophilicity much higher than that of 10; in particular, the
saturated concentration (C,) of 8-aza-Bhc-CH,OAc 9 was
approximately 18-fold greater than that of 10. These results
indicate that the replacement of the chromophore involving the
conversion of the coumarin into 8-azacoumarin enabled the
enhancement of hydrophilicity of the coumarin chromophore.
It is noteworthy that 8-aza-Bhc-CH,0Ac 9 showed hydro-
philicity higher than that of the nonbrominated compound 7
possibly due to the lower pK, value (4.22) of the chromophore.
In addition, HPLC monitoring of 9 in PBS at room
temperature showed that 9 was highly resistant to spontaneous
hydrolgrsm in the dark and that only 2% of 9 was hydrolyzed in
12 h!

The photochemical properties of azacoumarin derivatives 7,
9, and 10 in aqueous solutions were examined. 8-Aza-hc-
CH,0Ac 7 was subjected to photolysis in 5 M KMOPS buffer
(10 mM MOPS; 4-morpholinepropane-1-sulfonic acid, and 100
mM KCl) solution at pH 7.2 at 350 nm. Figure 3 shows the
time courses of photolysis reactions of synthetic compounds in
terms of the consumption of the starting materials and indicates
that the photolytic reaction of 7 follows a single-exponential
decay with the time to reach 50% conversion (t,) for
photolysis of 7 at 29 s. As expected, introduction of the
bromo group resulted in the remarkable increase of the
photochemical reactivity; the value of &g, for photolysis of 9 is
13 s, which is slightly longer than that of 10 (9 s) but is about
2.3 times shorter than that of 7. Although the photolytic
mechanism of 8-azacoumarin derivatives 7 and 9 is not fully
understood at this stage, these observations suggest the
possibility of 8-azacoumarin-based chromophores working as
photolabile protecting groups.
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Figure 3. Time courses of photolysis reactions of 7, 9, and 10. Samples
were subjected to photolysis in 5 M KMOPS buffer solution at pH
7.2 at 350 nm (10 m]/s). All data are the mean values for at least two
independent experiments.

Photophysical and photochemical properties of the 8-
azacoumarin derivatives 7 and 9 and the Bhc derivative 10
are shown in Table 2. The absorption maxima shifted slightly to

Table 2. Selected Photophysical and Photochemical
Properties of Compounds 7, 9, and 10

b

Patem” €350

0.026
0.059 1211
10 370 18071 13774 0.13 1806

“Long-wavelength absorption maxima. “Molar absorptivity at the
absorption maxima. “Molar absorptivity at 350 nm. 4Quantum yields
for the disappearance of starting materials upon irradiation at 350 nm.
“Product of the photolysis quantum yield and molar absorptivity.

shorter wavelength, from 370 nm for 10 to 356 and 362 nm for
7 and 9, respectively, indicating that like the Bhc group
azacoumarin-based protecting groups can be cleaved under
uncaging light conditions (330—38S nm). The molar
absorptivities at 350 nm of 7 (¢ = 20175 M™' ¢cm™) and 9
(e = 20583 M™ cm™) are higher than that of 10. The
photolysis quantum yields for disappearance of starting
materials were calculated from the single decay curves using
the equation ® = 1/(I X 10%ty,) as reported by Tsien.'” The
quantum yields of disappearance were determined as 0.026 for
7 and 0.059 for 9, respectively, which are 2S5 times lower than
that of 10 (0.13) possibly due to the relatively strong
fluorescence of the 8-azacoumarin chromophore.'® An
important factor in the development of new photolabile
protecting groups is photolysis efficiency. The photolysis
efficiency of caged compounds is evaluated with the product
of the photolysis quantum yield (®.,) and molar absorptivity
(&) and allows quantitative comparison of the overall efficiency
of a photolysis reaction.'® The €359'® ern values of 7 and 9 are
526 and 1211, respectively, and that of 10 is 1806. The
observed £345°®@ e values of 8-azacoumarin derivatives 7 and 9
were sufficiently high to support practical applications to caging
chemistry. Taking into account the excellent aqueous solubility
of the 8-azacoumarin chromophore, 8-azacoumarin-based
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photolabile protecting groups promise to be useful for caging
chemistry.

