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agents, has been reported in vitro and in vivo [7,10]. In this review, we
describe the current status of in vitro and in vivo resistance to HIV-1
entry inhibitors.

Resistance to CD4-gp120 binding inhibitors

Inhibition of CD4-gp120 binding: Entry of HIV-1 into target cells
is mediated by the trimeric envelope glycoprotein complex, each mono-
mer consisting of a gp120 exterior envelope glycoprotein and a gp41
transmembrane envelope glycoprotein [11]. Attachment of HIV-1 to
the cell is initiated by the binding of gp120 to its primary CD4 recep-
tor, which is expressed on the surface of the target cell. The gp120-CD4
interaction induces conformational changes in gpl120 that facilitate
binding to additional coreceptors (for example, CCR5 or CXCR4). At-
tachment inhibitors are a novel class of compounds that bind to gp120
and interfere with its interaction with CD4 [12]. Thus, these agents can
prevent HIV-1 from attaching to the CD4+ T cell and block infection
at the initial stage of the viral replication cycle (Figure 1). There are two
primary types of HIV-1 attachment inhibitors: nonspecific attachment
inhibitors and CD4-gp120 binding inhibitor [13].

In this section, we focus on the CD4-gp120 binding inhibitors, the
soluble form of CD4 (sCD4), a fusion protein of CD4 with Ig (PRO542),
a monoclonal anti-CD4 antibody (Ibalizumab, formerly TNX-355),
CD4 binding site (CD4bs) monoclonal antibodies (b12 and VRCO1),
small-molecule HIV-1 attachment inhibitors (BMS-378806 and BMS-
488043), and a new class of small-molecule CD4 mimics (NBD-556
and NBD-557) and a natural small bioactive molecule (Palmitic acid)
(Figure 2). We also describe the resistance profiles against these CD4-
gp120 binding inhibitors in vivo and/or in vitro.

Profile of CD4-gp120 binding inhibitors

Soluble CD4 (sCD4) and PRO542: In the late 1980s, various recom-
binant, soluble proteins derived from the N-terminal domains of CD4
were shown to be potent inhibitors of laboratory strains of HIV-1 [14].
Based on the potential of sCD4 to inhibit HIV-1 infection in vitro, this
protein was tested for clinical efficacy in HIV-1-infected individuals;
however, no effect on plasma viral load was observed [14]. Further ex-
amination revealed that doses of sCD4 significantly higher than those
achieved in the clinical trial were required to neutralize primary clini-
cal isolates of HIV-1, in contrast to the relatively sensitive, laboratory-
adapted strains [15].

The first report of sCD4-resistant variants induced by in vitro selec-
tion showed that the resistant variant had a single mutation (M434T)
in the C4 region [16]. During selection with sCD4, it was also reported
that, seven mutations (E211G, P212L, V255E, N280K, S375N, G380R,
and G431E) appeared during in vitro passage [17]. Further, a recom-
binant clone containing a V255E mutation was found to be highly
resistant to sCD4 compared with the wild-type virus (114-fold higher
50% inhibitory concentration [IC_] value). To determine the mutation
profiles obtained during in vitro selection with sCD4, the atomic coor-
dinates of the crystal structure of gp120 bound to sCD4 was retrieved
from public protein structure database (PDB entry: 1RZ]). From these
analyses, it was determined that almost all the described resistance mu-
tations were located the inside the CD4-binding cavity of gp120 [17].

Recently, a novel recombinant antibody-like fusion protein (CD4-
1gG2; PRO542) was developed in which the Fv portions of both the
heavy and light chains of human IgG2 were replaced with the D1D2
domains of human CD4 [18]. PRO542 was shown to broadly and po-
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Figure 2: Profile of CD4-gp120 binding inhibitors including molecular structures of selected small molecular inhibitors.
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tently neutralize HIV-1 subtype B isolates, and was also able to neutral-
ize strains from non-B isolates with the same breadth and potency as
for subtype B strains. PRO542 blocks attachment and entry of the virus
into CD4+ target cells and were mainly developed for the prevention
and transmission of HIV-1 through external application agents, such
as microbicides.

Ibalizumab (TNX-355): Monoclonal anti-CD4 antibodies block the
interaction between gp120 and CD4 and, therefore, inhibit viral entry
[19]. Ibalizumab (formerly TNX-355) was a first-in-class, monoclo-
nal antibody inhibitor of CD4-mediated HIV-1 entry [20]. By block-
ing CD4-dependent HIV-1 entry, ibalizumab was shown to be active
against a broad spectrum of HIV-1 isolates, including recombinant
subtypes, as well as both CCR5-tropic and CXCR4-tropic HIV-1 iso-
lates. Many clinical trials with HIV-1-infected patients have demon-
strated the antiviral activity, safety, and tolerability of ibalizumab. A
nine-week phase Ib study investigating the addition of ibalizumab
monotherapy to failing drug regimens showed transient reductions in
HIV-1 viral loads and the evolution of HIV-1 variants with reduced
susceptibility to ibalizumab. Further, clones with reduced susceptibil-
ity to ibalizumab contained fewer potential N-linked glycosylation sites
(PNGSs) within the V5 region of gp120. Reduction in ibalizumab sus-
ceptibility due to the loss of V5 PNGSs was confirmed by site-directed
mutagenesis [21].

Monoclonal antibodies, b12 and VRCO1: Several broadly neutraliz-
ing MAbs isolated from HIV-1-infected individuals define conserved
epitopes on the HIV-1 Env. These include the membrane proximal
external region of gp41 targeted by MAbs 4E10 and 2F5 [22]; the car-
bohydrate-specific outer domain epitope targeted by 2G12 [23]; a V2-
V3-associated epitope targeted by PG9/PG16 [24]; and the CD4bs [25]
targeted by b12 and VRCO1. The CD4bs overlaps with the conserved
region on gp120 that is involved in the engagement of CD4. The proto-
- typical CD4bs-directed MADb, b12, neutralizes around 40% of primary
isolates, and its structure (in complex with the core of gp120) has been
defined [26]. However, Mo et al. [27] reported the first resistant variant
induced by in vitro selection with b12 that showed a P369L mutation in
the C3 region of HIV-1,, .. Further, several b12-resistant viruses com-
monly display an intact b12 epitope on the gp120 subunits [28], sug-
gesting that quaternary packing of Env also confers resistance to b12.

A recently described CD4bs-directed MAb, VRCO1, had been
shown to be able to neutralize over 90% of diverse HIV-1 primary
isolates [29]. The structure of VRCO1 in complex with the gp120 core
reveals that the VRCO1 heavy chain binds to the gp120 CD4bs in a
manner similar to that of CD4 [30]. The gp120 loop D and V5 regions
contain substitutions uniquely affecting VRCO1 binding, but notb12 or
CD4-Ig binding. In contrast to the interaction of CD4 or bl12 with the
HIV-1 Env, occlusion of the VRCO1 epitope by quaternary constraints
was not a major factor limiting neutralization. Interestingly, many Ala
substitutions at non-contact residues increased the potency of CD4- or
b12-mediated neutralization; however, few of these substitutions en-
hanced VRCO1-mediated neutralization [31]. This study suggests that
VRCO1 approaches its cognate epitope on the functional spike with less
steric hindrance than b12 and, surprisingly, with less hindrance than
the soluble form of CD4 itself. These differences might be related to
the distinctly different angle of approach to the CD4bs employed by
VRCO1, in contrast to the more loop-proximal approach employed by
CD4 and b12.

BMS-378806 and BMS-488043: BMS-378806 (Figure 2) is a recently
identified small-molecule HIV-1 attachment inhibitor with good anti-

viral activity and pharmacokinetic properties [32]. BMS-378806 binds
directly to gp120 with a stoichiometry of approximately 1:1 and with
a binding affinity similar to that of soluble CD4. The potential BMS-
378806 target site was localized to a specific region within the CD4
binding pocket of gp120 using HIV-1 gp120 variants carrying either
compound-selected resistant substitutions or gp120-CD4 contact site
mutations [32]. M426L (C4) and M4751 (V5) substitutions located at
or near gp120/CD4 contact sites were shown to confer high levels of
resistance to the in vitro mutated HIV-1 variants, suggesting that the
CD4 binding pocket of gp120 was the antiviral target. M434I and other
secondary changes (V68A and IS95F) also affect the drug susceptibility
of recombinant viruses, presumably by influencing the gp120 confor-
mation [33]. BMS-378806 (Figure 2) exhibited decreased, but still sig-
nificant activity against subtype C viruses, low activity against viruses
from subtypes A and D, and poor or no activity against subtypes E, F,
G, and Group O viruses [33].

