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FIG 4 The specificity and potency of Fab clones in the B404 group are similar
to those of B404. (A) Competition ELISA was performed using serially diluted
B404 IgG as a competitor. B404 IgG significantly inhibited the binding of the
Fabs in the B404 group (L6, L22, 09, and O19). In contrast, B404 IgG did not
compete with the Fabs in groups III (K8 and K10) and IV (K12, K40, and K47)
and even enhanced the binding of these Fabs. (B) Neutralization potencies of
Fabs in the B404 group (left) and groups III and IV (right) are shown by
inhibition of infection to TZM-bl cells with neutralization-resistant
SIVsmE543-3 and genetically divergent SIVmac316.

tant lacking 3 glycosylation sites flanking the V3 loop (AGly) were
constructed. In addition, mutants carrying single mutations in the
CD4bs (D385R) and CD4i (I1434R) sites, corresponding to D368R
and [420R in HIV-1 gp120 (13, 44-46), were examined to clarify
the relationship of the B404 epitope to the CD4bs and CDA4i sites.
Flow cytometry analysis using cells expressing these Env mutants
revealed that the reactivity of B404 was completely lostin AV3 and
AV4 mutants, though B404 bound to other mutants even better
than it did to the wild type (Fig. 5A). These results suggested that
B404 recognizes a conformational epitope consisting of the V3
and V4 loops.

The reactivity of another Fab, K8, which targets an epitope
other than that of B404 (Fig. 4A), was lost in AV4 and 1434R
mutants (Fig. 5A). No reactivity to 1434R strongly suggested that
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FIG 5 B404 recognizes a conformational epitope, including the V3 and V4
loops, and sCD4 enhances the exposure of the epitope in trimeric Env. (A)
Reactivity of B404, K8, and H301 (anti-V1 Fab) to Env mutants was examined
using 293T cells transfected with plasmids to express SIVsmE543-3 Env (wild-
type), mutants with deletions in the V1 (AV1), V2 (AV2), V3 (AV3), and V4
(AV4) loops, an N306A/N316A/N349A mutant lacking glycosylation sites
near the V3 loop (AGly), a D385R mutant interfering with CD4bs antibodies
(D385R), and an 1434R mutant interfering with CD4i antibodies (I434R). The
transfected cells were stained with Fabs B404, K8, and H301, and the reactivity
of Env mutants was analyzed using flow cytometry. The percentage of Fab™
cells is shown. (B) Reactivity of Fabs B404, K8, and H301, and murine anti-V3
MAD KK46 to sCD4-treated trimeric Env on the cell surface. Cells transfected
with the plasmid to express SIVsmE543-3 Env were incubated with 2 jug/ml
sCD4 for 15 min, and the reactivities of antibodies were similarly examined.
The tinted histogram represents cells stained by antibody in the absence of
sCD4. The dotted line shows the unstained control. (C) Reactivity of Fab
clones B404 and K8 to sCD4-treated monomeric Env. The reactivity of serially
diluted Fab to Env was examined by ELISA using SIVsmE543-3 as an antigen
in the absence or presence of 0.5 or 2.0 pg/ml sCD4.

K8 is a CD4i antibody. Therefore, the effect of sCD4 ligation on
antibody binding to Env trimers and monomers was examined
using flow cytometry and ELISA, respectively. The reactivity of
B404, K8, and KK46 (murine anti-V3 MADb) to Env on the cell
surface was enhanced by the addition of sCD4, although no effect
was observed in anti-V1 Fab H301 (Fig. 5B). This suggested that
epitopes for B404, K8, and KK46 are exposed in the open confor-
mation of the Env trimer triggered by CD4 binding. Consistent
with the analysis of mutant Envs, the reactivity of K8 to Env
monomer was enhanced by the addition of sCD4, but B404
showed no enhancement of reactivity (Fig. 5C). )
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FIG 6 Isolation of variants resistant to B404 and amino acid substitutions in gp120. The B404-resistant variant was induced from SIVmac316 by passages of
viruses in PM-1/CCR5 cells with increasing concentrations of B404 Fab. A B404-resistant variant, P26B404, was obtained from the supernatant of passage 26.
P26C was obtained after 26 passages without B404. (A) The sensitivities of P26B404, P26C, and parental STVmac316 to neutralization are shown by inhibition
of infection of TZM-bl cells. B404 and K8 Fabs, murine MAb M318T, which recognizes the V2 of gp120, and plasma samples from SIVsmH635FC-infected
macaque H704 and SIVmac239-infected macaque MM324 were used for the neutralization assay. (B) Amino acid sequences of the N-terminal and C2 regions
of gp120 from P26C and P26B404 are aligned with those of parental SIVmac316 and SIV strains, SIVmac239, SIVsmE543-3 and SIVsmH635FC. The number of
clones per total number of clones is given in parentheses. Identical amino acids are shown as dots, and potential glycosylation sites in STVmac316 are indicated

with underlining.

The enhancement by sCD4 of reactivity to both monomeric
and trimeric Env and the interference in binding by the 1434R
(I420R in HIV-1) mutation in Env, which are features of so-called
CD4i antibodies against HIV-1 (13, 45, 46), indicate that K8 tar-
gets the CD4i epitope. The enhanced reactivity of B404 by sCD4 to
trimeric but not monomeric Env is analogous to the reactivity of
anti-V3 antibodies (65). These results suggest that B404 recog-
nizes a conformational epitope consisting of the V3 and V4 loops,
which are intensely exposed on the Env trimer after CD4 ligation.

Selection of variants resistant to NAb B404. To select B404-
resistant variants in vitro, we passaged SIVmac316, which is the
most sensitive to B404 of the SIV strains tested (¥Fig. 1), in PM1/
CCR5 cells in the presence of increasing concentrations of B404.
Asa control, passage under the same conditions without B404 was
also performed to monitor spontaneous changes during infection
in PM1/CCRS5 cells. The concentration of B404 was increased
from 5 ng/ml to 400 pg/ml at passage 26. Viruses recovered at
passage 26 in the presence and absence of B404, which were des-
ignated P26B404 and P26C, respectively, were examined for their
sensitivity to antibodies and plasma samples from SIV-infected
macaques (Fig. 6A). The IC,, for B404 against SIVmac316, P26C,
and P26B404 were 2.8, 4.1, and 240 ng/ml, respectively, showing
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an 86-fold resistance of P26B404 to B404 compared with that of
wild-type SIVmac316. P26B404 was also resistant to neutraliza-
tion by MAbs K8 (CD4i) and M318T (V2), which target epitopes
other than that of B404, and plasma samples from SIV-infected
macaques (Fig. 6A). These results suggested that P26B404 ac-
quired resistance to antibody-mediated neutralization compara-
ble to that observed in neutralization-resistant SIV strains, such as
SIVmac239 and SIVsmE543-3. Sequence analysis of gpl120 re-
vealed 3 amino acid substitutions specific to P26B404: V17L in the
N-terminal region and F277V and N295S in the C2 region
(Fig. 6B). Of these substitutions, the two in the C2 region were
highly conserved among SIVsm/mac and HIV-2 strains. These
substitutions were independently observed, and no variant with
both F277V and N295S was found in the 15 clones sequenced.
MD simulation of gp120 outer domains from B404-sensitive
and B404-resistant variants. To address structural impacts of
the 2 mutations in the C2 region, we performed MD simulation
of unliganded gp120 outer domains from B404-sensitive
(SIVmac316) and B404-resistant (F277V and N295S) variants. To
map the sites at which structural dynamics were influenced by C2
mutations, we calculated the RMSF of the main chains of individ-
ual amino acid residues using 90,000 snapshots from 5 to 50 ns of
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FIG 7 Effects of F277V and N295S mutations on the structural dynamics of
the gp120 outer domain. (A) Distribution of RMSF in the gp120 outer domain.
MD simulations of gp120 outer domains of STVmac316, F277V, and N295S
were carried out at 1 atm and 310 K for 50 ns as described in Materials and
Methods. The RMSF values, which indicate the atomic fluctuations of the
main chains of individual amino acids during MD simulations, were calculated
using 90,000 snapshots from 9 to 50 ns of each MD simulation. The numbers
on the horizontal axes indicate amino acid positions in gp120. The RMSF
values of the mutants are significantly different from those of parental
SIVmac316 at the V3 loop, the V3 flanking regions (indicated by asterisks), the
V4 loop, the 320321/LF loop, and the V5 loop regions. (B) A structure at 50 ns
of MD simulation of the STVmac316 gp120 outer domain is shown as a repre-
sentative to indicate the steric location of mutation sites and various loops. The
regions that are proximal to the V3/V4 loops and displayed fluctuations that
differed from those of parental SIVmac316 (¥ig. 7A) are highlighted in orange
(*), blue (**), and purple (***). Green sticks indicate glycans.