In conclusion, we have designed and performed a simple and
robust strategy for increasing the hydrophilicity of coumarin
chromophores based on the concept of structural isosterism of
amides and enols. Replacement of the C7—C8 enol double
bond of the Bhc group with a polar and hydrophilic amide
bond led to the development of novel 8-azacoumarin-type
protecting groups, which can be removed photolytically and
which showed markedly enhanced hydrophilicity and high
photolysis efficiency supporting applications to caging chem-
istry. These studies provide the basis for future work including
the development of novel hydrophilic molecules, to which it is
difficult by standard approaches to introduce additional
hydrophilic functionalities. Current efforts are aimed at
expanding this strategy to other caging groups and functional
molecules, which will offer highly effective methods for spatial
and temporal control of biological activities.
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Several derivatives of human immunodeficiency virus type 1 (HIV-1) that evade macaque restriction
factors and establish infection in pig-tailed macaques (PtMs) have been described. These monkey-tropic
HIV-1s utilize CXCR4 as a co-receptor that differs from CCR5 used by most currently circulating HIV-1
strains. We generated a new monkey-tropic HIV-1 carrying env from a CCR5-tropic subtype C HIV-1
clinical isolate. Using intracellular homologous recombination, we generated an uncloned chimeric virus
consisting of at least seven types of recombination breakpoints in the region between vpr and env. The virus
increased its replication capacity while maintaining CCR5 tropism after in vitro passage in PtM primary
lymphocytes. PtM infection with the adapted virus exhibited high peak viremia levels in plasma while the
virus was undetectable at 12-16 weeks. This virus serves as starting point for generating a pathogenic
monkey-tropic HIV-1 with CCR5-tropic subtype C env, perhaps through serial passage in macaques.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Nonhuman primate models with human-like immune systems
are often employed to evaluate the efficacy of candidate vaccines
against acquired immune deficiency syndrome (AIDS). However,
human immunodeficiency virus type 1 (HIV-1) infects humans or
chimpanzees (Pan troglodytes) but not rhesus macaques (Macaca
mulatta), the most widely used primate species in biomedical
research (Gibbs et al,, 2007). Experimental infection of macaques
with simian immunodeficiency virus (SIV) or simian-human
immunodeficiency virus (SHIV) has been used extensively to
investigate HIV-1 infection in vivo. Pathogenic infection with SIV
allows insight into the mechanisms of pathogenesis and provides
information for development of novel vaccination strategies.
However, due to the marked antigenic difference in viral proteins
between HIV-1 and SIV, macaque models with SIV are not suitable
for evaluating the immune response directed against HIV-1
(Javaherian et al, 1992; Kanki et al., 1985; Murphey-Corb et al,,
1986). SHIV, a chimeric virus carrying tat, rev, vpu and env from

* Corresponding author. Tel.: +81 75 751 3984; fax: +81 75 761 9335.
E-mail address: tmiura@virus.kyoto-wacjp (T. Miura).

http://dx.dol.org/10.1016/j.virol.2014.04.037
0042-6822/© 2014 Elsevier Inc. All rights reserved.

HIV-1 with an SIV genetic backbone, has been constructed and
used widely to assess the immune response and pathogenicity
directed against HIV-1 Env (Shibata and Adachi, 1992; Reimann
et al, 1996; Harouse et al,, 1899)

Highly pathogenic SHIV irreversibly depletes circulating CD4+*
T-lymphocytes, and cause rapidly AIDS-like symptoms in infected
macaques. These properties are, however, different from the vast
majority of circulating HIV-1 or SIV isolates, and the discrepancy
would be attributed to the viral co-receptor preference (Nishimura
et al., 2004). Entry of HIV-1 into cells is mediated through the
interaction of viral envelope protein with cellular CD4 and sub-
sequent binding to either the CCR5 or CXCR4 chemokine receptor
or both receptors. The vast majority of HIV-1 clinical isolates
preferentially utilize CCR5 as the co-receptor for entry (Choe
et al, 1996). The CXCR4-tropic or dual-tropic viruses that utilize
both CCR5 and CXCR4 emerge during late stages in the disease
course (Doranz et al., 1996; Feng et al,, 1996).

In addition to the co-receptor usage, it is necessary to consider
the variation of env gene in SHIV construction. Most HIV-1 strains
currently circulating belong to group M, consisting of subtypes
A-D, F-H, ], K and their recombinants, and are largely responsible
for the global AIDS pandemic (Hemelaar, 2012). Most of early
SHIVs are generated by utilizing genes derived from subtype B
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viruses, which comprise an estimated 11% of the global prevalence
of HIV-1. By contrast, subtype C is the dominant subtype, account-
ing for almost 50% of global infections. Subtype C viruses do not
share the antigenicity of Env as the main target of neutralizing
antibodies with subtype B viruses (Choisy et al., 2004; Gaschen et
al.,, 2002). The V3 loop region of the subtype C envelope is less
variable than that of other subtypes (Kuiken et al, 1399), and
mutations appear to accumulate in the C3 and V4 regions, which
are targets of autologous neutralizing antibody responses in
individuals infected with subtype C viruses (Moore et al, 2008,
2009). The structure of these epitopes is dissimilar between
subtypes B and C (Gnanakaran et al, 2007). There are pathogenic
SHIVs that encode CCR5 tropic subtype C env gene (Ndung'u et al,
2001; Ren et al, 2013, Song et al,, 20086).

