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Human immunodeficiency virus type 1 evasion of a
neutralizing anti-V3 antibody involves acquisition of
a potential glycosylation site in V2
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It has been reported that the addition of a potential N-linked glycosylation site (PNGS) to the
gp120 human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein provides protection
against neutralizing antibodies (NAbs) by acting as a ‘glycan shield". In this study, we induced
insertion of a PNGS into the V2 region of HIV-1g,_ with the KD-247 anti-V3 neutralizing
monoclonal antibody. In the presence of KD-247 (200 ug mi~") at passage five, viruses with 3 aa
mutations in the C2 (T240S and 1283T) and V3 (T319A) regions expanded from pre-existing
variants. After six passages with KD-247 (>300 pg ml™"), a PNGS emerged in the V2 region in
addition to C2 (T2408S) and V3 mutations (R315K and F317L). A variant with a PNGS insertion in
V2, but no V3 mutations was sensitive to KD-247, whereas a clone with a V2 PNGS insertion and
mutations in V3 demonstrated a high level of resistance to KD-247. Replication kinetic analysis
revealed that the F317L mutation in V3 played a compensatory role for fitness-loss caused by the
PNGS insertion in V2. The evading HIV-1 variant did not revert back to the wild-type virus after 14
passages without KD-247. These findings demonstrate that the virus with fithess-loss mutations
can replicate equally as well as the wild-type virus to acquire some key mutations in the V3 stem
and the C2 region, and the compensated variants containing PNGS do not revert back to the
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ancestral virus even in the absence of NAb.

INTRODUCTION

A neutralizing antibody (NADb) against human immuno-
deficiency virus type 1 (HIV-1) is an essential component
of a protective vaccine. However, primary isolates of HIV-1
are relatively resistant to neutralization compared with
variants selected for growth in permanent cell lines (Moore
et al, 1995, Pugach et al, 2004). Studies addressing
differences between neutralization-sensitive and -resistant
variants have revealed several mechanisms that are
responsible for neutralization resistance in primary isolates.
These mechanisms include the occlusion of epitopes within
the envelope glycoprotein (Env) oligomer and the extensive
glycosylation and extension of variable loops from the
surface of the complex leading to steric and conformational
blocking of receptor-binding sites (Kwong et al, 2002;
McCaffrey et al., 2004; Pinter et al, 2004; Saunders et al.,
2005). The structural features of one envelope glycopro-
tein, Env gp120, mean that it can tolerate a vast array of
mutations permitting the selection of neutralization

The GenBank/EMBL/DDBJ accession numbers for the sequences
determined in this study are AB521136-AB521148.

A supplementary figure is available with the online version of this paper.

evading variants, as has been previously demonstrated in
culture assays, animal models and infected individuals
(Johnson & Desrosiers, 2002).

Although there are ample data showing that NAbs can protect
against HIV-1 infection in vitro and in vivo, their activity in
infected humans remains controversial (Cao et al, 1995;
Deeks et al., 2006; Montefiori et al., 2001; Sullivan et al., 1993).
Passive transfer of a combination of broadly neutralizing
monoclonal antibodies (mAbs) 2G12, 2F5 and 4E10 in
patients during a structured treatment interruption resulted in
a significant delay in viral rebound in some patients compared
with viral rebound in the absence of these antibodies (Trkola
et al, 2005). This would indicate that viral suppression was
due to the antiviral activity of the administered antibodies.
Subsequent studies addressing the pharmacokinetics of each
mAb (Joos et al, 2006), neutralization-resistance mutations
(Manrique et al., 2007) and protective neutralization titres in
vivo (Trkola et al., 2008) using samples from the study further
supported the protective effects of NAb in vivo.

Clinical studies examining NAbs in primary infections have
suggested that the majority of recently infected individuals
generate a vigorous antibody response against autologous
virus. However, the rapid evolution of HIV in the presence

017426 © 2010 SGM  Printed in Great Britain
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of NAb results in the emergence of evading mutants. As a
consequence, at any time during the early stages of HIV
infection, NAbs are more likely to recognize the earlier
form of the viruses as opposed to the recent variants.
Despite evidence of phenotypic resistance, the genetic basis
of the mechanism allowing primary viruses to evade NAbs
is poorly understood.

Wei et al. (2003) found that glycosylation of Env plays an
important role in evading neutralization. The evolving
‘glycan shield’ can sterically block antibody binding with-
out mutation at the antibody-binding site (Wei et al,
2003). Also, insertion of potential N-linked glycosylation
sites (PNGSs) along with other mutations has been
associated with viral evasion of NAbs (Bunnik et al,
2008; Wei et al, 2003). Conversely, Frost et al. (2005)
reported that viral evasion of NAb correlates to the rate of
amino acid substitution rather than changes in glycosyla-
tion and insertions or deletions in Env (Frost et al., 2005).
This would suggest that the individual contribution of
PNGSs to the neutralization sensitivity of HIV-1 depends
on the presence of other mutations in the Env sequence.
However, the relationship between PNGSs and mutations
of NAb resistance has not been investigated because of
technical difficulties, resulting from the polyclonal nature
of NAbs and the primary isolates used in previous clinical
studies. To clarify the genetic mechanisms responsible for
evading neutralization, it is important to analyse individual
mutations, resulting from neutralization evasion of NAbs
in an iz vitro culture system.

Neutralization evasion from anti-V3 mAbs has been reported
and associated with amino acid substitution within the epitope
of the V3 loop and outside V3 (Gorny et al, 2004; Masuda
et al., 1990; Park et al.,, 1998; Pinter et al., 2004; Shibata et al,
2007; Yoshimura et al., 2006; Zolla-Pazner, 2004). However,
the role(s) of PNGSs in resistance to neutralization is not clear
because the induction of PNGSs under neutralizing mAbs
pressure in vitro has not been reported.