BMS-488043 (Figure 2) is a novel and unique small-molecule that
inhibits the attachment of HIV-1 to CD4* lymphocytes. BMS-488043
exhibits potent antiviral activity against macrophage-, T-cell-, and
dual-tropic HIV-1 laboratory strains (subtype B) and potent antiviral
activity against a majority of subtype B and C clinical isolates [34]. Data
from a limited number of clinical isolates showed that BMS-488043
exhibited a wide range of activity against the A, D, F, and G subtypes,
with no activity observed against three subtype AE isolates [34]. The
antiviral activity, pharmacokinetics, viral susceptibility, and safety of
BMS-488043 were evaluated in an eight-day monotherapy trial that
demonstrated significant reductions in viral load. To examine the ef-
fects of BMS-488043 monotherapy on HIV-1 sensitivity, phenotypic
sensitivity assessment of baseline and post-dosing (day 8) samples were
performed. The analyses revealed that four subjects showed emergent
phenotypic resistance. Population sequencing and sequence determi-
nation of the cloned envelope genes revealed five gp120 mutations at
four loci (V68A, L116I, S375I/N, and M426L) associated with BMS-
488043 resistance; the most common (substitution at the 375 locus)
located near the CD4 binding pocket [35].

NBD-556 and NBD-557: Targeting the functionally important and
conserved CD4bs on HIV-1 gpl120 represents an attractive potentijal
approach to HIV-1 therapy or prophylaxis. Recently, a new class of
small-molecule CD4 mimics was identified [36-38]. These compounds,
which include the prototypic compound, NBD-556, and its deriva-
tives, mimic the effects of CD4 by inducing the exposure of the co-
receptor-binding site on gp120 [17,39]. NBD-556 and -557 (Figure 2)
show potent cell fusion and virus-cell fusion inhibitory activity at low
(micromolar) concentrations. A mechanistic study showed that both
compounds target viral entry by inhibiting the binding of gp120 to its
cellular receptor, CD4. A surface plasmon resonance study showed that
these compounds bind to unliganded HIV-1 gp120, but not to CD4
[37]. Another recent study identified NBD-analogs as CD4 mimetics
that were used for the prophylaxis and treatment of HIV-1 infection
[39]. These compounds inhibited HIV-1 transmission by inhibiting the
binding of the natural ligand, CD4, and prematurely triggering the en-
velope glycoprotein to undergo irreversible conformational changes.
NBD-556 binds to the F43 cavity, which is formed by binding of gp120
to the CD4 receptor in a highly conserved manner [17,39].

Recently, our group reported that NBD-556 has potent neutral-
izing antibody-enhancing activity toward plasma antibodies that can-
not access neutralizing epitopes hidden within the trimeric Env, such
as gpl120-CD4 induced epitope (CD4i) and anti-V3 antibodies [17].
Therefore, to investigate the binding site of NBD-556 on gp120, we in-
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duced HIV-1 variants that were resistant to NBD-556 in vitro. Two
amino acid substitutions (S375N in C3 and A433T in C4) were identi-
fied at passage 21 in the presence of 50 uM NBD-556. The profiles of the
resistance mutations after selection with NBD-556 and sCD4 were very
similar with regard to their three-dimensional positions.

Elucidation of the detailed molecular mechanisms governing the
interaction between gp120 and NBD compounds will enable the op-
timization and evaluation of this strategy in more complex biological
models of HIV-1 infection. Consequently, we will continue to synthe-
size NBD analogs and search for drugs with greater potency to change
the tertiary structure of the envelope glycoproteins and reduce host
cytotoxicity [40,41].

Palmitic acid : Previous studies with whole Sargassum fusiforme (S.
fusiforme) extract and with the bioactive SP4-2 fraction demonstrated
inhibition of HIV-1 infection in several primary and transformed cell
lines [42]. Palmitic acid (PA), which was isolated from the SP4-2 bio-
active fraction, specifically block productive X4 and R5-tropic HIV-1
infection [43]. PA occupies a novel hydrophobic cavity on the CD4
receptor that is constrained by amino acids F52-to-L70 [44], which
encompass residues that have been previously identified as a region
critical for gp120 binding. PA is mainly developed as microbicides [45].

Resistance to CCRS5 antagonists

CCR5 antagonists: The binding of HIV-1 to CD4 molecules induces
conformational change in gp120, resulting in the recognition of either

Profile of CCR5 antagonist-resistant mutants

CCR5 or CXCR4 as a coreceptor for HIV-1 (Figure 1). It has been
shown that CCR5-utilizing HIV-1 (R5 virus) is associated with hu-
man-to-human transmission that predominate throughout the infec-
tion, while CXCR4-utilizing HIV-1 (X4 virus) emerges during the late
stage of infection in approximately half of HIV-1-infected individuals
and is associated with disease progression [46]. Most strikingly, it had
been shown that homozygous individuals having a 32-bp deletion in
the CCRS5 coding region (CCR5A32) were found to be resistant to R5
HIV-1 and remained apparently healthy [47,48]. These findings sug-
gested that CCR5 would be an attractive therapeutic target for treating
HIV-1 infection, although it is a host factor. Several small molecule
compounds have been developed and were found to bind CCR5 and
inhibit R5 virus replication [49-53]. Molecular studies using CCR5
mutants indicated that these compounds bind to a cavity formed by
transmembrane helices of CCR5, and thereby inducing the conforma-
tional change in an allosteric manner that is not recognized by gp120
of HIV-1 [54-58]. Among these, TAK-779 (Figure 3) was the first com-
pound developed [49] that could inhibit not only HIV-1 infection, but
also binding of RANTES (CCRS5 ligand) to CCR5-expressing cells at
nanomolar concentrations, but was terminated due to poor oral bio-
availability. Maraviroc (MVC, UK427, 857) (Figure 3), however, has
been approved and used in the clinic for the treatment of HIV-1 in-
fection [8]. Another promising drug, vicriviroc (VCV, SCH-D, SCH-
417690) (Figure 3), recently completed phase III trials but has not yet
been approved [53].

Resistance to CCR5 antagonists: Although CCR5 antagonists target

virus used resistant-related mutations references
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oY 111 VIvo
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Figure 3: Profile of CCR5 antagonist-resistant mutants. The CCR5 antagonist-resistant mutants were isolated in vitro and in vivo across different subtypes of
HIV-1. Resistance-related mutations were found in the V3 and non-V3 regions including the C2, V4, C4, and gp41. Chemical structures of representative CCR5

antagonists are shown.
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a host cell receptor, the in vitro [59-64] and in vivo [65-67] emergence
of viruses resistant to CCR5 antagonists in different subtypes has been
reported, as shown in Figure 3. The most intuitive mechanism of re-
sistance to CCR5 antagonists is likely to be the acquisition of CXCR4
use or selection of minority variants of CXCR4- or dual/mixed-tropic
viruses [61,68-70]. Numerous studies showed that coreceptor selectiv-
ity of HIV-1 is primarily dependent on the third hypervariable region
(V3 loop) of gp120 [71-74]. Furthermore, there is a simple rule to pre-
dict HIV-1 coreceptor usage called the 11/25 rule: if either the 11th
or 25th amino acid position of V3 is positively charged, the virus will
use CXCR4 as the coreceptor, otherwise it will use CCR5 [75]. Thus,
a single amino acid substitution in the V3 loop is sufficient to acquire
usage of CXCR4. However, these are rare cases when the viruses exclu-
sively use CCR5.