each MD simulation (¥ig. 7A). RMSF values provide key informa-
tion about the atomic fluctuations of the individual amino acids of
a protein in solution (57). These values were maximal at the tip of
the V3 loop and prominent at other loop regions, including LD,
LE, CD4 binding, V4, B20B21/LF, and V5 (¥Fig. 7A), suggesting
that these loops fluctuate in solution. Notably, the F277V and
N295S mutations were found to induce changes in RMSF values
mainly at the V3, V4, B20B21/LF, and V5 loop regions (¥ig. 74,
blue and green lines, respectively). Interestingly, these regions are
located far from the C2 mutation sites compared with the loca-
tions of other loops, such as LD, LE, and CD4 binding, which had
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RMSF values that were similar among wild-type and B404-resis-
tant variants (Fig. 7B; F277V in LD and N295S in the proximal
region of LD). In particular, RMSF changes by the C2 mutations
were the most prominent at the V3/V4 loops and their neighbor-
ing regions (Fig. 7). These results suggested that the F277V and
N295S mutations could alter the structural dynamics of V3/V4
loops and their neighboring regions in solution. The structural
alterations would lead to changes in entropy of the regions, which
affect the binding affinity to B404. The finding is consistent with
the results of an epitope mapping study of B404.

DISCUSSION

Potent and broadly neutralizing MAbs have recently been isolated
from HIV-1-infected patients and analyzed to understand the
mechanism of neutralization against a broad spectrum of HIV-1
strains and to design vaccines against their neutralizing epitopes
(12-16). Although the SIV-macaque model has been used as an
animal model for HIV-1 infection for vaccine development (6, 8,
24), no potent and broadly neutralizing monoclonal antibody
against SIV was available. Therefore, the epitopes and mechanism
for broad neutralization of SIV remained uncertain. Many mono-
clonal antibodies against SIVsm/mac were isolated from SIV-in-
fected macaques (66, 67) and mice immunized with SIV Env (43,
47, 68), but few of them showed neutralizing activity against
various SIV strains, including highly neutralization-resistant
SIVmac239 (68). In comparison with these monoclonal antibod-
ies against SIV identified so far, B404 apparently has a broadly
neutralizing activity, which enables it to neutralize multiple, di-
verse SIV isolates, and can be defined as the first generation of
broadly NAbs against SIV. The broad and potent neutralizing ac-
tivity of B404 shown in this study indicates that B404 can be used
to analyze broad neutralization against SIV. The B404 epitope, the
newly identified broadly neutralizing epitope against SIV, will fur-
ther understanding of the mechanism of broad neutralization
effective for protection from SIV infection.

The infection of rhesus macaques with SIVsmH635FC, a
highly neutralization-sensitive clone, was chosen for this study
because this SIV strain induced a vigorous and potent antibody
response in all the infected macaques and acquired many viral
mutations to escape antibody recognition (25, 26). The kinetics of
B404 neutralization against various SIV strains were similar to
those observed in the plasma sample of the macaque from which
B404 was isolated, suggesting that B404-like NAbs are representa-
tive of the neutralizing activity in SIVsmH635-infected macaque
H723 (25). Consistent with this observation, B404-like NAbs were
shown to be a major group in NAbs genetically and functionally.
Most of the NAbs in the 4 STVsmH635FC-infected macaques an-
alyzed had the same features, including the use of a specific VH3
germ line and i light chains, along CDRH3 loop, and competition
with B404. The bias in the specificity and gene usage may be par-
tially enhanced by the screening process, because B404-like NAbs
were predominantly isolated from X light-chain libraries by pan-
ning against H301-conjugated Env. In addition, isolating antibod-
ies against quaternary epitopes constituted by the Env trimer
through panning using monomeric Env was difficult. However,
the presence of many independent B404-like NADbs strongly sug-
gests that B404-like NAbs compose a significant fraction of NAbs
in 4 SIVsmH635FC-infected macaques. Moreover, the vigorous
induction of B404-like NAbs in SIVsmH635FC-infected ma-
caques was also supported by the multiple B cell origins apparent
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from several subgroups in B404-like NAbs (Fig. 1). These sub-
groups originated from distinct B cell precursors generated by
VDJ recombination, because they were often distinguished by the
length and nucleotide sequences of CDRH3.

The observation of few B404-like NAbs from macaques in-
fected with the SIV mix clearly indicates that induction of B404-
like NAbs depends on infection with SIVsmH635FC. The exclu-
sive induction of B404-like NAbs only in SIVsmH635FC-infected
macaques also raises the possibility that Env from SIVsmH635FC
is a highly immunogenic protein that induces antibodies against
the B404 epitope. The use of Env from SIVsmH635FC for vacci-
nation may be advantageous for the induction of broadly neutral-
izing antibodies, because the Env from an HIV-1-infected patient
with broadly neutralizing antibodies induced cross-reactive anti-
HIV-1 NAbs in an animal model (69). The Env in this vaccination
study is capable of mediating CD4-independent infection. Since
the Env of SIVsmH635FC has a mutation in the CD4-binding
region (D385N), NAb induction may be affected by CD4 indepen-
dency of Env. The development of vaccines aimed at inducing
B404-like NAbs in rhesus macaques will be useful in establishing
models for development of antibody-based vaccines targeting spe-
cific epitopes for broad neutralization.