In this study, we obtained evasion mutants harbouring
PNGSs in the V2 region and mutations in the C2 and V3
regions, during induction of neutralization evasion mutants
from anti-V3 mAb KD-247 in HIV-1p,.. KD-247 is a
humanized mAb that demonstrates cross-neutralizing activity
against HIV-1 isolates in clade B. The epitope of KD-247 was
mapped to 6 aa, IGPGRA, at the tip of the V3 loop (Eda et al,
2006). A series of analyses using viral clones that have
corresponding mutations present in evading viruses revealed
a mutant that has both a PNGS-insertion in V2 and
mutations in V3 along with a highly resistant phenotype to
the NAb. However, the mutant requires further mutation
to compensate for reduced replication ability. Studies to
elucidate replication kinetics indicated that the F317L
mutation in V3 and the T240S mutation in C2 play a key
role in maintaining resistant mutations in V2 and V3, which
were related to the fitness-loss. Our study partially explains
the complex nature of the development of neutralization
resistance observed in previous clinical studies.

RESULTS

Selection of anti-V3 mAb KD-247 evasion mutants
from HIV-1 Bal

To select an HIV-1 variant that is able to evade
neutralization by KD-247 in vitro, we exposed PM1/CCR5
cells to HIV-1g,; and serially passaged the virus in the
presence of increasing concentrations of KD-247. PM1/
CCRS5 cells were highly sensitive to both X4 and R5 HIV-1
infection, displaying prominent syncytia (Yusa et al., 2005).
As a control, HIV-1g, was passaged under the same
conditions without mAb to monitor spontaneous changes
that occurred in the virus during prolonged PM1/CCR5 cell
passage (denoted as passage control). Because HIV-1p,; was
sensitive to neutralization by KD-247 with an ICsq of 3.8 pg
ml ™! as determined by an MTT assay (data not shown), the
selected virus was initially propagated in the presence of 5 pg
KD-247 ml™". During the course of the selection procedure,
the mAb concentration was increased to 2000 pg ml ™',
Following five rounds of passage (p5), a viral variant
designated HIV-1g,; (200) p5 arose that replicated in the
presence of 200 pg KD-247 ml™'. After passage 16, a viral
variant designated HIV-1g,; (2000) p16 arose that infected
PMI/CCRS5 cells efficiently in the presence of 2000 ug
KD-247 ml™', We harvested viruses at six passages (p2, p3,
p6, p7, pl0 and p16) as well as a baseline virus, HIV-1p,; (0)
p0, and a passage control designated HIV-1g, (0) p10.
These viruses were evaluated for their sensitivity to KD-247
by using TZM-bl as target cells (Table 1). The ICsq values of
KD-247 against HIV-1,,; (0) p0, HIV-15,, (200) p5, HIV-
1ga (300) p6 and HIV-1g, (2000) pl6 were 0.3240.2,
5.68+1.48, >100 and >100 pg ml~', respectively, indic-
ating that HIV-1g,, acquired a resistant phenotype against
KD-247 during in vitro selection. At passage 5, HIV-1g,p

Table 1. Neutralization sensitivities of passaged variants to
KD-247

Passage no. KD-247 conc. 1Csq

(ngml™)  (pgml™)
Baseline virus p0 0 0.32+0.20
Passage control plo 0 0.09+0.04
KD-247 selection p2 10 0.54+0.19
p5 200 5.681+1.48

p6 300 >100

p7 400 >100

pl0 1000 >100

pl6 2000 >100

*TZM-bl cells (2 x 10* cells per well) were exposed to 300 TCIDs of
passage control (p10) or KD-247 selected variants (p2, p5, p6, p7, p10
and pl6) in the presence of various concentrations of KD-247 in
96-well flat-bottom microculture plates and incubated for 48 h. The
ICsg values were determined by using a chemiluminescent assay for
B-galactosidase detection. Data shown represent the means +p from
the results of three independent experiments.
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acquired a moderately resistant phenotype and after passage
6 the virus had developed a highly resistant phenotype.

DNA sequence of the envelope region of evasion
mutants

To determine the genetic basis of resistance in the variant
HIV-1p, strains, the C1-C4 region of the env gene was
amplified from genomic DNA extracted from the infected
cells, cloned and sequenced (Fig. 1).

At passage 5, moderately resistant variants with T240S,
1283T and T319A mutations were in the majority.
However, the proportion of variants decreased gradually
as the KD-247 concentration was increased (Fig. 1b and
Fig. 2e). This observation suggests that at low concentra-
tions of KD-247, the variants with moderate resistance to
the anti-V3 mAb are selected from the pre-existing
variants,

Insertion of a PNGS in the V2 region and an amino acid
substitution at the V3 tip (R315K) were observed at
passages 5 and 6, respectively. Both of these alterations
were not evident in the passage control but became
dominant at later passages in the presence of higher
concentrations of KD-247 (Figs 1 and 2). To examine
whether the insertion of a PNGS in the V2 region existed
among the baseline HIV-1g,; variants, we sequenced a total
of 61 env clones from HIV-13,; before selection. No PNGS
insertion was observed in the V2 region among the baseline
clones (Fig. 1). This result indicates that the virus with the
PNGS insertion in V2 either did not exist or existed at a
very low level within the baseline variants.

Neutralization sensitivities of pseudoviruses that
have a mutated env gene

To determine which substitutions were responsible for
KD-247 resistance, we constructed chimeric viruses, which
contained the representative envelopes of HIV-1g, (200)
p5 and HIV-1g, (1000) p13 and were designated BaL-STA
and BaL-PNGS/SKL, respectively (Fig. 3). Chimeric
envelopes were constructed by replacing wild-type
sequences with mutated envelope-encoding sequences for
V2, C2 and V3 in the HIV-13,; wild-type (BaL-WT) virus
with the resulting viruses designated BaL-PNGS and BaL-
SKL. Sensitivity was compared between the BalL-WT and
mutant viruses using a single-round neutralization assay.
As shown in Fig. 4(a), the V3 mutated pseudoviruses, Bal-
SKL and BaL-PNGS/SKL were highly resistant to KD-247
(>2500- and >5500-fold, respectively) compared with
wild-type virus, whereas the C2 and V3 mutated virus at
passage 5, BaL-STA, was partially resistant (25-fold). The
susceptibility of the clone with the PNGS insertion in the
V2 region alone (BaL-PNGS) to KD-247 was highly
comparable to that for BaL-WT, indicating that this
variant is sensitive to KD-247. In contrast, the clone with
both the PNGS-insertion in V2 and mutations in V3 had a
highly resistant phenotype to the mAb. The ICs, value for

BaL-PNGS/SKL was slightly higher than for BaL-SKL in
three independent experiments, although there was no
significant difference between these two clones.