Conventional SHIV that encodes SIV sequence in 5’ half of the
genome has limited utility in the evaluation of cell-mediated
immunity induced by a vaccine because it does not contain
HIV-1 Gag in its genome; consequently, SHIV has different major
epitopes for cytotoxic T lymphocytes (CTLs) known to be asso-
ciated with lowering the plasma viral load in HIV-1 infection
(Gouider and Watkins, 2004; Kiepiela et al., 2007). Recently, two
major restriction factors were reported to block HIV-1 replication
in monkey cells in a species-specific manner (Meil and Bieniasz,
2009). The restriction factor apolipoprotein B mRNA-editing
enzyme-catalytic polypeptide-like 3G (APOBEC3G) protein is
incorporated into viral particles and induces hypermutation in
proviral DNA in target cells mediated by its cytidine deaminase
activity (Sheehy et al, 2002). Macaque APOBEC3G proteins are
counteracted by the SIV Vif protein but not by HIV-1 Vif (Mariani
et al, 2003). The other major restriction factor that inhibits the
viral replication cycle is tripartite motif 5a (TRIM5x) protein,
which directly recognizes incoming viral capsid (CA) (Stremlau
et al, 2004). HIV-1 CA can bind cyclophilin A (CypA), a ubiquitous
cytosolic protein, to evade restriction by human TRIM5«, whereas
the CypA-binding activity appears to enhance TRIM5« recognition
in macaque cells (Berthoux et al., 2005; Keckesova et al., 2006;
Stremlau et al., 2006). It is known that the host species barrier of
Pig-tailed macaques (PtMs) (Macaca nemestrina) against HIV-1 is
weaker than other macaques because they do not have the TRIM
restriction (Brennan et al, 2008).

Based on these findings, derivatives of HIV-1 that has a
remarkably different structure from the conventional SHIV were
constructed by the introduction of minor genetic modifications
into its genome to overcome the restriction factors in macaque
cells. Hatziicannou et al. (2006) generated simian-tropic HIV-1
(stHIV-1) by replacing the entire vif gene of HIV-1 with that of
SIVmac or HIV type 2. Kamada et al. (2006) reported the monkey-
tropic HIV-1 (HIV-1mt) NL-DT5R, in which the CypA-binding motif
of the CA protein is substituted by the corresponding sequence of
SIVmac, and the entire vif gene is also substituted. Thippeshappa
et al. (2011) generated HSIV-vif, a clone of HIV-1 by substituting
the vif gene with that of a pathogenic SIVmne clone. These
derivatives of HIV-1 established persistent infection in PtMs for
months but were controlled thereafter (Hatziioannou et al., 2009;
Igarashi et al, 2007; Thippeshappa et al, 2011). These monkey-
tropic HIV-1 derivatives currently available are not CCR5-tropic;
NL-DT5R and HSIV-Vif encode env from a CXCR4-tropic, and stHIV-1
encodes env from dual-tropic subtype B viruses.

In this study, we generated a new HIV-1mt strain carrying env
from a CCR5-tropic subtype C HIV-1 clinical isolate. We employed
intracellular homologous recombination (IHR) to produce the
recombinant virus. Since the viral swarm generated by IHR did
not show efficient replication in PtM primary cells, we conducted
in vitro serial passages of the virus. Thus, we successfully gener-
ated a viral swarm that exhibited an enhanced replication capacity
in PtM cells and established infection in PtMs with high peak

viremia comparable to the currently available monkey-tropic
HIV-1 derivatives.

Results

Generation of a new HIV-1mt carrying CCR5-tropic subtype C env
through IHR

We employed IHR to generate recombinant viruses (Fujita et al,,
2013). First, we prepared DNA fragments by polymerase chain
reaction (PCR) amplification of a region spanning the 5 long
terminal repeat (LTR) to upstream of the V1/V2 region in env
(nucleotide positions 1-6784 based on HXB2 numbering; acces-
sion number: K03455) using the plasmid DNA template encoding
the full-length NL-DT5R proviral genome (fragment I in Fig. 1A).
This fragment encodes a CypA-binding motif derived from the
corresponding sequence of SIVmac239 to evade restriction from
macaque TRIM5¢q, and the entire SIVmac239 vif gene to counteract
the macaque APOBEC3G. Second, a region spanning the vpr gene
to the R region of the 3’ LTR (nucleotide positions 5558-9625
based on HXB2 numbering) was amplified from the HIV-1
97ZA012 strain (fragment Il in Fig. 1B). To increase the possibility
to obtain a virus that can replicate in monkeys well, we thought
that it was better to generate swarm viruses having variation
without cloning. Resultant recombinant virus might fail to repli-
cate normally if recombination occurred between fragments I
and II that resulted in the 5 LTR of subtype B and the 3’ LTR of
subtype C. The discordance of the 3’ and 5 TR may disrupt
successful translocation of the minus strand strong stop DNA to
the plus strand genomic RNA during reverse transcription (Goff,
2007). To match the sequence of the 3’ LTR to that of the 5’ LTR, we
prepared a third DNA fragment encoding a region spanning the 5
LTR to the middle of gag (nucleotide positions 1-1433 based on
HXB2 numbering) from the proviral DNA extracted from HIV-1
97ZA012-infected cells (fragment Il in Fig. 1B). Fragments I and II