Biased usage of a specific VH3 germ line gene and \ light chain
are remarkable genetic features of B404-like NAbs. The induction
of NAbs with specific germ line genes, such as VH1-69 for CD4i
(70) and VH5-51 for V3 (64), is frequently observed in HIV-1-
infected patients. A close relationship between VH germ line genes
and target epitopes suggests the importance of Ig gene usage in the
induction of broadly neutralizing antibodies. Therefore, rational
design of vaccines has been undertaken based on reactivity to an-
tibodies with the germ line genes used by known broadly neutral-
izing antibodies (11, 71, 72). Unfortunately, the VH3 germ line
gene of B404 is divergent from all human VH3 germ line genes,
suggesting the absence of a human counterpart. This may partially
explain why B404-like NAbs have not been identified in HIV-
infected humans, although the structure of HIV-1 Env, which is
different from that of SIV, significantly affects immunogenicity of
the B404 epitope. Rhesus macaque-specific germ line genes were
also used by NAbs against the quaternary epitope of HIV-1 Env
from simian and human immunodeficiency virus (SHIV)-in-
fected macaques, but their germ line genes were different from the
VH3 germ line gene used by B404 (73). Even in the presence of a
human VH gene counterpart, the antibody response to a neutral-
izing epitope may differ between rhesus macaques and humans
(74). In addition to the genetic diversity of germ line genes, the
rhesus macaque CDRH3 repertoire differs from that of humans,
resulting in species-specific antibody repertoires (75). This species
specificity in antibody induction is a problem in the evaluation of
HIV-1 vaccines in animal models, especially those designed for
specific neutralizing epitopes of HIV-1. Conversely, K8, the CD4i
NAb from a SIV-infected macaque, used the rhesus VH1 germ line
gene, an analog of human VH1-69 frequently used by CD4i NAbs
in HIV-1-infected humans (70). Thus, the mechanism of induc-
tion of CD4i NAbs with VH1-69 may be common in both humans
and rhesus macaques. To analyze vaccine candidates properly in
nonhuman primates, similarities and differences in antibody re-
sponse between rhesus macaques and humans should be consid-
ered.

B404 recognizes a conformational epitope consisting of the V3
and V4 loops. The enhanced exposure of the epitope in trimeric
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Env by sCD4 and efficient neutralization of neutralization-resis-
tant SIV strains by the scFv form of B404 suggests that the B404
epitope is sterically masked by the V1/V2 loops and glycans, anal-
ogous to CD4i and V3 epitopes (46, 65, 76). Consistent with this
interpretation, B404 reacted more intensely to Env mutants lack-
ing the V1 and V2 loops than to the wild-type Env. MD simulation
supported these observations by indicating changes in the struc-
tural dynamics of V3/V4 loops and their neighboring regions in
gp120 of resistant variants with F277V and N295S mutations in
the C2 region. The acquisition of resistance to the broadly neu-
tralizing antibodies b12, PG9, and PG16 due to C2 mutations far
from the target epitopes was also observed in HIV-1 CRF01_AE
(77, 78). MD simulation is a powerful computational method for
analyzing structural dynamics of proteins in solution on the basis
of theoretical and empirical principles in physical chemistry (79)
and has been applied to research on viruses (80). The structural
dynamics of protein surfaces in solution plays a key role in protein
interactions, and MD simulation is advantageous in speculation
about interactions between proteins containing flexible regions,
such as V3 and V4 loops. Analysis of fluctuation changes in mu-
tant proteins is useful to identify the regions which affect protein-
protein interaction.

Although the V3 and V4 loops are known to contain linear
epitopes for antibody-mediated neutralization in SIV infection,
no conformational MAb against SIV with characteristics similar
to those of B404 has been reported (43, 47, 66—68). Several MAbs
to conformational epitopes that include the V3 region, such as
PGT antibodies, represented by PGT128 (15, 19), 3BC176, and
3BC315 (81), were isolated from HIV-1-infected patients. The
PGT128 epitope consists of the short segment of the V3 loop and
2 neighboring glycans (19), but the binding of B404 is indepen-
dent of these glycans near the V3 region. The epitope of 3BC176
and 3BC315 is close to the V3 loop, and their binding is partially
enhanced by CD4 binding, similar to that of B404 (81). However,
in contrast to B404, 3BC176 and 3BC315 do not bind to mono-
meric Env and compete with CD4i antibodies, suggesting that
their epitope is different from that of B404. Although we have not
determined the precise B404 epitope, the characteristics of B404
that are similar to those of CD4i and V3 antibodies suggest that
B404 recognizes a conserved region important for binding to the
CCRS5 coreceptor (46, 65, 76, 82).

Despite recent progress in understanding the broad neutraliza-
tion of HIV-1, epitopes for potent and broad neutralization have
not been analyzed in an SIV mode] because NAb analysis using
SIV cannot be directly applied to HIV-1. The main disadvantage
of SIV is the antigenicity difference relative to HIV-1, which
makes examination of neutralizing epitopes of HIV-1 impossible.
Although the use of SHIV expressing HIV-1 Env enables the eval-
uation of vaccine candidates designed for target epitopes of HIV-1
in nonhuman primates, an SIV model was more predictive of
vaccine efficacy than a SHIV model in clinical trials of a T-cell-
based vaccine (83, 84). For comprehensive assessment of immu-
nity induced by vaccine candidates, proof-of-concept trials using
the SIV model should be considered before further efficacy trials.
The identification of B404 with its potent and broad neutralizing
activity against SIV will be a useful adjunct for evaluating the
mechanism of neutralization in an SIV-macaque model and will
contribute to the development of HIV-1 vaccines.
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The initiation of drug therapy results in a reduction in the human immunodeficiency virus type 1
(HIV-1) population, which represents a potential genetic bottleneck. The effect of this drug-
induced genetic bottleneck on the population dynamics of the envelope (Env) regions has been
addressed in several in vivo studies. However, it is difficult to investigate the effect on the env
gene of the genetic bottleneck induced not only by entry inhibitors but also by non-entry inhibitors,
particularly in vivo. Therefore, this study used an in vitro selection system using unique bulk
primary isolates established in the laboratory to observe the effects of the antiretroviral drug-
induced bottleneck on the integrase and env genes. Env diversity was decreased significantly in
one primary isolate [KP-1, harbouring both CXCR4 (X4)- and CCR5 (R5)-tropic variants] when
passaged in the presence or absence of raltegravir (RAL) during in vitro selection. Furthermore,
the RAL-selected KP-1 variant had a completely different Env sequence from that in the passage
control (particularly evident in the gp120, V1/V2 and V4-loop regions), and a different number of
potential N-glycosylation sites. A similar pattern was also observed in other primary isolates
when using different classes of drugs. This is the first study to explore the influence of anti-HIV
drugs on bottlenecks in bulk primary HIV isolates with highly diverse Env sequences using in vitro
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) shows a
high degree of genetic diversity owing to its high rates of
replication and recombination and the high mutation rate
of the HIV-1 reverse transcriptase (Najera et al., 2002).
Even in a single infected individual, the virus can best be
described as a population of distinct, but closely related,
genetic variants or ‘quasi-species’ (Eigen, 1993; Nijhuis
et al., 1998). The quasi-species behaviour of viruses is
recognized as a key element in our understanding and
modelling of viral evolution and disease control (Vignuzzi
et al., 2006).

The GenBank/EMBL/DDBJ accession numbers for the env sequences
of HIV-1 KP-1, KP-2 and KP-4, are AB640872-AB640881,
AB641341-AB641351 and AB641335-AB64 1340, respectively.

Two supplementary figures are available with the online version of this
paper. ’

Combination antiretroviral (ARV) therapy results in a
contraction of the viral population, which represents a
potential genetic bottleneck (Charpentier et al, 2006;
Delwart et al., 1998; Ibafiez et al., 2000; Kitrinos et al., 2005;
Nijhuis et al., 1998; Nora et al., 2007; Sheehy et al., 1996;
Zhang et al, 1994). Whilst this bottleneck has a direct
effect on the region that is being targeted by the drugs (e.g.
protease or reverse transcriptase), it also affects other
regions of the viral genome. Indeed, the effect of the drug-
induced genetic bottleneck on the population dynamics of
the envelope (Env) regions has been addressed in several in
vivo studies (Charpentier et al., 2006; Delwart et al., 1998;
Ibéafez et al., 2000; Kitrinos et al., 2005; Nijhuis ef al., 1998;
Nora et al., 2007; Sheehy et al., 1996; Zhang et al., 1994).