Indeed, escape variants from selective pressure by natural ligand
for CCR5, such as MIP-la (CCL3) [76], or CCR5 antagonists [60],
still use CCR5 and do not involve acquisition of CXCR4 usage. These
studies indicate that acquisition of CXCR4 usage conferred by muta-
tions in the V3 loop of gp120 results in the loss of replication fitness,
as previously described [77]. However, the escape variants from CCR5
antagonists usually retain CCR5 usage [60,61,69,78], and recognize the
antagonist-bound form of CCR5 as well as the free CCR5 form for en-
try by the accumulation of multiple amino acid mutations, called non-
competitive resistance [61,79]. In non-competitive resistance, once
saturating concentrations of antagonists were achieved, further inhi-
bition was not observed, resulting in the plateau of inhibition, while
competitive resistance can achieve inhibition of viral replication by a
sufficient inhibitor concentration, resulting in a shift in the IC_, value
(Figure 4). A principal determinant for the reduced sensitivity to CCR5
antagonists has been shown to be the V3 loop of gp120 although the
mutations appear to be isolate-specific and antagonist-dependent [33].

In general, primary R5 viruses or laboratory-adapted R5 infectious
clones cultured in stimulated peripheral mononuclear cells (PBMCs)
have been used for the selection of CCR5 antagonist-resistant variants.
However, the use of PBMCs for virus passage is donor-dependent and
labor-intensive. Additionally, the use of a single clone for selection
would need long-term passage to induce resistant viruses. To overcome
these problems, we constructed R5-tropic infectious clones containing
a'V3loop library, HIV-1,, .. To construct replication competent HIV-
1,,,.4» We chose 10 amino acid positions in the V3 loop and incorporat-
ed random combinations of the amino acid substitutions derived from
31 subtype B R5 viruses into the V3 loop library (Figure 5). This novel

Competitive resistance

in vitro system enabled the selection of escape variants from CCR5 an-
tagonists over a relatively short time period.

In addition to the V3 library, we are currently using PM1/CCR5
cells for virus passages. The PM1/CCR5 cell line was generated by stan-
dard retrovirus-mediated transduction of parental PM cell line with the
CCR5 gene, as previously described [63,76], and is highly sensitive to
the R5 viruses compared to the parental PM1 cell line. Remarkably, the
infection of PM1/CCRS5 cells with R5 viruses induces prominent cell
fusion, which is clear sign of virus proliferation. Thus, the use of PM1/
CCR5 cells with the HIV-1,, , allows us to focus on the contribution
of the V3 loop in gp120 in CCR5 antagonist-resistance with a short-
ened selection period compared to the use of PBMCs with wild-type
virus. As expected, we were able to isolate TAK-779- [63] and MV C-
resistant [62] variants using replication competent HIV-1,, .. Indeed,
TAK-779- and MVC-resistant variants were determined to contain
several amino acid substitutions within the V3 loop sequence. Howev-
er, MV C-resistant variants also contained several amino acid substitu-
tions in non-V3 regions (T199K and T275M), such as elsewhere in the
gp120 to retain infectivity [80,81]. However, these mutations could not
confer non-competitive resistance, indicating the importance of the V3
loop for non-competitive resistance.

Mechanisms of resistance: It is thought that docking of gp120 to
CCR5 without CCR5 antagonists involves interactions of both the
V3 tip with the second extracellular loop of CCR5 (ECL2) and the
V3 stem-C4 region (bridging sheet) with the CCR5 N-terminus (NT)
[82]. Since small molecule inhibitors interact with the pocket formed
by transmembrane helices, thereby inducing allosteric conformational
change in the ECL2, the wild-type virus can no longer interact with
the ECL2. It is assumed that binding of small molecule inhibitors al-
ters orientation between the ECL2 and NT regions, disrupting multi-
point binding sites for gp120, thereby impeding gp120-CCRS5 interac-
tion [83]. Indeed, studies using CCR5 mutants showed that the escape
variants were more dependent on tyrosine-sulfated CCR5 NT than
wild-type viruses [65,66,84]. Furthermore, these escape variants were
more sensitive to monoclonal antibodies recognizing the NT portion
of CCR5 [65]. These studies indicated that the escape variants from
CCRS5 antagonists showed enhanced interactions with the NT that may
be a consequence of a weakened interaction with the ECL2 (Figure 6).

Another genetic pathway is independent of V3 mutations. Vicri-
viroc-resistant mutants have been developed with multiple amino
acid substitutions throughout the gp120 spanning the C2-V5 region
without any changes in the V3 loop [69]. Recently, three amino acid
changes in the fusion peptide domain of gp41 have been shown to be
responsible for resistance although the effect of these mutations was
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Figure 4: Typical competitive and non-competitive resistance profiles. Competitive resistance can achieve inhibition of viral replication by a sufficient inhibitor concentra-
tion, resulting in a shift in the IC50 value (left panel). In non-competitive inhibition, increasing concentrations of inhibitors have no effect, resulting in no increase in the

inhibitory effect (right panel).
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Figure 5: Schematic structure of HIV-1 V3 loop library showing introduced mutations in V3 for the analysis of escape mutants. Residues in boldface indicate the
substitutions that were randomly incorporated in the V3 loop, possible >2 x 104 combinations. The amino acid substitutions were detected in 31 R5 clinical isolates.

antagonist-resistant
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CCR5

CCRS antagonists

Figure 6: Resistant HIV-1 viruses can enter host cells in the presence of the CCR5 antagonist. The successful viral fusion requires the interaction of the V3 loop
in gp120 with the ECL.2 and NT of CCR5. CCRS5 antagonists bind to the pocket formed by TM helices and induce allosteric conformational changes in the ECL2,
thereby disrupting the interaction of gp120 with CCR5. The CCR5 antagonists-resistant viruses containing multiple amino acid substitutions in the V3 loop can

recognize antagonist-bound forms of CCRS by enhanced interaction with the NT.

context-dependent [84,85]. Thus, the mechanisms by which changes
in the fusion peptide alter the gp120-CCRS5 interaction still remain to
be determined.

As previously mentioned, the patterns of mutations in escape vari-
ants against CCR5 antagonists were hypervariable and context-depen-
dent, due in part to extensive sequence heterogeneity of HIV-1 env.
Resistance to CCR5 antagonists was also found to be dependent upon
cellular conditions such as cell tropism and the availability of CCRS.
The differential staining of CCR5-expressing cells by various CCR5
monoclonal antibodies suggested that CCR5 exists in heterogeneous
forms [86] and compositions of these multiple forms differed in cell
type [87]. These findings suggested that different conformations of
CCRS5 with CCR5 antagonists might induce different substitutions in
gp120. Moreover, the development of cross-resistance to other CCR5
antagonists is inconsistent, where some studies suggest that it may oc-
cur [69,78,79] and some suggest that it may not occur [61]. Additional
data from in vitro and in vivo studies will be needed to elucidate the
meaning of these studies.

Resistance to CXCR4 antagonists

CXCR4 as a target: CXCR4 is a coreceptor that is used for entry by
X4-tropic viruses [88]; however, it is not always regarded as a suitable

therapeutic target molecule for HIV-1 infection (Figure 1). R5 and X4
HIV-1 variants are both present in transmissible body fluids; however,
R5-tropic HIV-1 transmits infection and dominates the early stages
of HIV-1 pathogenesis [89], whereas X4-tropic HIV-1 evolves during
the later stages and leads to acceleration of disease progression due to
faster decline in CD4* T lymphocytes [90,91]. Coreceptor switching
from CCR5 to CXCR4 occurs in approximately 40-50% of infected in-
dividuals [92]; in addition, the R5 virus is still present as a minor viral
population even after emergence of the X4 virus. Furthermore, CXCR4
deletion in mice was shown to induce a variety of severe disorders and
resulted in embryonic lethality [93], suggesting that CXCR4-targeting
drugs may be less well tolerated than CCRS5 inhibitors. These studies
indicate that administration of CXCR4 inhibitors is relatively restricted
to the later stage of infection after coreceptor switching. Therefore, the
development of CXCR4 antagonists has proceeded at a deliberate pace
when compared with that of other types of entry inhibitors.