A NL-DT5R 0 .
VPFps. -
gag stvvif DI vpu [mjezal
E I pol Wl rlf eny | @
—
Fragment | «

HIV-1 97ZA012

g ]

gag vir_ vpu
yZi eny
—> —>
-
Fragment lil Fragment Il

HIV-1mt ZA012-P0

[J:nesregion [ : 9720012 region T2 - s ragion

: undetermined reglon

Fig. 1. Schematic representation of the genome organization of human immuno-
deficiency virus (HIV)-1 and monkey-tropic HIV-1 (HIV-1mt). Genome organiza-
tions of NL-DT5R (A), subtype C HIV-1 972012 (B) and HIV-1mt ZA012-PO (C) are
depicted. The horizontal line represents DNA fragments I, II and III, used for
intracellular homologous recombination. Fragment I encodes a region from the 5
LTR to env of NL-DT5R plasmid DNA. Fragment Il encodes a region from the
initiation of vpr to the R region of the 3’ LTR of the HIV-1 97ZA012 strain. Fragment
1l encodes a region from the 5’ LTR to upstream of the cyclophilin A-binding motif
of the virus. Sequences from NL4-3 (open box), HIV-1 97ZA012 (filled box) and the
SIVmac239 genome (diagonally striped box) are depicted. The gray box in HIV-1mt
ZA012-PO represents a gene that was not identified by direct sequence analysis.
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had an overlapping region between the initiation of vpr to
upstream of the env V1/V2 region, and fragments I and III had
an overlapping region between the 5 LTR to upstream of the
CypA-binding site.

These amplified DNA fragments (fragments [, II and II) were
co-transfected into C8166-CCR5 cells that are permissive to CCR5-
tropic HIV-1. On day 8 post-transfection, we observed the formation
of virus-induced cytopathic effects (CPEs), indicating the generation
of replication-competent recombinant virus. The new recombinant
virus was isolated and designated HIV-1mt ZA012-PO0.

To determine the genomic organization of HIV-1mt ZA012-PO,
we subjected the viral RNA isolated from the culture supernatant
to direct sequencing. We found that the virus carried sequences of
the U5 region of the 5’ LTR, gag, pol and vif derived from NL-DT5R
and sequences of 3’ half of env, nef, and R and the U3 region of the
3’ LTR derived from 97ZA012 (Fig. 1C). First, the recombination
breakpoint derived from fragments [ and III was found to be
located within the junction between the U5 and R region of the 5’
LTR (nucleotide positions 551-605 based on HXB2 numbering).
However, additional recombination breakpoints between frag-
ments I and II, encoding the vpr-env region, were not identified
due to multiple peaks at the same locations in the analyzed
sequence chromatograms. This result suggested that HIV-1mt
ZA012-PO represented a swarm that might contain several variants
with various recombination breakpoints.

Increased replication competence of HIV-1mt ZA012 through
long-term in vitro passage in CD8* cell-depleted pig-tailed macaque
peripheral blood mononuclear cells (PBMCs)

We subsequently determined whether HIV-1mt ZA012-PO
replicates in CD8™" cell-depleted pig-tailed macaque peripheral
blood mononuclear cells (PtM PBMCs), in which the parental

passage 1 passage 11 passage 18
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Fig. 2. Improved replication of HIV-1mt ZA012 throughout in vitro passages in
CD8™" cell-depleted PtM peripheral blood mononuclear cells (PBMCs). HIV-1mt
ZA012-P0 was used to spinoculate CD8* cell-depleted PtM PBMCs, and virion-
associated RT activity in the culture supernatant was monitored daily. Some of the
infected cells were co-cultured with freshly prepared CD8* cell-depleted PtM
PBMCs. One period of passage was indicated in the shaded grey or white zones. The
dotted line indicates data not available.
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NL-DT5R replicated as described previously (Kamada et al,
2006). HIV-1mt ZAO12-PO from the culture supernatant of
C8166-CCR5 was used to spinoculate CD8* cell-depleted PtM
PBMCs, and the virion-associated reverse transcriptase (RT) activ-
ity was monitored in the culture supernatant (Fig. 2); however, no
RT activity was detected in the culture supernatant after passage 1
(Fig. 2).