Virus bottleneck evolution of the HIV-1 env gene might be
important when choosing the optimal drugs to treat a
particular patient. Indeed, a CCR5 antagonist (maraviroc,
MVQC) and a fusion inhibitor (enfuvirtide, T-20) have now
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been approved for use as HIV-1 entry inhibitors. Analysing
the dynamics of drug-induced genetic bottlenecks and
studying drug-resistant mutation profiles in response to
HIV-1-specific ARV drugs are both important if we are to
understand fully HIV-1 drug resistance and pathogenesis.

The aim of the present study was to understand better the
effect of in vivo drug-induced genetic bottlenecks. In vitro
selection of different primary HIV-1 isolates was per-
formed using the recently approved HIV integrase
inhibitor raltegravir (RAL) (Steigbigel et al., 2008). Two
R5-, one X4-, one dual- and one mixed R5/X4-tropic
isolates were passaged through a RAL-induced genetic
bottleneck. We also performed in vitro selection of the R5/
X4 isolate using lamivudine (3TC), saquinavir (SQV) and
MVC, and compared the results with those from the RAL-
selected isolate.

RESULTS

Genotypic profiles of the HIV-1 primary isolates

Four genetically heterogeneous HIV-1 primary isolates (KP-
1-4) from Japanese drug-naive patients were used to assess
the extent to which RAL affected the selection of bulk
primary viruses in vitro. A laboratory isolate, strain 89.6, was
also used in the study (rather than a molecular clone) to
allow escape mutants to be selected from each quasi-species
pool and to be generated de novo. First, the sequences of the
integrase (IN) regions of the four primary isolates were
determined. Table 1 shows the detailed evaluation of the R5/
X4 mixture subtype B (KP-1), R5-CRF08_BC (KP-2), R5
subtype B (KP-3) and X4-CRF01_AE (KP-4) primary
isolates, and the dual-tropic subtype B laboratory virus
(89.6). Although some naturally occurring polymorphisms
were observed within the IN regions of these isolates
compared with the subtype B consensus sequence available
from the Los Alamos National Laboratory HIV sequence
database, we did not identify any primary resistant
mutations to RAL. Three baseline viruses (KP-1, KP-4 and
89.6) were sensitive to RAL, with ICs values ranging from
1.2 to 4 nM, which are comparable with those reported
previously (Kobayashi et al., 2008). However, KP-2 and XP-
3 showed minor resistance to RAL, with ICs, values of 16
and 32 nM, respectively. These two isolates contained
amino acid mutations at positions 72, 125 and 201 within
the IN region [previously reported as 1L-870,810 and S-1360
resistance mutations (Hombrouck et al., 2008; Rhee et al.,
2008), but not as RAL-resistance mutations]. KP-2 also
contained a unique insertion at position 288 (NQDME) at
the C-terminal end of the IN region.

In vitro selection of variants of the primary
isolates and 89.6 using RAL

To induce RAL-selected HIV-1 wvariants in vitro, PM1/
CCRS5 cells, a T-cell line expressing high levels of CCR5,
were exposed to the four primary isolates and strain 89.6.

The viruses were then serially passaged in the presence of
RAL. As a control, each isolate was passaged under the
same conditions, but without RAL, to allow monitoring of
spontaneous changes occurring in the viruses during
prolonged PM1/CCR5 cell passage (the passage control).
The selected viruses were initially propagated at a RAL
conceniration equal to each ICsy value. The RAL
concentrations were then increased from 20 to 85 nM
during the course of the selection procedure (Table 1).

Only small shifts in the ICsq to RAL were observed in four
of the five isolates (KP-1, KP-2, KP-4 and 89.6), with fold
changes in ICsq values of 3.4, 6.5, 16 and 9.2, respectively.
KP-3 did not show resistance to RAL. ICs, values in all the
passage controls were comparable with those of the
baseline viruses (Table 1).

IN region sequences in RAL-selected variants

The full-length IN genes were amplified and cloned to
determine the genetic basis of selection in the presence or
absence of RAL. Ten to 12 clones from each sample were
sequenced.

Substitutions within IN were observed at passages 30
(G189R) and 29 (T210I) in two RAL-selected isolates (KP-
2 and KP-4, respectively). Neither of these has been reported
as IN inhibitor-resistant mutations. No substitutions in the
IN regions of KP-3 and 89.6 were found. However, A125T
and V1801 substitutions were observed in the KP-3 and 89.6
control variants at the last passage. No previously reported
mutations were identified in the IN region of KP-1 (an R5/
X4 mixture isolate) after 17 passages. However, four amino
acids (K7/K111/H216/D278) were selected by RAL from the
baseline quasi-species, whereas different amino acids (R7/
R111/Q216/N278) were selected in the control-passage
variants (Table 1).

Taken together, these findings showed that RAL-induced
selection pressure causes adaptation within the IN regions
of bulk primary viruses during in vitro passage in the target
cells, and confirmed that this system can be used to analyse
drug-selected variants in vitro.

Comparison of env gene sequences in RAL-
selected and passage-control isolates

A highly diverse gp120 region was observed in the baseline
R5/X4 mixture isolate, KP-1; however, the viral diversity of
variants passaged in the presence or absence of RAL
decreased significantly during in vitro selection (overall
mean distance after RAL selection of 0.056 at baseline to
0.007 after passage 17; mean overall distance in the passage
control of 0.01 after 20 passages, Table 2). Moreover, the
RAL-selected and control variants utilized CCR5 to enter
the target cell; neither variant used CXCR4 (Table 3).

Interestingly, the low-diversity RAL-selected variant con-
tained a completely different Env sequence from that of the
passage-control variant (Fig. 1a). Different regions spanning
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Table 1. Susceptibility of HIV-1 isolates to RAL and distinct differences in IN region sequences between RAL-selected and control-passaged viruses

Isolate Subtype  Tropism Passage no. Concn (nM) RAL-selected variant* Passage control
IN sequence RAL ICso (nM) IN sequence RAL ICs5¢ (nM)
KP-1 B Mix 0 0 K/R7, K/R111, Q/H216, D/N278 4 K/R7, K/R111, Q/H216, D/N278 4
8 20 K111, H216, D278 31 (7.8) R7, R111, Q216, N278 4.5 (1.2)
17 20 K7, K111, H216, D278 26 (6.5) R7, R111, Q216, N278 0.4 (0.1)
KP-2 CRF08_BC R5 0 0 1201, ins289NQDME 16 1201, ins289NQDME 16
18 40 G189G/R, 1201, ins289NQDME 32 (2) 1201, ins289NQDME 16 (1)
30 85 G189R, 1201, ins28ONQDME 55 (3.4) 1201, ins289NQDME 25 (1.6)
KP-3 B R5 0 0 V72, Al125 32 V72, A125 32
11 25 V72, A125 25 (0.78) V72, A125 33 (1)
22 27.5 V72, A125 37 (1.2) V72, A125T 13 (0.41)
KP-4 CRF01_AE X4 0 0 - 2.1 - 2.1
8 40 - 33 (16) R166R/K, D279N 4.4 (2.1)
29 40 T2101 22 (10) G163E, R166R/K, D279N/S 4.1 (2)
89.6 B R5X4 0 0 - 1.2 - 1.2
8 15 - 34 (28) - 4.4 (3.7)
34 20 - 11 (9.2) V1801 1.2 (1)

*Amino acid changes in each passage variant are shown. Italicized letters represent mutations relative to the consensus subtype BC or B present in the baseline isolates. Bold letters represent amino
acids selected out of the quasi-species cloud. The fold increase in RAL ICs, values is shown in parentheses for in vitro-selected variants compared with those in the baseline isolates.
1The RAL variant selected after 17 passages was compared with the control selected after 20 passages.
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Table 2. Comparison of amino acid length and number of PNGs between RAL-selected and control-passage KP-1 variants

Mean V4 length  Mean PNGs (range)

Genetic diversity*  Mean ENV |_g, length  Mean V1/V2 length (range) Mean V3 length (range)

Passage no.