To determine the effect of these KD-247-induced muta-
tions in gp120 to other entry inhibitors, we examined the
sensitivities of these chimeric pseudotyped viruses to
rsCD4, 2D7 and maraviroc, a CCR5 inhibitor. The ICsq
values for rsCD4, 2D7 and maraviroc to the chimeric

viruses were comparable to those of wild-type virus
(Fig. 4b—d).

Analyses of replication kinetics of infectious
molecular clones with mutant env

In order to clarify the role of the PNGS insertion during
the process of neutralization evasion, we constructed
replication-competent viruses with the PNGS in the V2
region and/or mutations in C2 and V3 of gp120 by using
pWT/BaL proviral plasmid (Fig. 3; they were designated
HX-BaL-X). Using these competent viruses with Env
mutations we compared the replication kinetics in the
absence of KD-247. As shown in Fig. 5(a), HX-BaL-PNGS
containing a PNGS in V2 had low levels of p24 antigen
compared with the wild-type clone (HX-BaL-WT),
whereas HX-BaL-PNGS/SKL containing a PNGS and
mutations in the C2 and V3 regions exhibited a replication
rate equivalent to the wild-type and HX-BaL-SKL. We also
compared their replication kinetics in the presence of low,
moderate and high concentrations of KD-247 (Fig. 5b).
High concentrations of KD-247 (2000 pg ml™") resulted in
HX-BaL-PNGS/SKL replicating slightly faster than HX-
BaL-SKL. HX-BaL-PNGS demonstrated slightly more
efficient replication kinetics than the wild-type in the
presence of a low concentration of KD-247 (5 pg ml™ ),
while there was no difference between the two viruses when
KD-247 was used at 50 pg ml~'. These results indicated
that viruses harbouring a PNGS in V2 were selected for at
low concentrations of KD-247 but at high concentrations
of the mAb, variants harbouring the additional V3
mutations outgrew the former variants.

To elucidate which amino acid mutation would compens-
ate for the fitness-loss induced by insertion of a PNGS, we
compared the replication kinetics of the infectious clones
with individual mutations in addition to the PNGS
insertion (Fig. 5¢). The variants with the T240S, R315K
and F317L mutations (HX-BaL-PNGS/SKL) and F317L
mutation (HX-BaL-PNGS/L) exhibited a higher replication
rate than HX-BaL-PNGS. On the other hand, viruses
containing the T240S or R315K mutation in addition to
the PNGS insertion (HX-BaL-PNGS/S or HX-BaL-PNGS/K,
respectively) replicated as well as or less efficiently than
HX-BaL-PNGS. These results suggest that the replication
deficiency of the HIV-1,; variant with the PNGS in the V2
region was compensated by the F317L mutation in the V3
region. An improvement in replication capacity of HX-
BaL-PNGS/K was observed in variants with the additional
T240S mutation (Fig. 5¢).

http://virsgmjournals.org
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Fig. 1. Amino acid sequences deduced from the nucleotide
sequences of env-encoding regions of pDNA isolated at the
baseline (a) and indicated passages (p5, p6 and p16) from HIiV-
1g,. variants selected in the presence of KD-247, and (b) the
passage control (p16).The amino acid sequences of the envelope
proteins of a clone of HIV-1g,,_ at baseline are shown at the top as
a reference. Identity to the sequence at individual amino acid
positions is indicated by dots. The numbers of clones with the
given amino acid substitutions among a total of 61 clones (a) and
11-20 clones (b) are listed.

Both the T240S (41/61 clones, 67.2 %) and F317L (18/61,
29.5%) substitutions were observed in the HIV-1p,
sequence of the baseline viruses. The ratio of threonines
and serines at position 240 in gp120 of the passage control
remained unchanged at passage 16 (8/13, 61.5%). The
F317L variant in the passage control increased gradually
and became more prevalent in the viral population at
passage 16 (12/13, 92.3%) (Fig. 2). These findings suggest
that the serine substitution at position 240 in the C2 region
of gpl20 was required to compensate for inefficient
replication rates caused by the R315K and T319A
substitutions in the V3 region. Furthermore, the F317L
substitution in V3 might play a role in adaptations to
survive in PM1/CCRS5 cells in vitro and also compensate for
fitness-loss by the PNGS-insertion in the V2 region
induced by KD-247 selection.

Sensitivity of infectious molecular clones
containing mutated Env protein to KD-247 and a
CCRS inhibitor

To compare the neutralization sensitivity of the infectious
molecular clones, the ICs, values were determined for KD-
247 by using TZM-bl cells (Table 2). The neutralization
sensitivities of clones containing only the PNGS in V2,
T240S in C2 and F317L in V3 were virtually the same as the
wild-type, whereas the HX-BaL-PNGS/K demonstrated a
high level of resistance to KD-247 when compared with HX-
BaL-K containing the R315K mutation alone (P=0.006). We
constructed a mutant containing an amino acid insertion in
V2 without the addition of a glycosylation site and with the
R315K mutation (designated HX-BaL-Q/K). The sensitivity
of this mutant was comparable to that of the HX-BaL-K
mutant (P=0.89). These results taken together suggest that
the variant with the PNGS in addition to the R315K
mutation in V3 had the highest resistance phenotype to
KD-247. We also evaluated sensitivities of these clones to the
CCR5 inhibitor, maraviroc. No significant difference was
detected for the ICs, values of the wild-type and mutant
variants to maraviroc.

We then investigated whether the mutations that conferred
KD-247 resistance, which were related to a loss in replication
efficiency, reverted back to the baseline after several passages
in the absence of the anti-V3 mAb. Two mutations, F317L
and R315K in the V3 region, the PNGS in the V2 and the
T240S mutation in C2 remained dominant in the popu-
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Fig. 2. The gp120 mutation profile of HIV-1g,_ evasion variants from KD-247 in vitro. The ratio of the PNGS insertion in the V2
region and mutations in the C2 and V3 regions in gp120 of HiV-1g,_ variants were plotted for each passage. The y-axis
indicates the percentage of PNGS insertions or mutations in the tested clones and the x-axis shows the concentration of

KD-247 (ug mi™).

lation of viruses that were adept at evasion after culturing for
16 passages in the presence of KD-247 and an additional 14
passages without KD-247 (Fig. 6). The T319A mutation was
observed in 90% of clones sequenced at passage 19.
However, the frequency of this mutation gradually
decreased thereafter (Fig. 6e). These findings show that
after acquisition of the mutations in order to compensate for

fitness-loss, the HIV-1 variants did not revert back to the
wild-type after 14 passages without KD-247.