Next we carried out in vitro serial passages to improve the
replication competence of the virus as observed in the cases of
HIV-1 (Freed and Martin, 1996; Willey et al,, 1988). Infected cells
were co-cultured with freshly prepared CD8* cell-depleted PtM
PBMCs every 1 or 2 weeks. Although detectable RT activity was not
observed during 10 successive passages (passage 1-10), a low level
of viral replication was confirmed by the CPEs of C8166-CCR5 cells
co-cultured with PBMCs taken from the passage (data not shown).
A detectable peak of viral replication (319 cpm/pL) was observed
at 115 days after the first inoculation (passage 11), and replication
was maintained following passages, eventually resulting in
enhanced replication in PtM PBMCs (1900 cpm/pL in passage 19).
The resultant virus, isolated from the culture supernatant of passage
19, was designated HIV-1mt ZA012-P1S.

To evaluate the replication capacity of the virus, the replication
kinetics of HIV-1mt ZA012-P19 were compared to those of the
parental NL-DT5R and HIV-1mt ZA012-PO. Each viral stock was
normalized by the number of infectious units per cell (in this case,
a multiplicity of infection (MOI) of 0.1) and used to inoculate CD8 *
cell-depleted PtM PBMCs isolated from two donor monkeys;
virion-associated RT activity in the culture supernatant was
monitored daily (Fig. 3). Although HIV-1mt ZA012-P19 exhibited
a lower level of viral replication compared to that of SIVmac239,
the virus showed more efficient replication than NL-DT5R and
HIV-1mt ZAQ12-PO in cells from both animals. Therefore, we
successfully improved the replication capacity of the new HIV-
1mt in PtM PBMCs by in vitro passaging.

Sequence analysis of HIV-1mt ZA012-P0 and ZA012-P19

It is likely that HIV-1mt ZA012-P0O acquired genetic changes
and evolved to HIV-1mt ZA012-P19 through the serial passages in
PtM PBMCs. To compare the genomic sequence of these viruses,
we first performed single genome amplification (SGA) of viral RNA
isolated from the culture supernatant to determine the nucleic
acid sequences of the vpr-env region (nucleotide positions 5559-
8795 based on HXB2) of HIV-1mt ZA012-P0. Subsequently, we
identified the sequence of the region containing the expected
recombination breakpoints generated by IHR between fragments I
and Il Genetic analysis of 17 SGA clones revealed that these
sequences had NL-DT5R sequences in the 5 end and HIV-1
97ZA012 sequences in the 3’ end, with seven different recombination

6000 4 PtM02
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0 5 10 15
Days post-inoculation

Fig. 3. Growth kinetics of HIV-1mt ZA012 in CD8% cell-depleted PtM PBMCs. Growth kinetics of HIV-1mt ZA012-PO, HIV-1mt ZAO12-P19, SIVmac239 and
NL-DT5R were compared in PBMCs from two PtMs. Each virus was used to spinoculate CD8* cell-depleted PtM PBMCs (MOI=0.1 TCIDso per cell), and the virion-
associated RT activity in the culture supernatant was monitored. The figure shown is representative of four independent experiments.
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Fig. 4. Recombination breakpoints in HIV-1mt ZA012-PO and ZA012-P19 genomes.
The genome organizations of HIV-Imt ZA012-PO and HIV-1mt ZA012-P19 are
schematically represented (upper two diagrams). The region from the initiation of
vpr to the end of env that included recombination breakpoint sites is depicted in the
third diagram; the HIV-1mt ZA012-PO (17 SGA sequences) or HIV-1mt ZA012-P19
(seven SGA sequences) are depicted (bottom). Sequences from HIV-1mt ZA012-P0
were classified into seven patterns of recombination breakpoints (R1 to R7).
Sequences from HIV-1mt ZA012-P19 were classified into one recombination break-
point pattern (R8). The numbers (left) indicate the numbers of sequences per
analyzed sequence,

breakpoints in the region (Fig. 4). One recombination breakpoint was
detected at nucleotide positions 178-187 of the vpr gene in 1/17 SGA
sequences (5736-5745 in HXB2 numbering, recombination type R1)
with 10 identical base pairs between NL-DT5R and 97ZA012.
In addition to R1, we identified the following recombination types:
the vpr gene in 3/17 SGA sequences (5760-5767; R2), the initiation of
tat in 2/17 SGA sequences, (5821-5839; R3), the end of the vpr gene
in 1/17 SGA sequence (5852-5865; R4), the initiation of rev in 6/17
SGA sequences (5960-6000; R5), the end of the vpu gene in 1/17 SGA
sequence (6357-6392; R6) and the upstream of V1/V2 of the env
gene in 3/17 SGA sequences (6467-6491; R7). These results suggest
that homologous recombination occurs in various sites with homo-
logous sequences.