(range)

(range)t

24 (22-28)
27 (25-28)

30 (29-31)
31 (29-31)%

34 (33-34)
34 (33-34)%

69 (60-74)

74 (71-74)%

472 (461-480)

0.056

Baseline

479 (472-480)%

0.038

RAL-selected virus

28 (26-29)
27 (26-27)§
24 (22-27)%

31

34
34
34 (33-34)%

74
74
64 (60-74)+

480

480
464 (461-466)%
463 (462-463)
462 (459-463)

0.0070
0.0070
0.045
0.0070
0.0080
0.010

31
29 (29-31)%

17

Passage control

23 (22-23)
23 (22-23)
23 (22-23)$

29

29

29
0.0048%

34

34

34
0.91%

62

62

10
20

62
<0.0001%

463
<0.0001%

0.0019%
<0.0001$§

P value

*Qverall mean distance.

tSequence from gpl20 SP to the V5 region (aa 1-474).

+, § P values were calculated using the homoscedastic #-test between the RAL-selected and the passage-control variants indicated by the same symbols above.

the whole envelope sequence [from the signal peptide (SP) to
V5] were compared in the RAL-selected and passage-control
viruses. The results showed that, after only two passages, the
gp120, V1/V2 and V4-loop regions within RAL-selected
variants were longer than those in the control variants, and
the number of putative N-linked glycosylation sites (PNGs)
was significantly higher than that in the control-passage
viruses (Table 2). This phenomenon was seen consistently in
two independent experiments.

We also analysed the gp120 sequences in the other four
isolates. Although the number of positional differences
between the RAL-selected and passage-control variants for
these four isolates was lower than that in KP-1 (between
three and nine, compared with >40), there was a similar
pattern of separation between the Env sequences (Fig. 1). In
three of the four isolates (KP-2, KP-3 and KP-4), positional
differences were observed in SP, Cl and all the variable
regions of gp120 (Fig. 1b—d). In strain 89.6, differences were
observed in the C2, C3 and V4 regions (Fig. le).

These results suggested that RAL treatment of target cells
causes a decrease in viral diversification within quasi-
species Env regions via a route different from that in
untreated target cells.

In vitro induction of RAL-selected V3-loop library
virus variants

To investigate further the effects of RAL on viral Env
sequences, we used the V3-loop library virus (JR-FL-
V3Lib) developed by Yusa er al. (2005), which carries a set
of random combinations from zero to ten substitutions
(27 648 possibilities) in the V3 loop (residues 305, 306, 307,
308, 309, 317, 319, 322, 323 and 326; V3 loop from Cys*”°
to Cys>'). The variants contained in the library were
polymorphic mutations derived from 31 R5 clinical isolates
(Yusa et al., 2005). PM1/CCR5 cells were exposed to the
JR-FL-V3Lib and serially passaged in the presence of RAL.
After two passages, the V3 sequence within the RAL-
selected variant was completely different from that in the
passage control (Fig. 1f). This suggested that, under
pressure from RAL, the infectious clone harbouring
different V3 region sequence from the passage control
had adapted to the target cells, despite containing the same
IN sequences.

Phylogenetic analysis of the Env regions after
passage with or without RAL

To confirm the temporal and spatial differences observed
in each of the RAL-selected and passage-control viruses,
phylogenetic analyses were conducted using complete SP—
V5 sequences. The neighbour-joining phylogenetic tree
showed a clear and distinct branching between RAL-
selected and passage-control KP-1 viruses (Fig. 2a). We
also identified a similar pattern in all the other isolates
tested (Fig. 2b—e).
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Table 3. Comparison of amino acid length, number of potential N-linked glycosylation sites, V3 sequences and co-receptor usage between anti-retroviral drug-selected and

control-passaged KP-1 variants

Passage  Genetic Mean ENV,_4;, Mean V1/V2 Mean V3 Mean V4 Mean V3 region Geno2
no. diversity* length (range)t length (range) length (range) length (range) PNGs pheno
(range) (%)$
Prevalence Sequencef
(%)
Baseline 0 0.056 472 (461-480) 69 (60-74) 34 (33-34) 30 (29-31) 24 (22-28) 41.9 CTRPNNNTRKGIHIGPGKFYATGAIIGDIRQAHC 41.2
27 ¢ Voo, 41.2
16.1 LI T.R..T.RD...N..K 1.7
13.0 L A, T.R..T.KT...N.KK 2.9
3.2 e 7.4
1S 25 Do 55.3
Passage 8 0.0070 463 (462-463) 62 34 29 23 (22-23) 1000 .. e Voo, 41.2
control
RAL- 8 0.0070 480 74 34 31 28 (26-29) 100.0 Lo e e 41.2
selected )
virus
3TC- 6 0.020 478 (475-480) 74 34 31 (29-31) 27 (25-28) 83,3 e e e e e e 41.2
selected
virus
SQV- 11 0.0040 474 71 34 31 26 1000 L e e e e e 41.2
selected
virus
MVC- 7 0.0080 469 (468-469) 69 33 29 24 (23-24) 100.0 -..I....R..T.R..T.KT...N.KK 1.7
selected
virus

*Overall mean distance.
tSequence from gp120 SP to the V5 region (aa 1-474).

$V3 sequences of each variant are shown. Dots denote sequence identity and dashes indicate a deletion mutation.

SPrediction of viral co-receptor tropism using Geno2pheno based on a selectable ‘false positive rate’.
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Fig. 1. Comparison of the gp120 sequences between RAL-selected and control-passaged viruses. The gp120 sequences of
baseline, RAL-selected and the passage-control viruses were aligned for KP-1 (a), KP-2 (b), KP-3 (c), KP-4 (d) and strain 89.6
(e). Each amino acid in (a)—(e) is numbered relative to the HIV-1 HXB, reference sequence. The V3 sequences from the JR-FL-
V3Lib baseline library, RAL-selected and passage-control viruses were aligned (f). Filled cells denote the most dominant amino
acids observed in RAL-selected variants at the latest passage, open cells denote the most dominant amino acids observed in
the passage-control variants at the latest passage and shaded cells show amino acids deleted by the end of both passages,
whilst ‘~' indicates a deletion mutation. The number of passages is indicated, e.g. 17p for passage 17.
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In vitro selection of KP-1 variants by 3TC, SQV
and MVC

To determine whether other HIV drugs also changed the
route of adaptation to the target cells, we attempted to
select KP-1 variants using a reverse transcriptase inhibitor
(3TC), a protease inhibitor (SQV) and a CCR5 inhibitor
(MVC). As shown in Fig. 2(f), the pattern of clustering at
distinct positions between the selected isolates and the
passage-control variants was similar to that observed for
the RAL-selected variants. The selected variants showed
decreased diversity in the gp120 sequences; however, the
length of the gp120, V1/V2 and V4 sequences increased
(apart from in the MVC-selected variants). In addition, the
number of PNGs within gp120 was higher than that in the
control (Table 3). We also compared the V3 sequences
between the passage-control and each of the drug-selected
variants. The V3 sequences in all the SQV-selected variants
and 83.3% of those in the 3TC-selected variants, were
comparable with those in the RAL-selected variants. This
was not the case for the passage controls. Comparison of
variants passaged with RAL and 3TC showed that the
length of the V1/V2 and V4 regions and the number of
PNGs was similar; however, these parameters were
different in the SQV-selected variants (Table 3). This
indicated that the time at which a drug acts (e.g. during the
early or late phase of the HIV life cycle) influences the
selection of Env sequences. During selection with MVC,
CXCR4-tropic variants were selected from the baseline
mixture after seven passages.