DISCUSSION

HIV-1 evolution in relation to evasion of humoral
immunity has been observed in the early stages of HIV-1

gp120
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Fig. 3. Schematic representation of recom-
binant HIV-1g,_env genes used for analysis of
the genetic basis for resistance to KD-247.
Mutated env genes were amplified from
passaged HIV-1g, virus-infected PM1/
CCR5 cells in the absence or presence of
KD-247. The recombinant env genes were
constructed by replacing each region of

Bal-8KL T2408+R316K+FIIL passaged control with  corresponding
-5 T2408 } -
Bu-g 63t sequgnce of escaped varlar)t of HIV 1Ba!. or
BaLt A PNGS 1240 by site-directed mutagenesis. The locations
Ebcrony vt and numbers of specific amino acids, based on
BaL-Q 1880 the HXB2 sequence, are shown above the
Bat-Q/K 186Q+R316K q
reference HIV-1p,_ sequence.
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activity on day 2 of culture.

infection and has been suggested to act as a driving force
for the establishment of viral quasispecies in vivo (Bunnik
et al, 2008; Frost et al., 2005; Mahalanabis et al, 2009;
Richman et al., 2003; Wei et al., 2003). In response to NAb
pressure, the numbers and/or positions of surface-
expressed carbohydrates can evolve to create a continu-
ously changing glycan shield on the surface of the Env
protein (Wei et al., 2003). Large sequence variation in the
variable loops, including large insertions and deletions, and
changes in the number of PNGS in these regions have also
been associated with evasion of NAbs (Sagar et al, 2006;
Saunders et al., 2005). An especially strong influence of
a mutation in the V1/V2 domain on neutralization
activity has been reported by a number of investigators
(Krachmarov et al., 2005; Pinter et al, 2005; Shibata et al.,
2007). However, insertion of a PNGS in the V2 region of
the R5 virus during in vitro selection using an anti-V3 mAb
has not previously been reported.

In this study, we obtained neutralization evading mutants
using HIV-1g,; by in vitro selection with the anti-V3 mAb,
KD-247, and analysed the functional role of the mutations
in vitro. In the presence of low concentrations of KD-247,
viruses with 3 aa mutations in C2 (T240S and 1283T) and
V3 (T319A) expanded from pre-existing variants in the
baseline population. In the presence of high concentra-
tions of KD-247, an increase in the number of mutants
that had a PNGS in the V2 region and containing C2
(T240S8) and V3 (R315K and F317L) mutations was
observed. To identify how each of these mutations affects
resistance to KD-247 and the replication kinetics of the
virus, we constructed pseudoviruses and infectious clones

containing each mutation and combinations of these
mutations and compared the ICs, and replication kinetics
with the wild-type virus. Our results showed that the
HIV-1g,; variant with the PNGS in the V2 region and no
V3 mutations was sensitive to KD-247. The clone with
both the V2 PNGS and mutations in V3 had a high level
of resistance to KD-247 and was more resistant than
variants with the V3 mutation alone (Table 2). In
replication kinetic analyses, the F317L mutation in V3
and the T240S mutation in C2 played a compensatory role
for a fitness-loss caused by the V2 PNGS-insertion and
R315K mutation in the V3-tip. Our data indicate that the
virus with fitness-loss mutations can replicate as well as
the wild-type virus to acquire some key mutations in the
V3 stem and the C2 region of gpl20 with or without
exposure to KD-247.

In order to estimate the mechanism of neutralization
resistance conferred by the T319A mutation observed at
passage 5, we simulated structures of the V3 region using
Swiss-PdbViewer software (Supplementary Fig. S1, avail-
able in JGV Online) (Guex et al., 1999). According to the
simulation data the side chain of arginine at position 315
on the V3 loop in the 315R, 317F and 319A variant at
passage 5 was bent to the C-terminal side of the protein
compared with its position in the 315R, 317F and 319T
variant. It is possible that alanine at position 319 may
contribute to KD-247 resistance by altering the three
dimensional conformation of the V3 loop.

Our initial analysis using pseudoviruses suggested that the
variant with the PNGS alone was sensitive to KD-247
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Fig. 5. Viral infectivity of HIV-1 infectious clones with recombinant HIV-1g, mutant env genes. HIV-1 infectious clones with the
env gene sequences listed in Fig. 3 were prepared as described in Methods. PM1/CCRS cells were exposed to the infectious
clones [input p24 amount; (a) 2 ng and (b, c) 10 ng] and cultured for 6 days in the presence or absence of KD-247. The
replication of the infectious clones with mutant Env was monitored by measuring the amounts of p24 Gag protein produced in
the culture supernatants in the absence (a) or presence (b) of KD-247. The clones with a PNGS and various other mutations

were also monitored in the absence of KD-247 (c).

(Fig. 4a). Moreover, the difference in neutralization
sensitivity between the viruses with the V3 mutations alone
or those with the V2 modifications was not clear in this single

Table 2. Anti-HIV-1 activities of KD-247 and the CCR5
inhibitor, maraviroc

Mutant virus ICs0 £ 5D of ICs5q £ 5D of KD-247
maraviroc (nM)* (nug ml™")*
HX-BaL-WT 2.0+40.72 0.092 +0.028
HX-BaL-PNGS$S 1.240.28 0.047+0.028
HX-BalL-Q 19+1.3 0.12 +0.047
HX-BaL-S 1.84+0.72 0.087 £0.021
HX-Bal-L 2.6+0.33 0.036+0.012
HX-BaL-STA 25417 4.6 +0.71
HX-BaL-PNGS/SKL 2.440.29 214+ 84
HX-BalL-K 1.6+0.35 285+ 761%
HX-Bal-PNGS§/K 2.71+0.52 582+ 5911§
HX-BaL-Q/K 1.61+0.32 276 + 3116l

*TZM-bl cells (2 x 10* cells per well) were exposed to 300 TCIDs, of
the infectious clones with wild-type or mutant Env in the presence of
various concentrations of maraviroc or KD-247, and incubated for
48 h. 1Cs, values were determined by using a chemiluminescent assay
for f-galactosidase detection. All assays were conducted in duplicate
or triplicate and the data shown represent means + sD from the results
of three independent experiments.

tP-values <0.05 were considered statistically significant (Student’s
t-test). $P=0.006, §P=0.007, (IP=0.89.

round assay (Fig. 4a). We then constructed a panel of
replication competent viruses to compare resistance. As
shown in Table 2 HX-BaL-PNGS/K containing the R315K
mutation in V3 and the PNGS demonstrated a high level of
resistance to KD-247 when compared with HX-Bal-K
containing the R315K mutation alone. These data suggest
that the contribution of the PNGS in neutralization
resistance was moderate in a single cycle of viral replica-
tion but played a significant role in multiple rounds of
infection. It is also possible that the existence of the other
mutations such as T240S and F317L in the pseudovirus
might have some influence on neutralization sensitivity.