Next, seven SGA sequences were amplified from viral RNA
isolated from the culture supernatant of PtM PBMCs infected with
HIV-1mt ZA012-P19, and nucleotide sequences and recombination
breakpoints were determined in the same manner. Unexpectedly,
all the sequences of HIV-1mt ZA012-P19 had three recombination
breakpoints in the region from the vpr to env genes (recombina-
tion type R8 in Fig. 4). The first breakpoint was located in the vpr
gene (5760-5767), the second was located in the vpu gene (6194-
6213), and the third was located in env (6467-6491) with the
N-terminal portion of C1 region from NL4-3 sequence. Although
the pattern of recombination breakpoint of the virus differed from
those of HIV-1mt ZA012-PO, the first and third recombination
breakpoints were identical to the recombination type of R2 and R7,
respectively (Fig. 4). It is likely that HIV-1mt ZA012-P19 was
generated from further recombination events that occurred in
the middle of the vpu gene (6194-6213) between recombination
type R2 and R7 of HIV-1mt ZA012-PO.

It is conceivable that the genome of HIV-1mt ZA012-P19
acquired several amino acid mutations associated with the
enhanced replication in PtM PBMCs. Compared with the deduced

amino acid sequences in HIV-1mt ZA012-P0, HIV-1mt ZA012-P19
acquired substitutions from Lys to Arg at amino acid position 432
in Pol-RT and Asp to Glu at position 232 in Pol-IN that were in the
NL-DT5R backbone. In addition, an amino acid substitution from
Phe to Ser at 139 in Nef was found in HIV-1mt ZA012-P19
compared to 17 SGA sequences derived from HIV-1mt ZA012-PO0.
No nonsynonymous substitutions were identified in Gag and Vif,
the proteins responsible for evading TRIMS5a and APOBECS3.
Around the recombination break points in HIV-1mt ZA012-P19,
the vpr and vpu genes keep each open reading frame and do not
contain any mutations in the region derived from NL-DT5R,
respectively. Furthermore, consensus amino acid sequence of
HIV-Tmt ZA012-PO and -P19 were also identical in the regions
derived from HIV-1 97ZA012, respectively. These facts suggest that
recombination was occurred to keep these genes intact.

Phylogenetic analysis of env genes

It is likely that HIV-1mt ZA012-P0 generated by IHR in human
C8166-CCR5 cells was a swarm carrying diverse env sequences of
the parental HIV-1 97ZA012, which evolved to HIV-1mt ZA012-P19
through in vitro passages. To evaluate the env variants selected in
C8166-CCR5 cells or primary PtM cells, we determined 22
sequences of HIV-1 97ZA012, 17 sequences of HIV-1mt ZA012-P0

o HIV-197ZA012
@ HIV-1mt ZA012-P0

e HIV-imt ZA012-P19

HIV-1 972A012 reference
HIV-1 98CNOO7

————
.01

Fig. 5. Phylogenic analysis of partial env sequences. A neighbor-joining phylogenic
tree was constructed from the partial nucleic acid sequences of env (nucleotide
positions 211-2571 based on env of HXB2 numbering). The sequences of HIV-1
97ZA012 (white circle), HIV-1mt ZA012-P0 (grey circle) and HIV-1mt ZA012-P19
(black circle) were determined from SGA sequences. HIV-1 97ZA012 (accession
number: AF286227) and 98CN007 (AF286230) reference sequences were obtained
from the Los Alamos HIV sequence database (http://hiv-web.lanl.gov/). R1-R8
correspond to the patterns of recombination breakpoint types in Fig. 2. Bootstrap
values were computed from 1000 bootstrap replicates, and only > 90% are shown
at branches. The scale bar indicates the substitutions per site.
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and seven sequences of HIV-1mt ZA012-P19 from SGA. Next, we
conducted a phylogenetic analysis of the nucleotide sequences of
the 3’ terminal 2361 bp of each viral env derived from HIV-1
977ZA012 and shared by all variants of HIV-1mt ZA012-P0 and -P19
(Fig. 5). These sequences were divided into two clusters: the larger
cluster included 19 sequences of HIV-1 97ZA012, 8 sequences of
HIV-1mt ZA012-P0 and 7 sequences of HIV-1mt ZA012-P19; and
the smaller cluster included 3 sequences of HIV-1 97ZA012 and
9 sequences of HIV-1mt ZA012-P0. Recombination types R2, R3, R5
and R7 (Fig. 4) were intermingled among the sequences of the two
groups, suggesting that homologous recombination could occur in
various env templates.

To compare the genetic diversity of env in these viruses, we
computed the mean of all pair-wise distances between any two
viral env sequences in each of the viruses. The computed diversity
of env in HIV-1mt ZA012-PO was 0.0038 4+ 0.0025 ( + standard
deviation, SD), which was significantly lower than that in the
parental HIV-1 97ZA012 (0.0044 +0.0021; p <0.05). The com-
puted diversity of HIV-1mt ZA012-P19 env was 0.0012 + 0.00078,
which showed significantly lower variation compared to HIV-1mt
ZA012-PO (p < 0.0001).