Taken together, these results suggested that, in treated cells,
different classes of anti-HIV drugs may suppress the
variability of quasi-species during in vitro selection via a
route different from that in untreated cells.

DISCUSSION

This study evaluated the impact of anti-HIV drugs on the
Env bottleneck in bulk HIV-1 primary isolates during
selection in vitro. RAL-, 3TC- and SQV-selected variants of
the unique viral isolate, KP-1, harbouring both X4 and R5
variants and with a very high level of baseline viral diversity,
were used to study the final destination (genetic bottleneck)
of a large variety of Env sequences. Interestingly, the
phylogenetic clustering of RAL-selected KP-1 variants was
completely different from that of non-drug-treated controls
(Fig. 2). Our results also confirmed differences in the length
of the gp120, V1/V2 and V4-loop regions and in the number
of PNGs (Tables 2 and 3).

It is not clear why viruses cultured under pressure from the
non-Env-directed drug RAL result in different env genotypes
compared with those without the drug. Thus, we cloned the
IN-env region of the proviral genome from passaged viruses
and sequenced the env and IN regions on the same cloned
plasmid, and compared them among the baseline and
passages 1, 2, 8 and 17 of the KP-1 virus. Under low

concentrations of the IN inhibitor RAL, K7 was selected for
at a late passage after accumulation of the other three amino
acids, K111, D278 and H216, in IN. During the sequential
accumulation of these four amino acids (K111, D278, H216
and K7), the RAL-selected Env sequences at passage 17 (the
Env sequences shown as filled boxes in Fig. 1) sequentially
accumulated mutations in the same proviral genome (Fig.
S1, available in JGV Online). However, we did not find a
clone including both the RAL-selected Env at passage 17 and
RAL-selected IN at passage 17 in the baseline or each
passaged virus, except for in the last passage. We also
examined the gp120 and IN sequences of the 3TC- and
SQV-selected KP-1 variants. Compared with the RAL-
selected region, the variable regions of gpl20 in these
selected variants were very similar to each other, except for
the V1/V2 region (Fig. S2). However, the passage-control
variant was very different from the drug-selected variants
(Fig. 1a). Furthermore, the IN sequences were different in
each passaged virus: K111/D278/H216/K7 in RAL-selected,
R111/D278/Q216/R7 in 3TC-selected, K111/D278/H216/R7
in SQV-selected and R111/N278/Q216/R7 in virus without
drug treatment (underlined residues indicate amino acids
different from those in viruses without drug treatment). To
explain these results, we believe that, under pressure from
anti-HIV drugs (non-entry ARVs), the virus might show a
primitive reaction to select for the Env sequence and
recombine from quasi-species to gain advantage for entry
and/or enhance replication in target cells. Meanwhile, IN
was selected from quasi-species by a direct and/or indirect
effect of RAL-induced pressure. The combination of both
selective pressures may affect the selection for Env and IN
during adaptation in drug-treated conditions (Figs 1a and
S2). These results suggest that non-entry inhibitors, such as
RAL, 3TC and SQV, might also affect cell adaptation to
PM1/CCR5 cells.

Many in vivo studies have reported the effects of the anti-
HIV drug-induced bottleneck on the env gene (Charpentier
et al., 2006; Delwart et al., 1998; Ibafiez et al., 2000; Kitrinos
et al., 2005; Nijhuis et al., 1998; Nora et al, 2007; Sheehy et al.,
1996; Zhang et al., 1994). However, these studies had several
limitations. Because viruses were placed under in vivo
selective pressure using at least two anti-HIV drugs and by
the host immune response, it is difficult to separate the
different effects and to draw clear conclusions, particularly in
vivo. Delwart et al. (1998) and Kitrinos et al. (2005) avoided
some of these limitations by employing a heteroduplex
tracking assay, although in vivo peculiarities still remained.
Therefore, we used an in vitro selection system using unique
bulk primary isolates established in our laboratory (Hatada
et al., 2010; Shibata et al, 2007; Yoshimura et al, 2006,
2010b) to observe the effects of the anti-retroviral drug-
induced bottleneck on the IN and env genes.

This selection provides a sensitive approach for analysing
virus population dynamics. The effectiveness of ARV drugs
can be examined during the in vitro passage of a single
variant or mixture of variants without being affected by
many of the factors encountered in vivo. In addition,
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Fig. 2. Phylogenetic analyses of the Env regions from in vitro-passaged viruses selected with or without ARV drugs. (a—e)
Phylogenetic trees were constructed using gp120 SP-V5 sequences from RAL-selected and passage-control variants of KP-1
(a), KP-2 (b), KP-3 (c), KP-4 (d) and strain 89.6 (e). An ‘x' represents baseline (BL) variants, and closed and open symbols
represent RAL-selected (RAL) and passage-control (PC) variants, respectively. In (a), the results of the second experiment are
indicated as RAL2 and PC2, respectively. (f) A phylogenetic tree was constructed using gp120 SP-V5 sequences from RAL-,
3TC-, SQV-, MVC-selected and control-passaged variants of KP-1. O, Control variants after eight passages; @, RAL-selected
variants after eight passages; A, 3TC-selected variants after six passages; €, SQV-selected variants after 11 passages; H,
MVC-selected variants after seven passages. The trees were consirucied using the neighbour-joining algorithm embedded

within the MEGA software.

differences in the Env sequences between the baseline and
selected variants can be compared after any number of
passages. The results of the present study provide important
information that will enhance our understanding of the
drug-induced genetic bottleneck. This phenomenon can be

examined in vitro using bulk primary isolates treated with or
without drugs.

Recently, several new ARV drugs have been licensed for use
in HIV-1-infected patients. MVC, approved in 2006, is the
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first CCRS5 inhibitor (Gulick ef al., 2008). One important
advantage associated with this drug is the absence of
cross-resistance with previously available ARV com-
pounds (Gulick et al, 2008; Steigbigel et al, 2008).
However, as is usual with anti-HIV drugs, resistant
variants with. mutations in the Env, gpl20 and gp4l
sequences are induced both in wvivo and in vitro
(Anastassopoulou et al., 2009; Berro et al., 2009; Tilton
et al., 2010; Yoshimura et al., 2009, 2010a). As shown in
the present study, distinct Env sequences from each quasi-
species might be selected by the different anti-HIV drugs
(e.g. length of the V1/2 and/or V4 regions, V3 region
depletion and the number of PNGs). Moreover, many of
the novel anti-retroviral drugs in pre-clinical trials are
viral entry inhibitors (e.g. PRO140, ibalizumab, BMS-
663068 and PF-232798; Jacobson et al., 2010; McNicholas
et al., 2010; Nettles et al, 2011; Stupple et al., 2011; Toma
et al., 2011). Therefore, it is necessary to examine whether
such entry inhibitors are effective when used alongside
conventional drugs.