Escape from CXCR4 antagonists: Based on the manner of escape of
R5-tropic HIV-1 from CCRS5 antagonists, four main resistance path-
ways may be intuitively possible for X4 HIV-1 escape from CXCR4
antagonists: (i) coreceptor switching from CXCR4 to CCR5; (ii) out-
growth of the pre-existing R5 virus; (iii) decrease in CXCR4 suscep-
tibility by mutation(s) in Env; and (iv) utilization of the drug-bound
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form of CXCR4. The first mechanism comprises a shift in coreceptor ~ and contained four mutations (Q310H, I320T, N325D, and A329T)
usage from CXCR4 to CCRS5, which is induced by selective pressure  in the gp120 V3 loop [70]. These four mutations were shared by viral
from CXCR4 antagonists. However, this is unlikely to occur frequently ~ strains resistant to SDF-1a [103] and T134 [104], indicating that the
because coreceptor switching from CCR5 to CXCR4, and vice versa, V3 loop is a crucial region for the acquisition of CXCR4 antagonist
requires multiple mutations throughout gp160 via transitional inter- ~ resistance.

mediates with poor replication fitness [77]. The fourth possible mechanism involves acquisition of the abil-
ity to utilize the inhibitor-bound form as well as the drug-free form
CXCR4 and those using CCR5. However, an R5X4 dual-tropic virus of CXCR4 for viral entry. Several clinical isolates demonstrate infec-
can shift from X4-dominated tropism to R5-dominated tropism [83].  ton through the AMD3100-bound form of CXCR4, indicating a non-
The R5X4 dual-tropic 89.6 mainly uses CXCR4 as a coreceptor, butaf- ~ competitive mode of drug resistance [99]. The V1/V2 region of one
ter selection with the CXCR4 antagonist T140, coreceptor usage shifted of the isolates is responsible for this property, suggesting that baseline
from a phenotype that mainly used CXCR4 to one mainly using CCR5 resistance to this kind of CXCR4 antagonist should be considered while
due to a single amino acid substitution (R308S) in the V3 loop in vitro. developing CXCR4 antagonists. Recent advances have led to the de-
These results indicated that the R5X4 virus could shift its main corecep- ~ Velopment of orally-active CXCR4 antagonists, including AMD11070
tor usage due to a low genetic barrier to the development of resistance. [105], KRH-3955 [106], and GSK81297 [107]. Therefore, to prevent the
In contrast, an outgrowth of the pre-existing minority of the R5 virus possible emergence of pre-existing forms of the CCR5 virus, it is likely
caused by CXCR4 antagonists, is expected to lead to virologic failure. ~ that CXCR4 antagonists will be effective only in combination with a
AMD3100 is a small molecule compound called a bicyclam that has ~ CCRS antagonist or other antiviral drugs.
potent antiv.iral acti.viFy against. a variety of X4-tropic str?.ins [94-'9?]. Fusion inhibitory peptides and their mechanisms of action
However, it is not clinically available because of low oral bioavailability
[100]. After treatment of clinical isolates in vitro with AM3100 for 28 Fusion inhibitors: Enfuvirtide (T-20) was approved by the FDA in
days, the major population of viruses using CXCR4 was promptly re- 2003 as the first fusion inhibitor that efficiently suppresses the replica-
placed by the pre-existing minor population using CCR5 with multiple ~ tion of HIV-1 resistant to available classes of anti-HIV-1 drugs (Fig-
mutations in the V3 loop in vitro [101]. ure 1), such as reverse transcriptase inhibitors (RTIs) and protease in-
. . . . hibitors (PIs). Hence, it has been widely used for treatment of HIV-1
i Tne'thlrd possible pathway r'esults fr.om accumulation of mutations infected patients where treatment with other antiretroviral drugs has
in the viral envelope that allow interaction between gpl20 and the co- g4 [108]. T-20 comprises a 36 amino acid peptide derived from the

receptor fn t%1e presence of the i@ibiFor. AMD3100-resistant viruses gp41 HIV-1 C-terminal heptad repeat (C-HR), as shown in Figure 7.
selected in vitro from NL4-3 strain still used CXCR4 as a coreceptor

and contained several mutations in the V3 loop and showed poor fit- During HIV-1 entry, binding of gp120 to CD4 and either CCR5
ness [102]. In contrast, other viruses resistant to POL3026, a specific =~ or CXCR4 initiates penetration of the hydrophobic fusion peptide do-
B-hairpin mimetic CXCR4 antagonist, did not show any fitness cost ~ main at the N-terminal heptad repeat (N-HR) of gp41 into the target

There is an evolutionary gap in viral fitness between viruses using

s
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Figure 7: Schematic view of HIV-1 gp41 functional domains and mutation map for T-20. Putative hydrophobic pocket region of the N-HR is shown (green) and
may form a leucine-zipper-like domain. In the C-HR, two tryptophan-rich domains (TRD; pink) are located at the N- and C-terminal regions (N-TRD and C-TRD,
respectively). The N-TRD binds to the hydrophobic pocket in the N-HR, whereas the C-TRD plays a key role in membrane association. FP; fusion peptide domain,
which penetrates into the target cell membrane. TM; transmembrane region. The amino acid sequence of the HXB2 clone is shown as a representative HIV-1 se-
quence. Only mutations located in the extracellular domain of gp41 are shown. Mutations observed in in vitro and in vivo selections are indicated by an asterisk (*).
137T was only selected in vitro. Primary and secondary mutations were most frequently associated with T-20 resistance (red and blue, respectively). In addition,
T25S/A, S35A/T, R46K, L55F, Q56R/K, V72L, A1011/TV/G, L108Q, N109D, D113G/N, E119Q, L130V, I135L, N1401, and L158W were selected in patients under
T-20 containing regimens, but observed in some drug-naive HIV-1 strains (Los Alamos HIV Sequence Data Bank, http://www.hiv.lanl.gov/content/index (natural
polymorphisms). Corresponding regions of T-20, SC34EK, and T2635 are shown. T-20 is comprised of the original sequence but others are extensively modified.
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cell membrane [6]. In the gp41 extra-cellular domain, the a-helical re-
gion at the C-HR begins to fold and interact with a trimeric form of the
N-HR in an anti-parallel manner. This intramolecular folding forms a
stable six-helix bundle and facilitates the fusion of the virus envelope
and cellular membranes. During the fusion step of HIV-1 replication,
T-20 can interfere with the formation of the six-helix bundle consisting
of a trimeric N-HR/C-HR complex.

In the C-HR, two tryptophan-rich domains (TRDs) are located in
close proximity to the connection loop (N-TRD) and the membrane-
spanning or transmembrane region (C-TRD). Both TRDs resemble a
leucine zipper structure and are believed to be important for interac-
tions of the N-HR and the C-HR. T-20 contains the amino acid se-
quence of the C-TRD, whereas C34-based peptides, such as SC34EK
and T2635, contain the N-TRD. T-20 is believed to bind to the N-HR
as a decoy and prevents the formation of the six-helix bundle [109],
resulting in the inhibition of HIV-1 entry. This mode of action has been
well documented with another fusion inhibitory peptide, C34, and re-
mains controversial whether the mechanisms of action of T-20 and
C34 are in fact the same.

Primary and secondary mutations for fusion inhibitors: Although
some fusion peptides, such as N36 [110] and IQN17 [111], are designed
using the N-HR sequence, most have been designed using the C-HR se-
quence. Primary mutations for a representative C-HR derived peptide,
T-20, are generally introduced within the N-HR, a putative binding site
of T-20 [112,113]. Mutations frequently reported in vivo are located
at amino acid positions 36-45 of the gp41, including G36D/S/E/V,
V38A/M/E, Q40H, N42T, and N43D/K (Figure 7) [114]. Using circu-
lar dichroism analysis, others and we clearly demonstrated that these
primary mutations reduce the binding affinity of C-peptides with the
N-HR [112,115]. This mutation also impairs physiological intra-molec-
ular binding of the C-HR with the N-HR, providing a replication cost
[116]. Therefore, HIV-1 develops secondary or compensatory muta-
tions in the C-HR to restore the reduced stabilities of the six-helix bun-
dle by the introduction of primary mutations. N126K, E137K/Q, and
S138A [115,117] have been reported in vivo, usually in combination
with N-HR mutations. Mutations in the C-HR restore the intra-mo-
lecular folding/interaction of the C-HR with the N-HR. The enhanced
binding affinity by the secondary mutations can be applied to peptide
design, such as C34 with N126K and T-20 with S138A, which maintain
anti-HIV-1 activity, even to drug-resistant HIV-1 [115].