Although we did not examine whether the PNGS in V2 at
position 186 was actually glycosylated or not, previous
studies describing the assignment of glycosylation sites for
IIB and SF2 gpl120 show that it is glycosylated (Cutalo
et al., 2004; Zhu et al., 2000). The difference in neutraliza-
tion resistance of HX-BaL-PNGS/K which has the PNGS-
insertion in V2 with the counterpart HX-BaL-Q/K of
amino acid insertion without glycosylation further sup-
ports glycosylation of the site in HIV-1g,; Env (Table 2).
HX-BaL-PNGS, which contained the PNGS alone, demon-
strated low levels of p24 production compared with the
wild-type (Fig. 5a). Moreover, the variant with the R315K
mutation in addition to the PNGS further hindered the
replication capacity of the variant (Fig. 5¢). Interestingly,
HX-PNGS-SKL, which contained the additional T240S
mutation in the C2 and F317L in the V3 regions, could
replicate at the same level as the wild-type clone. These

http://vir.sgmjournals.org
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Fig. 6. The gp120 mutation profile of KD-247 HIV-1g,_ evasion variants for 14 additional passages without KD-247. The ratio
of the PNGS insertion in the V2 region and mutations in the G2 and V3 region of HIV-1g,_ evasion variants in gp120 were
plotted for 16 passages in the presence of KD-247 and an additional 14 passages in the absence of the mAb. The y-axis shows
the percentage of PNGS insertions or mutations in the tested clones. The x-axis shows the concentration of KD-247.

observations indicate the role of the PNGS and the V3
mutation in neutralization resistance, together with the
contribution of two other mutations which compensate for
loss in replication ability induced by the first mutations in
the process of neutralization evasion.

The interaction of V1/V2 with V3, including the influence
on V2 glycosylation, has been reported not only for the
neutralization sensitivity but also coreceptor usage (Bontjer
et al., 2009; Nabatov et al., 2004). Additionally, mutations
associated with resistance to CCR5 antagonists have
been mapped to the V3 loop of gp120 and in some cases,
to the outside of V3 including the N terminus of gp4l
(Anastassopoulou et al., 2009; Baba et al, 2007; Berro et al.,
2009; Kuhmann et al., 2004; Marozsan et al, 2005; Ogert
et al, 2008; Westby et al, 2007). We then evaluated
pseudoviruses and infectious clones derived from the
evasion mutants for their sensitivities to maraviroc and a
mAb to CCR5 (2D7). As shown in Fig. 4(c, d) and Table 2,
no change in co-receptor usage or sensitivity to maraviroc
was observed in the evasion mutants.

To elucidate the stability of these evasion variants, we
cultured HIV-1g,; (2000) p16 viruses in the absence of KD-
247 (Fig. 6). Despite culturing these viruses for 14 passages,
no decrease in the proportion of the population containing
the PNGS or the R315K, T240S and F317L mutations was
observed. The T319A mutation appeared to subside at
passage 30. Bunnik er al. (2008) reported that reversion of
NAb-induced changes in amino acid usage in Env was

observed at a late stage of infection in the face of declining
neutralizing immunity, suggesting a negative effect of these
changes on viral fitness (Bunnik et al., 2008). In contrast, our
results suggest that the addition of compensatory amino
acid changes can stabilize the replication capacity of the
evasion variants with the PNGS and R315K mutation.

In conclusion, we induced highly resistant viral variants
against anti-V3 mAb, KD-247, harbouring a PNGS in the
V2 region and a V3 mutation, together with mutations that
compensate for replication deficiencies induced by the
resistant mutations. The mutations associated with viral
evasion may play a role in multiple different mechanisms
which contribute towards evasion of antibody neutraliza-
tion. The elucidation of the interplay between these
mutations which results in neutralization evasion of the
virus has important implications for the development of
effective vaccines against HIV-1.

METHODS

Cells, culture conditions, reagents and viruses. PM1/CCR5 cells
(Yusa et al., 2005) were maintained in RPMI 1640 medium (Sigma)
supplemented with 10% heat-inactivated fetal calf serum (FCS;
HyClone), 50 U penicillin ml™}, 50 mg streptomycin ml™' and
100 pg G418 (Nacalai) m!™". TZM-bl cells (Platt et al., 1998; Wei
et al., 2002} obtained from the AIDS Research and Reference Reagent
Program (ARRRP) and 293T cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma) supplemented with 10 %
FCS. KD-247 was provided by the Chemo-Sero-Therapeutic Research
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Institute (Eda et al, 2006). The mAb, 2D7, was purchased from BD
Biosciences Pharmingen. Human recombinant soluble CD4 (rsCD4)
was purchased from R&D Systems. Maraviroc, a CCR5 inhibitor, was
a gift from Pfizer Inc. The R5 isolate, HIV-1g,; (Gartner et al., 1986),
was passaged in PM1/CCRS5 cells and the culture supernatant was
stored at —150 “C prior to use.