In conclusion, we studied the genetic bottleneck in bulk
primary HIV-1 isolates from untreated patients and drugs
targeting the Env (and other) regions. The results showed,
for the first time, the presence of drug-selected Env
sequences in these isolates. Although our observations were
based on a limited number of HIV-1 isolates and need to
be confirmed by independent studies, we believe that they

provide a new paradigm for HIV-1 evolution in the new
combination ARV therapy era.

METHODS

Patients and isolates. Primary HIV-1 isolates were isolated from
four drug-naive patients in our laboratory (KP-1—4) and passaged in
phytohaemagglutinin-activated PBMCs. Infected PBMCs were then
co-cultured for 5 days with PM1/CCRS5 cells (a kind gift from Dr Y.
Maeda; Maeda et al, 2008; Yusa et al, 2005) and the culture
supernatants were stored at —150 °C (Hatada et al, 2010; Shibata
et al., 2007; Yoshimura et al., 2006, 2010b).

After isolation of the primary viruses, we checked the sensitivity of
each primary isolate to MVC. The KP-1 isolate was relatively MVC-
resistant compared with KP-2 and KP-3 (54 vs 5.9 and 8.7 nM,
respectively). KP-1 became MVC sensitive after eight passages in
PM1/CCR5 cells [ICsp, 3.4 nM; Geno2pheno value (see below),
41.2 %], whilst under the pressure of MVC, KP-1 became highly
resistant to MVC after eight passages (ICso, >1000 nM; Geno2pheno
value, 1.7 %), These results indicated that the bulk KP-1 isolate used
in this study harboured primarily R5 viruses with X4- or dual-tropic
viruses as a minor population.

Cells, culture conditions and reagents. PM1/CCR5 cells were
maintained in RPMI 1640 (Sigma) supplemented with 10% heat-
inactivated FCS (HyClone Laboratories), 50 U penicillin ml™%, 50 pg
streptomycin ml™} and 0.1 mg G418 (Nacalai Tesque) ml™!. MVC,
RAL and SQV were kindly provided by Pfizer, Merck & Co. and
Roche Products, respectively. 3TC was purchased from Wako Pure
Chemical Industries.
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The laboratory-adapted HIV-1 strain 89.6, which was obtained
through the NIH AIDS Research and Reference Reagent Program, was
propagated in phytohaemagglutinin-activated PBMCs. The viral-
competent library pJR-FL-V3Lib, which contains 176 bp V3-loop
DNA fragments with 0-10 random combinations of amino acid
substitutions, was introduced into pJR-FL, as described previously
(Yusa et al, 2005).

in vitro selection of HIV-1 variants using anti-HIV drugs. The
four primary HIV isolates (KP-1-4), strain 89.6 and JR-FL-V3Lib
were treated with various concentrations of RAL and used to infect
PM1/CCR5 cells to induce the production of RAL-selected HIV-1
variants, as described previously, with minor modifications (Hatada
et al, 2010; Shibata et al, 2007; Yoshimura et al, 2006, 2010b).
Briefly, PM1/CCR5 cells (4 x 10* cells) were exposed to 500 TCIDs,
HIV-1 isolates and cultured in the presence of RAL. Virus replication
in PM1/CCR5 cells was monitored by observing the cytopathic effects.
The culture supernatant was harvested on day 7 and used to infect
fresh PM1/CCR5 cells for the next round of culture in the presence of
increasing concentrations of RAL. When the virus began to propagate
in the presence of the drug, the compound concentration was
increased further. Proviral DNA was extracted from lysates of infected
cells at different passages using a QlAamp DNA Blood Mini kit
(Qiagen). The proviral DNAs obtained were then subjected to
nucleotide sequencing. In vitro selection of the KP-1 isolate using
SQV, 3TC and MVC was also performed using the procedure
described above.

Ampilification of proviral DNA and nucleotide sequencing.
Proviral DNA was subjected to PCR amplification using
PrimeSTAR GXL DNA polymerase and Ex-Taq polymerase
(Takara), as described previously (Hatada et al., 2010; Shibata et al.,
2007; Yoshimura et al., 2006, 2010b). The primers used were 1B and
H for the gpl20 region (Hatada et al., 2010; Shibata et al, 2007;
Yoshimura e al, 2006, 2010b), IN 1F (5'-CAGACTCACAATAT-
GCATTAGG-3") and IN 1R (5'-CCTGTATGCAGACCCCAATATG-
3') for the IN region, and IN 1F and H for the IN-gp120 region. The
first-round PCR products were used directly in a second round of
PCR using primers 2B and F (Hatada et al., 2010; Shibata et al., 2007;
Yoshimura et al., 2006, 2010b) for gp120, IN 2F (5'-CTGGCATGG-
GTACCAGCACACAA-3") and IN 2R (3'-CCTAGTGGGATGTGT-
ACTTCTGAACTTA-3') for IN, and IN 2F and F for IN-gp120. The
PCR conditions used were as described above. The second-round
PCR products were purified and cloned into a pGEM-T Easy
Vector (Promega) or pCR-XL-TOPO Vector (Invitrogen), and the
env and IN regions in both the passaged and selected viruses were
sequenced using an Applied Biosystems 3500xL Genetic Analyzer
and a BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems). Phylogenetic reconstructions were generated using
the neighbour-joining method embedded in the MEGA software
(http://www.megasoftware.net) (Tamura et al, 2007). Overall,
mean distances for viral diversity were also calculated using MEGA
software. The number and location of putative PNGs were
estimated using N-GlycoSite (http://www.hiv.lanl.gov/content/
sequence/ GLYCOSITE/glycosite.html) from the Los Alamos
National Laboratory database.

Susceptibility assay. The sensitivity of the passaged viruses to
various drugs was determined as described previously with minor
modifications (Hatada et al, 2010; Shibata et al, 2007; Yoshimura
et al., 2006, 2010b). Briefly, PM1/CCR5 cells (2 x 10° cells per well) in
96-well round-bottomed plates were exposed to 100 TCIDs, of the
viruses in the presence of various concentrations of drugs and
incubated at 37 °C for 7 days. The ICs, values were then determined
using a Cell Counting Kit-8 assay (Dojindo Laboratories). All assays
were performed in duplicate or triplicate.

Predicting co-receptor usage by the V3 sequence. HIV-1
tropism was inferred using Geno2pheno [coreceptor] program, with
a false rate positive (FPR) value of 5.0%, which is freely available
(http://coreceptor.bioinf.mpi-inf.mpg.de/index.php). This genotyp-
ing tool more accurately predicts virological responses to the CCR5
antagonist MVC in ARV-naive patients than a reference phenotypic
tropism test (Sing et al., 2007).