Secondary mutations of the N-HR are not only non-synonymous,
but also synonymous. A part of the RNA coding region for the env
gene, including gp41, also encodes the Rev-responsible element (RRE),
which is an RNA secondary structure important for unspliced RNA
export from the nucleus that is required for efficient viral protein syn-
thesis and packaging of genomic RNA [118,119]. Primary mutations
at positions 36 and 38 for stem II and at 43 for stem III affect the RRE
structure. Synonymous and non-synonymous mutations introduced
into the gp41 compensate for RRE structure stability, such as T18A for
V38A [120] and A30V for G36D [116], and Q41 (CAG to CAA) and
L44 (UUG to CUG) for N43D [121]. This association between the gp41
and RRE results in some genetic restrictions.

Impact of mutations on clinical potency: Only one or two amino
acid substitutions in gp41 appear to be sufficient for clinical treatment
failure, where after the emergence of mutations, viral load gradually
increases [122]. For example, G36E, V38A, Q40H, and N43D were
shown to confer 39.3-, 16-, 21-, and 18-fold reductions in suscepti-
bility to T-20, respectively [123]. Double or triple substitutions have
also been identified in clinical isolates from patients undergoing ther-

apy with T-20. Mutations such as N42T+N43S, V38A+N42D, and
Q40H+L45M confer 61-, 140-, and 67-fold reductions in susceptibility
to T-20, respectively {123]. Mutations at codons 36 (G36E/D/S) and 38
(V38A/G/M) seem to emerge relatively rapidly in vivo, whereas Q40H
and N43D emerge more slowly [122]. After prolonged therapy, HIV-1
has been shown to develop secondary mutations and may confer more
apparent resistance with improved replication kinetics. Therefore,
combination regimens with other inhibitors, such as RTIs and PIs, are
indispensable for sufficient positive viral responses.

T-20 appears to inhibit replication of HIV-1 subtype independent-
ly [124-126], since T-20 has mainly been used for subtype B HIV-1
infected patients. Based on the mechanism of action of T-20, interfer-
ence of N-and C-HR interactions may be expected, where amino acid
sequences are highly conserved across all subtypes. However, in non-B
subtype HIV-1, N42S predominantly emerged as a resistance-related
mutation [124,125].

Resistance to the next generation inhibitors: Next generation inhibi-
tors have been designed using several strategies, such as the introduc-
tion of specific amino acid motifs and secondary mutations into the
sequence of the original peptide inhibitors [115] to enhance the sta-
bility of the a-helical structure between inhibitors and fusion domain
at the N-HR. In contrast to T-20, primary mutations to third genera-
tion inhibitors were not selected in vitro [127,128]; therefore, the ac-
cumulation of multiple mutations is likely necessary for the develop-
ment of resistance. In the case of SC34EK, 13 amino acid substitutions
(D36G, Q41R, N43K, A96D, N126K, E151K, H132Y, V182I, P203S,
12041, S241F, H258Q, and A312T) were introduced and single amino
acid substitutions only conferred weak resistance (<6-fold) [127]. For
another peptide, T-2635, 12 amino acids in 10 positions (A6V, L33S,
Q66R/L, K77E/N, T94N, N100D, N126K, H132Q, E136G, and E151G)
were selected, and single mutations did not confer resistance to T-2635
[128]. Interestingly, some of these mutations were located outside the
N-HR and C-HR. Cross-resistance between SC34EK and T-2635 was
only examined for the SC34EK-resistant virus and revealed little cross-
resistance [127]. Further studies of resistance profiles might be helpful
in defining new strategies for the design of fusion inhibitors that can
suppress the replication of resistant variants of HIV-1.

Conclusion

The emergence of viruses resistant to entry inhibitors, as well as
other classes of antiviral agents (reverse transcriptase or protease in-
hibitors), has been reported in vitro and in vivo. Resistance to entry
inhibitors, including attachment inhibitors and coreceptor antagonists,
is mainly conferred as a result of missense mutations within the gp120
subunit of the env gene, which differ from one inhibitor to another.
Alternatively, treatment failure can occur through the expansion of
pre-existing CXCR4-using virus for CCR5 antagonists, and vice versa.
Agents that target gp41l-dependent fusion select for HIV-1 variants
with mutationswithin the gp41 envelope gene. These results indicate
the incredible flexibility of the HIV-1 genome to escape from a variety
of entry inhibitors. Therefore, the development of novel entry inhibi-
tors for clinical use is needed to limit escape mutants by effective com-
bination therapy.
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Open-Label Randomized Multicenter Selection Study
of Once Daily Antiretroviral Treatment Regimen
Comparing Ritonavir-Boosted Atazanavir to Efavirenz
with Fixed-Dose Abacavir and Lamivudine
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Abstract

Background The side-effects of anti-retroviral drugs are different between Japanese and Caucasian patients.
Severe central nerve system (CNS) side-effects to efavirenz and low rate of hypersensitivity against abacavir
characterize the Japanese.

Objective The objective of this study was to select a once daily regimen for further non-inferior study
comparing the virological efficacy and safety of the first line once daily antiretroviral treatment regimens in
the current HIV/AIDS guideline.

Methods The study design was a randomized, open label, multicenter, selection study. One arm was treated
with efavirenz and the other with ritonavir-boosted atazanavir. A fixed-dose lamivudine plus abacavir were
used in both arms. The primary endpoint was virologic success (viral load less than 50 copies/mL) rate at 48
weeks. Patients were followed-up to 96 weeks with safety as the secondary endpoint. Clinicaltrials.Gov (NCT
00280969) and the University hospital Medical Information Network (UMIN000000243).

Results A total of 71 participants were enrolled. Virologic success rates in both arms were similar at week
48 [efavirenz arm 28/36 (77.8%); atazanavir arm 27/35 (77.1%)], but were decreased at week 96 to 55.6% in
the efavirenz arm and 68.8% in the atazanavir arm (p=0.33). At the 96-week follow-up, 52.8% of the EFV
arm and 34.3% of the ATV/r arm reached total cholesterol more than 220 mg/dL and required treatment.
None of the patients developed cardiovascular complications in this study by week 96.

Conclusion There was no significant difference in the efficacy of efavirenz and ritonavir-boosted atazanavir
combined with lamivudine plus abacavir at 48 weeks. The evaluation of safety was extended to 96 weeks,

which also showed no significant difference in both arms.

Key words: HIV, antiretroviral treatment, efavirenz, atazanavir, abacavir, lamivudine

(Intern Med 50: 699-705, 2011)
(DOI: 10.2169/internalmedicine.50.4572)

Introduction

The use of a non-nucleoside transcriptase inhibitor
(NNRTI) or ritonavir-boosted protease inhibitor as the key
drug, combined with two nucleoside reverse-transcriptase in-
hibitors (NRTI), as the backbone drugs, is recommended as
an initial therapy in human immunodeficiency virus type 1

(HIV-1) infection. For the key drug, when efavirenz (EFV)
or ritonavir-boosted atazanavir (ATV/r) is selected, once
daily therapy is possible. EFV is a widely used NNRTI,
however, in some clinical studies conducted in Asia, a
higher rate of adverse events, especially central nervous
system-related symptoms, has been noted (1-3).