Isolation of a KD-247-resistant mutant from HIV-1g,_in vitro.
The selection of KD-247 evasion variants from HIV-1g, was
performed as described previously (Yoshimura et al., 2006). Briefly,
PM1/CCRS5 cells (4 x 10*) were exposed to 500 times TCIDs, of HIV-
1ga. pre-incubated with KD-247 for 30 min at 37 “C. After
incubation for 5 h, cells were centrifuged, resuspended in RPMI
1640 medium supplemented with 10 % FCS without KD-247. The
culture supernatant was harvested on day 6 and used to infect fresh
PM1/CCR5 cells for the next round of culture in the presence of
increasing concentrations of KD-247. When the virus began to
propagate rapidly in the presence of KD-247, the mAb concentration
was further increased. After the virus had been passaged in the
presence of up to 2000 pg KD-247 ml™"', the KD-247-resistant virus,
HIV-1g, (2000) p16, was recovered from the cell culture supernat-
ant. After 16 passages with KD-247, we continued culturing the virus
for a further 14 passages without KD-247. HIV-1g,; virus was also
passaged for the same period in PM1/CCR5 cells in the absence of
KD-247, and the resulting virus was designated HIV-1,, (—) pl6.
Proviral DNA (pDNA) from infected cells at various passages was
subjected to DNA sequencing.

Amplification of pDNA and nucleotide sequencing. pDNA was
extracted and nested PCR was performed to amplify the gp120 C1-C4
coding region as described previously (Wang et al, 2002). The
primers used were as follows: for the first-step PCR, 1B (5'-AG-
AAAGAGCAGAAGACAGTGGCAATGA-3") and H (5'-TAGTGCT-
TCCTGCTGCTCCCAAGAACCC-3"); for the second-step PCR, 2B
(5'-AGCAGAAGACAGTGGCAATGAGAGTGA-3") and F (5'-ATA-
TAATTCACTTCTCCAATTGTCCCTCAT-3"). The PCR products
were inserted into a TA vector (Invitrogen) and sequenced.

Neutralization-sensitivity assay. The neutralization-sensitivity of
each passaged HIV-1g, virus to KD-247 was determined by using
TZM-bl cells. Briefly, a virus concentration of 300 TCIDs, was
incubated with various dilutions of KD-247 in duplicate for 30 min at
37 “Cin a 96-well flat-bottom culture plate (Corning-Costar). Freshly
trypsinized cells (2 x 10* cells in 50 pl of 10 % FCS/DMEM containing
10 pg DEAE-dextran ml ") were added to each well. After incubation
for 2 days at 37 "C, f-galactosidase activity in each well was measured
by using Galacto-Star substrate (Applied Biosystems).

Construction of mutant envelope expression vectors. pDNA
isolated from the infected cells at various passages was cloned into
envelope expression vectors as described previously (Li et al., 2005;
Shibata et al, 2007). Briefly, we amplified the full-length gp160
regions from the most frequent clones at the baseline, passage 5
and passage 13 by using LA Taq (Takara) with primers ENVA
(5'-GGCTTAGGCATCTCCTATGGCAGGAAGAA-3") and ENVN
(5"-CTGCCAATCAGGGAAGTAGCCTTGTGT-3"), and the PCR
products were inserted into the pCR-XL-TOPO vector (Invitrogen)
and designated pCR-XL-BaL-WT, pCR-XL-BalL-p5 and pCR-XL-
BaL-p13, respectively. Chimeric vectors were generated based on the
pCR-XL-BaL-WT by replacing the fragments from pCR-XL-BaL-p5
and pCR-XL-BaL-p13 digested at the restriction enzyme sites
indicated below. The Ndel-Scal fragment for the pCR-XL-BaL-p5
env gene was subcloned into pCR-XL-BaL-WT, designated pCR-XL-
BaL-STA. The Ndel-Scal, Ndel-Stul and Stul-Scal fragments for the
pCR-XL-BaL-p13 env gene were subcloned into the pCR-XL-BaL-
WT, designated pCR-XL-BaL-PNGS/SKL, pCR-XL-BaL-PNGS and
pCR-XL-BaL-SKL, respectively. Each EcoRI fragment of these vectors

was ligated into pCXN2 to give pCXN-BaL-WT, pCXN-BaL-STA,
pCXN-BaL-PNGS/SKL, pCXN-BaL-PNGS and pCXN-BaL-SKL.

Pseudovirus preparation. Approximately 5 pg pSG3”“" (Wei et al.,
2002) and 0.5 pg pRSV-Rev (Hope et al., 1990), supplied by the
ARRRP and 4.5 pg HIV-1g, env-expressing pCXN, were co-
transfected into 293T cells. At 24 h after transfection, the pseudo-
virus-containing supernatants were harvested, filtered and stored
at —150 °C.

A single-round assay for measuring neutralization of the
pseudoviruses. A single-round infectivity assay was used to measure
the neutralization of HIV-1y,; pseudoviruses as described previously
(Li et al., 2005). Briefly, reagents including an entry inhibitor, mAbs
or rsCD4 at various concentrations and a pseudovirus suspension
corresponding to 300 TCIDs, were pre-incubated for 30 min at
37 “C. The virus-compound mixtures were added to TZM-bl cells in
a 96-well plate (2 x 10" cells per well). After incubation for 2 days at
37 °C, the f-galactosidase activity in each well was measured as
described above. The reduction in infectivity was determined by
comparing the relative light units in the presence and absence of each
compound and was expressed as the percentage of neutralization.

Construction of chimeric pWT10/BaL env proviruses. Chimeric
proviruses were constructed from the pWT/BaL proviral plasmid
(from the ARRRP) (Hwang et al, 1991) by replacing the region
encoding the envelope gp160. Briefly, the env genes obtained from
escaped HIV-1y, variants or induced by site-directed mutagenesis
were substituted into the pWT/BaL vectors after digestion at the
restriction enzyme sites Sall and BamHI. The resulting replication-
competent viruses were designated HX-BaL-X (e.g. HX-BaL-WT,
HX-BaL-PNGS/SKL etc.).

Preparation of infectious clones and viral replication assays in
PM1/CCRS cells. Approximately, 5 ug of the plasmids from the env
mutants were transfected into 293T cells by using the Effectene
transfection reagent (Qiagen). At 48 h after transfection, the virus-
containing supernatants were harvested, filtered and frozen in
aliquots at —150 "C. Viral yields were quantified by using the
HIV-1 p24 antigen ELISA (ZeptoMetrix). PM1/CCR5 cells (3 x 10%)
were exposed to pWT/BaL env chimeric viruses corresponding to
2 ngor 10 ng of p24 for 4 h at 37 “C. Following incubation, cells were
centrifuged and resuspended in RPMI 1640 medium supplemented
with 10% FCS and cultured for 6 days. Viral replication was
monitored by measuring the concentration of p24 antigen in culture
supernatants.