Co-receptor usage of HIV-1mt ZA012-P19

To characterize co-receptor usage of HIV-1mt ZA012-P19 after
long-term in vitro passage, we conducted an entry assay using
TZM-bl cells with small molecule antagonists (Fig. 6). Viral
infectivity of the CXCR4-tropic virus (NL4-3) was reduced in the
presence of an increasing amount of the CXCR4 inhibitor,
AMD3100, but was not affected by the CCR5 inhibitor, AD101.
In contrast, the CCR5-tropic virus, SIVmac239, was inhibited in the
presence of an increasing amount of AD101 but not by AMD3100.
Similar to the results using SIVmac239, HIV-1mt ZA012-P19
exhibited sensitivity to inhibition by AD101 but resistance to
AMD3100, indicating that the virus maintained its CCR5-tropism
after the serial passage.
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Replication of HIV-1mt ZA012 in pig-tailed macaques

Since HIV-1mt ZA012-P19 utilized CCR5 as a co-receptor and
exhibited increased infectivity to primary cells of PtMs, we next
assessed the in vivo replication capacity of the virus by experi-
mental infection of PtMs. Two PtMs were inoculated intravenously
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Fig. 7. HIV-1mt ZA012 infection of pig-tailed macaques. Two pig-tailed macaques
were inoculated intravenously with HIV-1mt ZA012 (100,000 TCIDsp), and the
plasma viral RNA burdens (A) and circulating CD4* T-lymphocytes (B) were
monitored.
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Fig. 6. Co-receptor usage of HIV-1mt ZA012-P19. Infectivity of HIV-1 NL4-3, SIVmac239 and HIV-1mt ZA012-P19 to TZM-bl cells was assessed in the presence of increasing
amounts of AMD3100 (CXCR4 inhibitor), AD101 (CCR5 inhibitor) or both. The experiment was conducted in triplicate.
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with 1.0 x 10° TCIDs; of the HIV-1mt prepared in PtM PBMCs, and
plasma viral RNA burdens and the numbers of circulating CD4*
T-lymphocytes were monitored periodically (Fig. 7A). Plasma viral
RNA loads in PtMO1 peaked (1.0 x 10° copies/mL) at 2 weeks post-
infection (wpi) and declined thereafter to levels below the detec-
tion limit at 8 wpi. PtM02 exhibited a peak plasma viral RNA
burden (2.3 x 10° copies/mL) at 1.5 wpi and maintained more than
1 x 10 copies/mL by 9 wpi, but the viral load declined to levels
below the detection limit at 16 wpi, The numbers of CD4*
T-lymphocytes in the circulation in both animals were not affected
(Fig. 7B). Furthermore, we analyzed naive and memory popula-
tions of CD4™ T cells and no preferential depletion of circulating
memory CD4™" T-lymphocyte was observed (data not shown).

Discussion

In this study, we used IHR to generate a new HIV-1mt carrying
env from the CCR5-tropic subtype C HIV-1 clinical isolate. This
recombination method has been used to generate infectious HIV-1
or SHIV by joining two linear DNAs in regions with completely
identical sequences (Chen et al, 2000: Kalyanaraman et al, 1988;
Kellam and Larder, 1994; Luciw et al, 1995; Srinivasan et al., 1989;
Velpandi et al, 1991). Recently, we applied IHR to generate a
replication-competent SHIV carrying subtype C env that was
inserted within the env sequence of subtype B (Fujita et al,
2013). Here, we utilized the same method to generate HIV-1mt
by replacing a coding sequence region from subtype B with that of
a primary isolate of subtype C and investigated recombination
breakpoints in detail by analyzing the sequences of the resultant
viruses. We found seven variants with different recombination
breakpoints that were located within overlapped sequences
between fragments 1 and Il. These variants were selected as
replication-competent virus in C8166-CCR5 cells that maintained
their variability, suggesting that IHR events occur frequently in
cells co-transfected with DNA fragments. In addition, it appears
that the length of identical sequence of as short as 8bp is
sufficient for [HR (recombination type R2 in Fig. 4). Furthermore,
IHR is suggested to occur between various DNA templates, based
on the phylogenetic analysis results that indicated intermingled types
of recombination breakpoints among different env sequences.

To develop a virus that efficiently infects monkey cells, it is
important to choose an env that mediates efficient entry to
macaque cells. The Env proteins in most A-D subtypes of HIV-1
clinical isolates from infected individuals during the acute phase of
infection do not mediate efficient entry using macaque CD4
receptors (Humes et al, 2012). In a preliminary experiment in
C8166-CCR5 cells, we generated five strains of replication-
competent HIV-1mt carrying env from subtype C HIV-1 clinical
isolates, including 97ZA012, but only three were infectious to PtM
cells (data not shown). The generation of SHIV 97ZA012 that can
establish infection in rhesus macaques as described previously
(Fujita et al,, 2013) also suggested that Env of HIV-1 97ZA012 can
generate recombinant viruses that are infectious to macaque cells.