In terms of backbone drugs, didanosine (ddI), stavudine
(d4T) and zidovudine (ZDV) were widely used NRTIs.
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However, their mitochondrial toxicity made long-term use
difficult (4-7). Due to HLA-B*5701-related hypersensitivity,
abacavir (ABC) is listed as the second line drug under the
United States Department of Health and Human Services
(DHHS) guidelines. However, HLA-B*5701 is quite rare
among Japanese, and thus the incidence of hypersensitivity
to ABC in Japanese patients is lower than that of Cauca-
sians (8-10). Although tenofovir (TDF) is widely used as the
first line drug, the dose-dependent nephrotoxicity is a major
concern in Japanese because Japanese body weight is lighter
than that of Caucasians (11, 12).

The present study was designed in 2006, when the combi-
nation of TDF, lamivudine (3TC) or entiricitabine (FTC),
and EFV was the first line regimen of antiretroviral treat-
ment (13). To explore the optimal antiretroviral combination
for the best clinical outcome among Japanese HIV-1 pa-
tients (14), a selection study was designed to compare the
efficacy and safety of once daily treatment with EFV or
ATV/r combined with a fixed-dose ABC and 3TC (ABC/3
TC).

Objective

The objective of this study was to select a once daily
regimen for further non-inferior study comparing the vi-
rological efficacy and safety of the first line once daily an-
tiretroviral treatment regimens in the current HIV/AIDS
guideline.

Subjects and Methods

Study design

The study was designed as a randomized, open label,
multicenter selection study, which means the superior regi-
men at the end point is to be selected as alternate arm to
compare with the current first line regimen in the next step.
Therefore, this study was not to compare superiority or non-
inferiority of both arms. As the selection study, the main ob-
jective is to select a treatment regimen for further pivotal
study and the secondary objective is safety. The primary
endpoint was the proportion of patients in each arm who
achieved virologic success (HIV-1 RNA less than 50 copies/
mL in plasma) at week 48. The secondary endpoints were
death, AIDS and serious non-AIDS events, non-AIDS defin-
ing cancer, treatment-related serious or grade 3 to 4 adverse
events, and discontinuation of antiretroviral treatment before
week 96.

The inclusion criteria of this study were those who were
treatment-naive, HIV-1 positive Japanese men with a CD4+
count ranging from 100 to 300 cell/mm’. The exclusion cri-
teria included current active AIDS, acute retroviral syndrome
and persistent active hepatitis B infection (HBs-Ag positive).
Patients with a history of 3TC treatment for hepatitis B in-
fection were also excluded. After obtaining informed con-
sent, eligible participants were randomized into once daily

DOI: 10.2169/internalmedicine.50.4572

600 mg EFV or 100 mg RTV and 300 mg ATV (EFV arm
vs ATV/r arm). All participants received a fixed dose of 600
mg of ABC and 300 mg 3TC (ABC/3TC).

At baseline, the demographic characteristics and a com-
plete medical history were recorded, physical examination
was performed, and various laboratory tests were obtained
(CD4+ count, HIV-1 RNA, complete blood count, biochem-
istry, liver and renal function tests, and total cholesterol).
Participants were examined at baseline, then every 4 weeks
until week 96. Careful clinical examination was provided at
each visit, including history taking of any adverse event, ad-
herence to treatment, and physical examination. Further-
more, blood tests were obtained including complete blood
count, biochemistry, liver and renal function tests, CD4+
count and HIV-1 RNA. When HIV-1 RNA became less than
50 copies/ml, participants were rescheduled to be seen
every 4 to 12 weeks. All participants underwent clinical ex-
amination at week 48 as the primary endpoint, then every
12 weeks until week 96 as the secondary follow-up period
for evaluation of safety.

The study recruitment period was started on September
Ist of 2005 for 2 years. The study protocol was originally
designed to follow patients for 48 weeks, however, during
the study period, cardiovascular adverse events of ABC-
containing regimen were reported (15, 16). Considering the
importance of adherence to safety, the follow-up period was
extended to 96 weeks. ~

Independent data and safety monitoring board reviewed
virology and safety data by treatment allocation were ob-
tained when all participants had completed 24 weeks of the
study. A total of 18 academic medical institutions in Japan
participated in this study. The study protocol was approved
by the ethics committee of each site and was registered at
Clinicaltrials. Gov (NCT00280969) and the University Hos-
pital Medical Information Network (UMIN000000243).

Statistical analyses

The estimated proportion of virologic failure, representing
HIV-1 RNA of more than 50 copies/mL at 48 weeks of
treatment, was 30% over one year. To choose one treatment
group with a probability of 0.90, if it is superior to another
treatment by >10%, if any, a sample size of 40 participants
per group was necessary according to the selection de-
sign (17).

To assess differences in proportions, we used Fisher’s ex-
act test and calculated exact confidence intervals (CIs). We
conducted intent-to-treat analysis and used the T test to
compare the efavirenz arm and the ritonavir boosted
atazanavir arm, unless the data showed skewed distribution,
in which case the Wilcoxon’s test was used. All analyses
used a two-sided alfa of 0.05. No adjustment for each test
was made for multiple comparisons due to the fact that we
have several tests to compare the efficacies and safeties of
two groups. All analyses, unless otherwise specified, were
determined a priori and were hypothesis driven. Statistical
analyses were performed using SAS version 9.1.
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Table 1. Baseline Characteristics of Participants
Variable efavirenz  atazanavir/r p
Number of patients 36 35 NS
Age (yrs) median 35 36 NS
HIV-RNA (log;e copies/mL)
median 4.6 44 NS
range 2.8-54 3.0-53

CD4 count (cells/mm®)
median 220 226 NS
range 121-323 103-324

Total Cholesterol (mg/dL)
median 155.5 1595 NS
range 122-208 112-215

Total bilirubin (mg/dL)
median 0.6 0.5 NS
range 0.3-1.7 0.3-1.5

ALT (IU/L)
median 24 20 NS
range 8-71 8-78

Creatinine (mg/dL)
median 0.80 0.75 NS
range 0.6-1.03 0.6-1.02

Results
Participants

In the study recruitment period, 71 participants were ran-
domly assigned to two groups (36 in EFV arm and 35 in
ATV/r arm). The baseline characteristics of the subjects are
listed in Table 1. Among the 71 participants, 62 (87.3%) for
the primary endpoint and 58 (80.6%) for the secondary end-
point completed the study protocol. By week 96, 9 partici-
pants had withdrawn due to clinical events, 2 declined to
continue the study for personal reasons, one died by acci-
dent and 3 were transferred to other non-participating insti-
tutions.

Primary endpoint

At week 48, by intent-to-treat, missing-equals-failure
analysis, 28 of 36 participants (77.8%, 95% CIL: 60.9-89.9)
in the EFV arm and 27 of 35 (77.1%, 95% CI: 59.9-89.9) in
the ATV/r arm achieved the goal of HIV-1 RNA less than
50 copies/mL. There was no significant difference between
the two arms (p=0.95).

Virologic success over time

Figure 1 shows the intent-to-treat analysis of participants
who reached virologic success. At week 96, the rates of vi-
rologic success in the EFV arm were 55.6% (20 of 36) and
68.6% (24 of 35) in the ATV/r arm (p=0.33). The number of
participants with a baseline HIV-1 RNA level of more than
100,000 copies/mL was 5 in the EFV arm and 2 in the
ATV/r arm. One participant in each arm withdrew from the
study at week 4 due to skin rash. The rest of the participants
achieved virologic success in the EFV arm (4 out of 4) and
in ATV/r arm (1 out of 1).

DOI: 10.2169/internalmedicine.50.4572

Secondary endpoints

In the EFV arm, 7 of 36 participants did not complete the
study; 5 of the 7 developed psychiatric symptoms, including
suicidal idealization, insomnia and irritation, 2 developed
skin rashes and the remaining 2 were lost to follow-up be-
cause they were transferred to non-affiliated hospitals. In the
ATV/r arm, 6 of 35 patients could not complete the study;
one died by accident for unknown reason (the cause of
death according to the coroner’s report was not related to
the cardiovascular system), 2 participants required treatment
change (this was due to suicidal idealization in one and to
skin rash in the other), one participant withdrew by own
wish, one enrolled into another study, and one was trans-
ferred to another non-affiliated medical care facility.