Statistical analysis. Statistical correlations were analysed by using
the Student’s t-test. P-values <<0.05 were considered statistically
significant.

Nucleotide sequence accession numbers. The sequence data of
env expression vectors from passaged samples have been deposited
under the GenBank accession numbers AB521136-AB521148.
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Recently, remarkable success has attended the clinical treat-
ment of HIV-infected and AIDS patients, with ‘highly active anti-
retroviral therapy (HAART)'. This approach involves a combination
of two or three agents from two categories: reverse transcriptase
inhibitors and protease inhibitors." In addition, the molecular
mechanism involved in HIV-entry and -fusion into host cells has
been described in detail.” The complex interactions of surface pro-
teins on cellular and viral membranes, which are designated as a
dynamic supramolecular mechanism of HIV entry, are reported
to be crucial to the viral infection. In a first step, an HIV envelope
protein, gp120 interacts with a cell surface protein, CD4, leading
to a conformational change in gp120 followed by subsequent bind-
ing of gp120 to a co-receptor CCR5> or CXCR4.* CCR5 and CXCR4
are the major co-receptors for the entry of macrophage-tropic
(R5-) and T cell line-tropic (X4-) HIV-1, respectively. The interac-
tion of gp120 with CCR5 or CXCR4 triggers entry of another enve-
lope protein, gp41 to the cell membrane and formation of a gp41
trimer-of-hairpins structure, which causes fusion of HIV/cell-mem-
branes and completes the infection.

Informed by this mechanism, a fusion inhibitor, enfuvirtide (fuz-
eon, Trimers & Roche)® and a CCR5 antagonist, maraviroc (Pfizer)® in
addition to an integrase inhibitor, raltegravir (Merck)’ have been
used clinically. However, serious problems with chemotherapy still
persist, including the emergence of viral strains with multi-drug
resistance (MDR), considerable adverse effects and high costs. Con-
sequently, development of novel drugs possessing mechanisms of
action different from those of the above inhibitors is currently re-

* Corresponding author.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).

0960-894X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2009.10.098

quired. We have previously developed selective CXCR4 antagonists®
and fusion inhibitors.” Furthermore, N-(4-Bromophenyl)-N'-
(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (1) and N-(4-chloro-
phenyl)-N'-(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (2) were
previously found using chemical library screening to inhibit syncy-
tium formation by other researchers.'’ 1 and 2 bind to gp120 with
binding affinities of K4 =2.2 uM and 3.7 puM, respectively, blocking
the interaction of gp120 with CD4 in the first step of an HIV-1 entry.
Thus, in the present study we focus on the development of CD4 mim-
ics that can block the interaction between gp120 and CD4. We have
investigated the effect of CD4 mimics on conformational changes of
gp120 and on their use in combination use with a CXCR4 antagonist.

Initially, molecular modeling of compound 2 docked into gp120
was carried out using docking simulations performed by the Flex-
SIS module of SYBYL 7.1 (Tripos, St. Louis) (Fig. 1)."" The atomic
coordinates of the crystal structure of gp120 with soluble CD4
(sCD4) were retrieved from Protein Data Bank (PDB) (entry 1RZ])
(Fig. 1a) and it was observed that Phe** and Arg®® of the CD4 have
multiple contacts with Asp®®®, Glu*’® and Trp*?” of gp120, which
are all conserved residues. An inspection of the environment of
compound 2 docked in gp120 revealed the presence of a large cav-
ity around the p-position of the phenyl ring of compound 2, which
could interact with the viral surface protein gp120 (Fig. 1b and c).
Several analogs of 2 with substituents on the phenyl ring were
therefore synthesized.

All compounds except 12 were synthesized by previously
published methods (Scheme 1).'°'2'3 Aniline derivatives (3) were
coupled with ethyl oxalyl chloride to yield the corresponding ethyl
oxalamates 4. Saponification of the above oxalamates to the
corresponding free acids and the subsequent coupling with 4-ami-
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Figure 1. (a) The crystal structure of gp120 with soluble CD4 (sCD4) retrieved from
the PDB (entry 1RZ]); (b) docking structure of compound 2 and gp120; (c) a focused
figure of (b) shown by space-filling model.

)%
H (0] r NH
W N 2 | /C\\/ \/‘Loa u | ~ N\”/l\u/\/ \
R/\/ P R' P (0]
3 5-9 (see Table 1)

Scheme 1. Reagents and conditions: (i) ethyl oxalyl chloride, Et;N; (ii) 1 M NaOH;
4-amino-2,2,6,6-tetramethylpiperidine, 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride, 1-hydroxybenzotriazole, Et;N.

no-2,2,6,6-tetramethylpiperidine using 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide hydrochloride (EDC) and 1-hydroxybenzotri-
azole (HOBt) yielded compounds 5-9. In the case of compound 12,
whose amide bond is not stable during the reaction of the saponifica-
tion of the corresponding oxalamates, an alternative synthetic
scheme was used (Scheme 2)."# The reaction of p-nitroaniline (10)
with oxalyl chloride gave the corresponding oxoacetamide 11, which
was subsequently coupled with 4-amino-2,2,6,6-tetramethylpiperi-
dine to yield the desired compound 12.

\ /
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Scheme 2. Reagents and conditions: (i) oxalyl chloride, Et;N; (ii) 4-amino-2,2,6,6-
tetramethylpiperidine, Et;N.