The serial passage of HIV-1mt ZA012-P0O through PtM PBMCs
resulted in the loss of variants with recombination breakpoints
and led to the emergence of HIV-1mt ZA012-P19 variants with
shared uniform mosaic breakpoints not detected before the
passage (Fig. 4). It is possible that recombination type R8 was
generated through additional recombination events within homo-
logous sequences in the vpu region between variants with recom-
bination type R2 and R7 because recombinant breakpoints located
on vpr and env regions of the virus were identical to that of R2 and
R7, respectively. This possibility of recombination between R2 and
R7 is also supported by the previous finding that the AAAAA tract
within the putative site of recombination is a recombination

hotspot during reverse transcription because the sequence facil-
itates template switching by pausing and dissociation of reverse
transcriptase and results in frequent recombination (Quinones-
Mateu et al,, 2002).

HIV-1mt ZA012-P19 acquired three amino acid substitutions
(K432R of Pol-RT, D232E of Pol-IN and F138S of Nef) through serial
passages in PtM PBMCs, but the biological significance of these
mutations remains undetermined. It has been reported previously
that two amino acid substitutions (N222K and V234l) in the
C-terminus of Pol-IN of NL4-3 could augment replication of HIV-
Imt in cynomolgus macaque HSC-F and human MT4/CCR5 cells
(MNomaguchi et al, 2013). A D232E mutation observed in this study
was positioned near these two residues, which might be asso-
ciated with increased replication in primate cells.

HIV-1mt ZA012 established infection in PtMs with the peak
viremia reaching 1.0-2.3 x 10% copies/mL at 1.5 or 2 wpi (Fig. 7).
In contrast, NL-DT5R exhibited low levels of replication in PtMs
(at most 3.5 x 107 copies/mL at peak viremia) regardless of CD8*
cell-depletion, as described previously (igarashi et al, 2007).
Plasma viral RNA load at peak viremia in HSIV-vif infected new-
born PtMs showed 0.5-1.0 x 10° copies/mL (Thippeshappa et al.,
2011). The highest peak viral level has been achieved by stHIV-1
infection of PtMs, reaching 1.0 x 10°-10° copies/mL at the peak
(Hatziioannou et al, 2009). Although HIV-1mt ZA012 failed to
persist its replication over 10 weeks, the replication capacity of the
virus in the acute phase appeared to be comparable to or greater
than known monkey-tropic HIV-1 isolates. The caveat is that HIV-
1mt ZA012 was obtained through “autologous” cell passage.

The derivative of NL-DT5R was designed to counteract or evade
restrictions by macaque TRIM5x and APOBEC3G but not by
interferon (IFN)-stimulated genes (ISGs). One of the IFNo-
inducible host factors, tetherin, inhibits release of viral particles
from infected cells (Neil et al, 2008). HIV-1 Vpu is able to
counteract human tetherin activity but fails to downregulate this
activity in macaque (Jia et al, 2009). On the other hand, unlike
HIV-1 HXB2 or NL4-3, some strains of HIV-1 appear to antagonize
macaque tetherin by its N-terminal transmembrane (TM) domain
of Vpu (Shingai et al, 2011). It has been reported that replication of
monkey-tropic HIV-1 could be controlled in macaque lymphocytes
treated with IFN-o (Bitzegeio et al, 2013; Thippeshappa et al,
2013). Further investigations are required to determine whether
HIV-1mt ZA012-P19 that encodes the N-terminal TM domain of
Vpuy, Env and Nef from subtype C could efficiently replicate in the
presence of PtM tetherin or ISGs.

We generated the first CCR5-tropic HIV-1mt in the currently
available derivatives of HIV-1 that can establish infection in
macaques. NL-DT5R, HSIV-vif and stHIV-1 are infectious to PtMs,
but these viruses are CXCR4 or CXCR4/CCR5 dual tropic. Several
monkey-tropic HIV-1 isolates carrying CCR5-tropic env have been
reported, but the viral replication was less efficient than NL-DT5R
(Yamashita et al, 2008). The CCR5-tropic viruses preferentially
infect memory CD4* T-lymphocytes and efficiently replicate in
effector sites in vivo (i.e., lymphocytes in the lung or gastrointest-
inal tract) (Brenchley et al, 2004; Mehandru et al, 2004; Okoye
et al, 2007, Picker et al, 2004). Although we characterized
co-receptor usage of HIV-1mt ZA012-P19 in vitro, further investi-
gation is needed to determine whether the virus behaves similarly
to CCR5-tropic HIV-1 isolates in patients in vivo.

In this study, we generated a new monkey-tropic HIV-1. The viral
swarm HIV-1mt ZA012-P19 carries env sequences from CCR5-tropic
subtype C HIV-1, and it successfully established infection in PtMs
with a high peak viremia comparable or greater than the monkey-
tropic HIV-1 strains currently available. Although the monkey-tropic
HIV-1 requires further adaptation to improve its in vivo replication
capacity, the virus potentially serves as a nonhuman primate model
for AIDS, which reproduces infection with currently circulating HIV-1.
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