Figure 2 shows the change of total cholesterol, liver func-
tion and total bilirubin from the baseline. At enrollment in
the study, the median total cholesterol in the EFV arm was
155.5 mg/dL (range: 122-208) and in the ATV/r arm was
159.5 mg/dL (range: 112-215). The total cholesterol was not
more than 220 mg/dL in any of the participants of both
arms at baseline, and there was no significant difference be-
tween the two arms. During the study period, the total cho-
lesterol increased to more than 220 mg/dL. and required
treatment with hypolipidemic agents in 52.8% of the EFV
arm and 34.3% of the ATV/r arm. There was a significant
increase in total cholesterol from the baseline in both arms
(p < 0.05). There was no significant change in liver function
tests during the study. New onset grade 3 hyperbilirubinemia
was noted in 27 of 35 (77.1%) of the ATV/r arm but in
none of the EFV arm. None of the hyperbilirubinemia in the
ATV/r arm was associated with altered liver function, altered
renal function, nephrolithiasis, or cholelithiasis.

Discussion

This study was designed as selection study, which means
the superior regimen at the endpoint is to be selected as an
alternate arm to compare with the current first line treatment
in the next step. By definition of the selection study, the su-
perior arm does not require statistical significance (17). At
week 48, 77.8% of ATVt arm and 77.1% of EFV arm
reached HIV-VL of less than 50 copies/mL. Based on the
definition of the selection study, the combination ABC/3TC/
EFV was selected to compare the current first line treatment
while the efficacy of each arm was almost even in this
study.

In this clinical trial of 71 participants over a period of 96
weeks, no cardiovascular events or severe hypersensitivity
reaction against ABC was observed. In this study, the effi-
cacy of EFV combined with ABC/3TC and ATV/r combined
with ABC/3TC was similar. Therefore, ABC based regimen
can be selected as a safe combination to compare the effi-
cacy of the first line combinations, such as EFV plus TDF/
FTC or ATV/r plus TDF/FTC (18-20), in the next step for
the best clinical benefits in Japanese patients.
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Figure 1. Proportions of participants with HIV-RNA less than 50 copies/mL.

The efficacies of the efavirenz arm and ritonavir-boosted atazanavir arm were compared with in-
tent-to-treat analysis. There were no significant difference between arms at both week 48 (p=0.95)

and week 96 (p=0.33).

In February 2008, the United States National Institution
of Allergy and Infectious Disease announced that the data
and safety monitoring board of ACTG 5202 recommended a
modification of the study design because they found that
among participants with high viral loads (100,000 or more
copies/mL) at the time of screening, treatment combinations
that included ABC/3TC were not as effective in controlling
the virus as those of regimens containing TDF/
FTC (19, 21). At that point, all of the present 71 partici-
pants were already enrolled in the study and the baseline
HIV-1 RNA of 7 participants was more than 100,000 copies/
mL. Of these 7 participants, 2 had already withdrawn from
the study by week 4, and the rest of participants had
reached HIV-1 RNA of less than 50 copies/mL. The safety
monitor board made no recommendation to amend the pro-
tocol.

As a primary endpoint, 77.8% of the EFV arm and 77.1%
of the ATV/r had reached virological success, however, total
cholesterol in 58.1% of the EFV arm and 46.9% of the
ATV/r arm increased to more than 220 mg/dL, which re-
quired treatment. Thus, the overall proportion of participants
with good viral suppression and without severe adverse
events or treatment modification was 39.6% for the EFV
arm and 62.3% for the ATV/r arm. Considering the reasons

for treatment modification, the neuro-psychiatric side effects
required a regimen change in the EFV arm. Although sev-
eral studies concluded that the neuro-psychiatric side effects
are transient in nature, one study reported that treatment had
to be changed in 16% of patients on EFV due to neuro-
psychiatric side effects (22-24). Although there was no sig-
nificant difference even with the small sample size, 5 out of
36 (13.9%) participants on EFV in our study required treat-
ment change, compared with only 1 out of 35 (2.9%) of the
ATV/r arm. This aspéct of our study was similar to that re-
ported in the Euro SIDA study (24). In the Swiss Cohort
study, the treatment-limiting CNS adverse events was 3.8
(95% CI 2.7-5.2) per 100 person-years and it was clearly re-
lated to EFV (25). Considered together, these results empha-
size the need for close observation of patients treated with
EFV.

The incidence of hyperbilirubinemia in the present study
was 77.1% in the ATV/r arm but none of these patients was
above grade 4. Furthermore, none of the patients in this
study developed liver function abnormality, altered renal
function, renal stones, or cholelithiasis. As reported by Torti
et al and Josephson et al, such clinical outcome can be used
as a marker of adherence to ATV therapy (26, 27).

Limitations of this study include a small sample size.
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Figure 2. Changes from baseline in total cholesterol, ALT and total bilirubin.

ALT and total cholesterol at week 96 were compared with the baseline values. Since participants
who developed hyperlipidemia were treated with lipid-lowering agents during the study period, the
highest levels registered in each participant during the follow-up were collected for analysis. There
were no significant differences in total cholesterol and ALT between the two arms, while hyperbili-
rubinemia was significantly higher in the ATV/r arm. Modification of treatment due to hyperbiliru-
binemia was not required in any of the patients of the ATV/r arm. In these box-and-whisker plots,
the lines within the boxes represent median values; the upper and lower lines of the boxes represent
the 25th and 75th percentiles, respectively; and the upper and lower bars outside the boxes repre-

sent the 90th and 10th percentiles, respectively.

Considering many studies on HIV treatment held in western
countries that enrolled few Asian HIV-1 patients, it is impor-
tant to collect data from Asian population. The current
United States Department of Health and Human Services
guidelines recommend TDF/FTC as the first line regimen,
while the European AIDS Clinical Society recommends 3TC
and ABC addition to TDF and FTC alone (28, 29). TDF/
FTC is a known potent antiretroviral agent, however, its
long-term efficacy and safety remain unclear (11, 12). Con-
sidering that the combinations of NRTI are limited, the effi-
cacy and safety of ABC in the low HLA-B*5701 population
need to be evaluated for wider treatment options for HIV-1

patients (9, 10).

Conclusion

This study was designed as a selection study to compare
the virologic efficacy and treatment safety of EFV and
ATV/r, both with ABC/3TC, in Japanese patients. The re-
sults showed no significant differences in efficacy between
the two regimens at week 48. The evaluation of safety was
extended to 96 weeks, which also showed no significant dif-
ference in both arms. The results of the present study have
already been applied as the basis of a follow-up study that is
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currently being conducted in Japan to compare NRTI combi-
nations of ABC/3TC and TDF/FTC with ATV/r as key
drugs.
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Introduction

The third variable (V3) element of the human immunodefi-
ciency virus type 1 (HIV-1) envelope gpl20 protein is usually
composed of 35 amino acids. The element forms a protruding
loop-like structure on the gp120 outer domain [1], is rich in basic
amino acids, and has aromatic amino acids for the aromatic
stacking interaction with proteins. The V3 loop participates in
direct binding to the entry coreceptor [2] and constitutes the
most critical determinant for the coreceptor use of HIV-1
[3,4,5,6]. In addition, the tip of V3 is highly immunogenic and
contains neutralization epitopes for antibodies [7,8,9], although
the epitopes can be inaccesible in the gp120 trimer on a virion of
the HIV-1 primary isolates [10,11] or HIV-1 recombinants with
less positively charged V3 [12,13]. Moreover, the V3 is reported
to be the major determinant of HIV-1 sensitivity to neutraliza-
tion by the soluble form of CD4 [14,15,16], a recombinant
protein that binds to the cleft of the gp120 core [17]. Thus, the
V3 loop plays a key role in modulating biological and
immunological phenotypes of HIV-1. However, the molecular
mechanisms underlying these modulations remain poorly
understood.