Statistical analyses. Pairwise comparisons of the different param-
eters between variants in the two groups was calculated using the
homoscedastic #-test. A P value of <0.05 was considered statistically
significant.
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Introduction

Retrotransposons compose ~42% of the human genome,
and these elements are classified into the non-LTR and LTR
classes. Non-LTR retrotransposons are subdivided into long
interspersed elements (LINEs) and short interspersed elements
(SINEs), representatives of which are LINE-1 (L1) and Alu,
which comprise ~17% and ~11% of the human genome,
respectively [1]. L1 elements harbor two ORFs: ORF1, which
encodes an RNA-binding protein, and ORF2, which encodes
an endonuclease-like and reverse transcriptase-like protein.
After translation, these proteins bind to the L1 RNA to form a
ribonucleoprotein particle that is imported into the nucleus to be
integrated into the genome through target-primed reverse
transcription [2-4]. Unlike L1, Alu elements do not encode a
reverse firanscriptase or an endonuclease; rather, the
transcribed Alu RNAs hijack the L.1-encoded enzymes to move
to new locations in the genome through mechanisms that are
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as yet unclear [5]. Importantly, retrotransposition by L1 and Alu
occurs not only in germ cells, causing several genetic diseases
[6-13], but also in somatic cells, such as brain tissues [14,15],
and malignant tissues and cells such as B-cell lymphoma cells
[16], breast carcinoma tissue [17], colon carcinoma tissue [18],
and hepatocellular carcinoma tissue [19]. These facts indicate
that an intrinsic protection system should function properly to
suppress these types of retrotransposition in normal somatic
cells. '

Human APOBEC3G (hA3G) is one of the seven members of
the APOBEC3 (hA3) family of cytidine deaminases (hA3A to
hA3H). hA3G is known to be an intrinsic retroviral restriction
factor that inhibits Vif-defective human immunodeficiency virus
type 1 (HIV-1) infection by being incorporated into viral
particles and mediating extensive deamination of the nascent
minus-sirand viral DNA during reverse franscription, which
results in G-to-A hypermutation [20-23]. This antiretroviral
restriction extends to not only exogenous retroviruses, such as
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simian immunodeficiency virus [24-27], primate foamy virus
[28,29], human T-cell leukemia virus type | [30], murine
leukemia virus [21,26,31], mouse mammary tumor virus [32],
and equine infectious anemia virus [22] , but also endogenous
retroelements, such as the MusD and intracisternal A-particle
LTR murine retrotransposons and, as described below, human
Alu and L1 retrotransposons ([33-40]; see also review in
ref[41].). hA3G also restricts infection by hepatitis B virus,
which replicates its DNA genome by reverse transcription of an
RNA intermediate [42,43]. Whereas pre-primate mammals
encode one, two to three A3 proteins [44], primates have
acquired seven different A3 genes through 33 million years of
evolution [45]. Such expansion of the hA3 genes correlates
with an abrupt reduction in retrotransposition activity in
primates, suggesting that these proteins have evolved to
protect hosts from the genomic instability caused by
retroelements [46].

We previously reporied that hA3 family proteins have
differential levels of anti-L1 activity that do not correlate with
either antiretroviral activity or subcellular localization patterns
[37]. Although several groups that performed similar studies
showed that hA3G has little or no anti-L1 activity [47-50], we
and others have found that the hA3G is indeed able, albeit less
potently than hA3A or hA3B, to restrict L1 retrotransposition
[37-40]. Such discrepancies might be attributed to the cell-type-
dependent expression levels of hA3G, as we previously
demonstrated [37]. We also found that hA3G inhibits L1
retrotransposition independently of its deaminase acltivity,
which is primarily required for its antiretroviral function, and
hA3G likely prevents L1 DNA synthesis per se [37]. With
regard to the inhibition of Alu by hA3 family members, several
groups have reported that hA3A, hA3B [49], hA3G [34-36],
hA3DE, and hA3H [51] inhibit Alu retrotransposition. In this
study, we found that all hA3 family members, from hA3A to
hA3H, are able to inhibit Alu retrotransposition. The inhibitory
effect of hA3G on Alu retrotransposon was associated with the
N-terminal 30 amino acid residues and with hA3G’s
oligomerization activity, but not with its deaminase activity.
Structural modeling showed that amino acid positions 24-28
are responsible for the oligomerization of hA3G. This result
was verified by immunoprecipitation using an hA3G mutant
with amino acid substitutions at these positions. Consistent
with this result, we found that amino acid positions 24-28 of
hA3G are critical for its inhibitory activity against Alu
retrotransposon. Importantly, these amino acids were also
shown to be important for L1 inhibition, suggesting that both
Alu and L1 retrotransposition might be restricted by similar
mechanisms involving hA3G, which require the oligomerization
of this restriction factor.

Materials and Methods

DNA constructs

The hemagglutinin (HA)-tagged hA3 expression plasmids
(PhA3A-HA, phA3B-HA, phA3C-HA, phA3DE-HA, phA3F-HA,
phA3G-HA, and phA3H-HA), the GFP expression plasmid
pCA-EGFP, the empty expression vector pCAGGS-HA, the L1
indicator construct pCEP4/L1mneol/ColE1 (kindly provided by

PLOS ONE | www.plosone.org
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N. Gilbert), the L1 ORF2 expression plasmid pBudORF2opt
(kindly provided by A.M. Roy-Engel), the Alu indicator construct
pYa5neotet (kindly provided by T. Heidmann), Vif-deficient
HIV-1 proviral indicator construct pNLLuc-F(-)E(-), and VSV-G
expression plasmid pHIT/G have previously been described
elsewhere [5,37,52-55] (note that the hA3h expression plasmid
encodes the haplotype 1). The myc-tagged version of the wild-
type hA3G expression plasmid, phA3G-myc, was also created.
A series of N-terminal deletion mutants of hA3G (phA3G-NA30-
HA, -NABO-HA, -NAS0-HA, -NA120-HA, and -NA150-HA) were
created by inserting serially deleted PCR fragments of hA3G
into the mammalian expression plasmid pCAGGS with a C-
terminal HA-tag. The deaminase-deficient mutant (phA3G-
E259Q-HA), the oligomerization-deficient mutant (phA3G-
C97/100A-HA), and the N-terminal mutants (phA3G-5G(24—
28)-HA, phA3G-4G(124-127)-HA, phA3G-R24G-HA, and
phA3G-Y125G-HA) of hA3G were created using phA3G-HA as
a template with a QuikChange site-directed mutagenesis kit
(Stratagene).

Cell maintenance, transfections, and protein analyses

HelLa and 293T cells were maintained under standard
conditions. 293T cells were transfected with HA-tagged hA3
wild-type and mutant plasmids using the FuGENE 6
transfection reagent (Roche Applied Science) according to the
manufacturer’s instructions. Cell extracts from transfected cells
were subjected to gel electrophoresis and then transferred to a
nitrocellulose membrane. The membranes were probed with an
anti-HA mouse monoclonal antibody (Sigma). The antibody-
bound proteins were visualized to confirm hA3 protein
expression by chemiluminescence using an ECL Western
blotting detection system (GE Healthcare) and an LAS-3000
imaging system (FujiFilm).

Immunofluorescence microscopy

Hela cells were plated on 13-mm glass coverslips and
transfected with 0.5 pg of hA3 expressing plasmids by using
FUGENEB. The transfected cells were fixed with 4%
paraformaldehyde at room temperature for 30 min,
permeabilized with 0.05% saponin for 10 min, and
immunostained with an anti-HA monoclonal antibody (5 ug/mi).
The secondary goat anti-mouse antibody that was conjugated
with Cy3 was used at 5 pg/ml. All immunofluorescence images
were observed on a Leica DMRB microscope (Wetzlar,
Germany) equipped with a 63x1.32 NA oil immersion lens (PL
APO), acquired through a cooled CCD camera, MicroMAX
(Princeton Instruments, Trenton, NJ), and digitally processed
using |Plab Software (Scanalytics, Fairfax, VA). All images
were assembled using Adobe Photoshop (Adobe Systems,
Mountain View, CA).

L1 and Alu retrotransposition assay

L1 and Alu retrotransposition assays were performed by co-
transfecting 2 x 10° Hel.a cells with 0.1 pg of the respective
hA3 expression plasmid (or a mock expression vector,
pCAGGS-HA, as a positive control) together with either 0.3 ug
of the neomycin-resistance (neo’)-based L1 expression vector
pCEP4/L1mneol/ColE1 and 0.1 pg of an empty vector (for the

December 2013 | Volume 8 | Issue 12 | e84228