It has been reported that the net charge of the V3 loop is tightly
linked to the phenotype of HIV-1. The V3 loops of CCR5 tropic

@ PLoS ONE | www.plosone.org

HIV-1s are usually less positively charged than those of CXCR4
tropic HIV-1s [18,19,20,21]. An increase in the V3 net charge can
convert CCR35 tropic viruses into CXCR4 tropic viruses
[4,22,23,24], and antibody resistant viruses into sensitive viruses
[12,13]. Thus the V3 loop may be viewed as an electrostatic
modulator of the structure of the gpl20 interaction surface, an
assumption that is largely unexamined.

Increasing evidence has indicated that the dynamics property
of molecules in solution is critical for protein function and thus
for many biological processes [25,26,27]. Molecular dynamic
(MD) simulation is a powerful method that predicts the structural
dynamics of biological molecules in solution, which is often
difficult to analyze by experiments alone [28,29,30]. Recent
advances in biomolecular simulation have rapidly improved the
precision and application performance of this technique
[28,29,30]. We have previously applied this technique to
investigating the structural factors that regulate biological
phenotype of viruses [13,31,32]. In this study, by combining
MD simulations with antibody neutralization experiments and
diversity analysis of the viral protein sequences, we studied a
structural basis for the regulation of HIV-1 phenotype by V3
loop.
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Results

Molecular dynamics simulation study

To address the potential role of the V3 net charge in modulating
the structure and dynamics of the gpl20 surface, we performed
MD simulations of the identical gpl20 outer domains carrying
different V3 loops with net charges of +7 or +3 (Fig. 1A). The
initial structures for the simulations were constructed by homology
modeling using the crystal structure of HIV-1 gp120 containing an
entire V3 loop as the template. Due to the perfect identity of the
outer domain sequences of the V3 recombinant gp120s, the outer
domain structures of the initial models for the MD simulations
were identical before the simulations. The modeling targets in this
study belong to HIV-1 subtype B and had a sequence similarity of
about 87.3% to the modeling template. This similarity was high
enough to construct high-accuracy models with an RMSD of
~1.5 A for the main chain between the predicted and actual
structures in the tested cases with homology models and x-ray
crystal structures [33]. These initial models were lacking in V1/V2
loops and glycans on the gpl120. The recombinant models are
therefore suitable for exploring the potency of the structural
regulation that is intrinsic to the V3 loop.

Using these models as the initial structures, we analyzed the
structural dynamics of the gp120 outer domains in the absence of
soluble CD4 by MD simulation. It was expected that the MD
simulations would eliminate initial distortions in the template
crystal structure, which could be generated during crystallization,
and search for the most stable structures of unliganded gp120
outer domains at 1 atm at 310 K in water. The simulations
showed that the same gp120 outer domains, carrying different V3
loops with net charges of +7 or +3, exhibited marked changes in
conformations and fluctuations at several functional loops at | atm
at 310 K in water (Figs. 1 and 2).

To quantitatively monitor the overall structural dynamics of the
outer domain during MD simulation, the RMSDs between the
initial model and models at given times of MD simulation were
measured. The RMSD sharply increased soon after heating of the
initial model and then gradually reached a near plateau after 10 ns
of the MD simulations (Fig. 1B). The results suggested that most of
the backbone heavy atoms of the outer domain reached a
thermodynamic equilibrium after 10 ns of the simulation under
the conditions employed. However, fluctuations of the RMSDs
were still detectable even at around 30 ns of the simulations,
suggesting that some regions of the outer domains continued to
fluctuate.

To map the heavily fluctuating sites in the gp120 outer domain,
we calculated the RMSF of the main chains of individual amino
acids during the MD simulations. The RMSFs, which provide
information about the atomic fluctuations during MD simulations
[34], were found to be much greater in the amino acids
constituting loops than those of the structured regions, such as
helixes and B-sheets (Figs. 1C and 1D). These results are consistent
with the general observations of proteins in solution, and indicate
that the loops of the gpl20 outer domain intrinsically possess
structural flexibility in water. Notably, the RMSFs in some loops
were markedly different between the two V3 recombinant gp120s.
For example, the RMSF in the $20-p21 loop was much greater in
the Gpl20par.THoovs (Fig. 1C). Conversely, those in the D loop
were greater in the Gpl20parnmivs.

HIV-1 gpl20 V3 loop often has a motf for the N-linked
glycosylation that is usually preferentially conserved in R5 viruses
(Fig. 1A). To address potential impacts of the glycan on the MD
simulations, we performed MD simulation in the presence of a
high mannose oligosaccharide in the V3 loop. We observed any
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significant differences in the structure and dynamics of gpl20
outer domain in the presence or absence of the glycan (data not
shown). This is reasonable because the glycosylation site is exposed
toward an opposite direction from the gp120 core (Fig. 1D).

To clarify structural differences between the Gpl20parnmivs
and Gpl20parrHoovs, we constructed their averaged structures
using the 40,000 snapshots obtained from 10-30 ns of MD
simulations using ptraj module in Amber 9. Superposition of the
averaged structures showed that the relative configuration of the
V3 loops and P20-P21 was markedly different between the two
outer domains: the V3 tip protruded a greater distance from the
B?O—BQI loop in the GplQOLAI,THogvg than in the GplQOLA]-
~aivs (Fig. 2A). The superposed structures also revealed
differences in a region around the CD4 binding site (Fig. 2A,
right panel with enlarged CD4 binding site). The relative
configuration of the CD4 binding loop to the exit loop is critical
for the gp120 binding to the CD4, a primary infection receptor of
HIV-1 [17]. Therefore, we analyzed the distance between the
CD4 binding and exit loops by measuring the distance (Dj5-201)
between the Co of Glyl15 and the Ca of Gly221 as an indicator
(Fig. 2B). As expected from the fluctuations of the CD4 binding
loop, the Dy5-99; fluctuated during the MD simulations (Fig. 2C).
However, the Dy )5.99; was significantly smaller in the Gp120pa;.
Troovs than in the Gpl120pa1nm1vs (Fig. 2D; p<<0.001, Student’s
#test): the Dyj5-991 ranged from 4-15 A with an average of ~8 A
for the Gpl20parTHoovs and from 7-17 A with an average of
~10 A for the Gpl120pa1.nH1vs- These data suggest that the CD4
binding loop tended to be positioned more closely to the exit loop
and thus tended to be sterically less exposed in the Gpl20par
THoovs than the Gpl20parnu1vs.

Neutralization study

The above structural data raised the possibility that the
reduction in the V3 net charge might reduce HIV-1 neutralization
sensitivity by the anti-CD4 binding site antibodies. To address this
possibility, we performed a neutralization assay using the two
isogenic HIV-1 recombinant viruses, HIV-1par.nm1vs and HIV-
1Lar-THO9vVS [35], which carry the Gpl20arnmi1vs and Gpl20pa;1-
THoovs, respectively. These viruses were pre-incubated with
various human MAbs against the CD4 binding site, and the
reductions in viral infectious titers were measured using a Hela-
cell-based single-round viral infectivity assay system [36].

Table 1 summarizes the results of the neutralization assay. As
expected, the two viruses exhibited markedly distinct neutraliza-
tion sensitivities to the three human MAbs against the CD4
binding site. HIV-1p a1.nm1v3 was consistently neutralized with all
three MAbs against the CD4 binding site (49G2, 42F6, and 0.56),
with NDsq values ranging between 0.224 and 0.934 pg/ml. In
marked contrast, HIV-lparrhaoovs was highly resistant to
neutralization by these MAbs, and 10 pg/ml of antibodies failed
to block the viral infections. The two viruses were equally resistant
to an anti-Gpl20 antibody (4C11) that recognizes the Gpl20
structure after CD4 binding. The result indicates that the CD4-
induced gpl20 epitope of the 4C11 are not preserved in the V3
recombinant viruses used in the present study. Conversely, they
were equally sensitive to another ant-Gpl20 antibody (4301 [37])
whose epitope is located outside of the CD4 binding site. A human
MADb 8D11 used as a negative control had no effect on the viral
infectivity in this assay.

Diversity study

Host immunity is a driving force behind the antigenic diversity
of envelope proteins of the primate lentiviruses that establish
persistent infection in hosts [23,38,39,40,41]. The above and
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