The anti-HIV activity of the synthetic compounds was evaluated
against various viral strains including both laboratory and primary
isolates (Table 1). ICso values were determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method’” as the concentrations of the compounds which conferred
50% protection against HIV-1-induced cytopathogenicity in PM1/
CCR5 cells. Cytotoxicity of the compounds based on the viability
of mock-infected PM1/CCR5 cells was also evaluated using the
MTT method. CCso values were determined as the concentrations
achieving 50% reduction of the viability of mock-infected cells.
Compounds 1 and 2 showed potent anti-HIV activity against labo-
ratory isolates, I1IB (X4, Sub B) and 89.6 (dual, Sub B) strains, and
compound 2 also possessed potent activity against a primary iso-
late, an fTOI strain (R5, Sub B). All of the IC5y values were between
4 uM and 10 pM. Compound 1 was not tested against primary iso-
lates. The potencies of compounds 1 and 2 are comparable to the
reported binding affinities for gp120 (K4 =2.2 and 3.7 uM, respec-
tively).!” Several of the new analogs of compounds 1 and 2 showed
significant anti-HIV activity. Compound 5, which has a phenyl
group in place of the p-chlorophenyl group of compound 2, did
not show significant anti-HIV activity at concentrations below
100 uM against all strains tested except for an fTOI strain (RS,
Sub B). This result suggests that a substituent at the p-position of
the phenyl ring is critical for potent activity. Compound 6, which
has a fluorine atom at the p-position of the phenyl ring, showed
moderate anti-HIV activity against laboratory isolates, 1IIB (X4,
Sub B) and 89.6 (dual, Sub B) strains (ICsp =61 and 81 pM, respec-
tively), but, at concentrations below 100 pM, failed to show signif-
icant anti-HIV activity against a primary isolate, a KYAG strain (R5,
Sub B). Among halogen atoms, fluorine is less suitable than bro-
mine or chlorine as a substituent at the p-position of the phenyl
ring, as evidenced by compound 6, which is 8-15-fold less potent
than compounds 1 and 2 against IlIB (X4, Sub B) and 89.6 (dual,
Sub B) strains. Compound 7, which has a methyl group at the p-po-
sition of the phenyl ring, showed relatively more potent activity
against [1IB (X4, Sub B) and 89.6 (dual, Sub B) strains (ICso =23
and 41 uM, respectively) than compound 6. Compound 7 also
showed significant anti-HIV activity against primary isolates, fTOI
(R5, Sub B) and KYAG (R5, Sub B) strains (ICso=16 and 51 uM,
respectively). Compound 8, with a methoxy group at the p-position
of the phenyl ring, did not show significant anti-HIV activity
against all strains tested until a concentration of 100 pM was
reached. In the biological assays, derivatives having electron-with-
drawing substituents such as bromine, chlorine and fluorine at the
p-position of the phenyl ring are relatively potent, whereas deriv-
atives having electron-donating groups such as methoxy at this po-
sition are not potent. Furthermore, the steric effect of a substituent
at the p-position of the phenyl ring appears to be critical to anti-
HIV activity. The sum of Hammett constants (o) of benzoic acid
substituents'® shown in Table 1 can be used to evaluate the elec-
tron-withdrawing or -donating effect of the substituents on the
aromatic ring. The Taft E; values'®*'” were used as steric
parameters for substituents at the p-position of the phenyl ring.
The order of potency found for the halogen-containing derivatives
in anti-HIV activity against laboratory isolates, IIIB (X4, Sub B) and
89.6 (dual, Sub B), is: compound 1 (R=Br) (6 =0.23, E;=-1.16), 2
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Table 1

Hammett constants (o) and steric effects (E;) of substituted aromatic rings and anti-HIV activity and cytotoxicity of synthetic compounds
Compd R a® ES ICs0° (UM) CCsp® (UM)

Lab. isolates Primary isolates
11IB (X4) 89.6 (dual) fTOI (R5) KYAG (R5)

1 Br 0.23 -1.16 4 9 ND ND 150
2 cl 0.23 -0.97 8 10 5 >30 170
5 H 0 0 >100 >100 81 >100 350
6 F 0.06 —0.46 61 81 ND >100 320
7 CH; -0.17 -1.24 23 41 16 51 210
8 OCH; -0.27 -0.55 >100 >100 ND >100 340
9 CF3 0.54 -2.40 ND 27 ND ND 72
12 NO, 0.78 -1.77¢ ND 42 ND ND 230
sCD4 0.010 0.021 0.0044 ND ND

* See Schemes 1 and 2.
b ¢ =Hammett constant of a substitutent on a benzoic acid derivative.'®

E = steric effect of a substituent at the para position on the aromatic ring.'®*'”

c
d

¢ Values are means of at least three experiments (ND = not determined).

(R=Cl)(6=023,Es=-0.97),6 (R=F) (6 =0.06, E;=-0.46) and 5
(R=H) (¢ =0, Es=0). This is the order of substituents’ electron-
withdrawing ability and also of their size. Methyl (o=-0.17,
Es=-1.24) is an electron-donating group, but is almost as bulky
as a bromine atom. Thus, the p-methyl derivative 7 has relatively
potent anti-HIV activity against laboratory isolates, I1IB (X4, Sub
B) and 89.6 (dual, Sub B), higher than that of compound 6 (R =F)
but lower than that of compound 1 (R=Br) or 2 (R=Cl). The elec-
tron-donating ability of a methoxy group is stronger (o = —0.27),
but the bulk size is smaller (Es=—0.55), than that of a methyl
group. Thus, the p-methoxy derivative 8 has no significant anti-
HIV activity against all strains tested at concentrations below
100 pM. Two derivatives containing bulkier and more potent elec-
tron-withdrawing substituents such as trifluoromethyl (R = CF;)
(0=0.54, E;=-2.40) and nitro (R=NO,) (0 =0.78, Es=—1.77) at
the p-position of the phenyl ring were evaluated. Compounds 9
(R=CF3) and 12 (R=NO0;) showed significant anti-HIV activity
against an 89.6 (dual, Sub B) strain. These are less potent than com-
pounds 1 and 2 and this is perhaps due to the excessive size of the
substituents at the p-position. This suggests that a certain level of
the bulk size and a potent electron-withdrawing ability of the sub-
stituents are preferable for anti-HIV activity. It is estimated that a
cavity around the p-position of the phenyl ring of CD4 mimicking
compounds would be optimally filled by bromine (Es=-1.16) or
a methyl group (Es=—1.24) at p-position, and that an electron-
deficient aromatic ring might interact tightly with a negatively
charged group such as carboxy of Glu®*”°. In isothermal titration
calorimetry (ITC) experiments reported elsewhere,' compound
5 (R=H) does not have significant affinity for gp120, and com-
pound 6 (R = F) has less potent affinity for gp120 than compound
2, consistent with the present data. In all but one of the com-
pounds, no significant cytotoxicity was detected (CCsg >150 pM,
Table 1), the exception being compound 9 (R = CF3) (CCso = 72 pM).
Compounds 7 and 12 have relatively low cytotoxicities, compared
to compounds 1 and 2.

Fluorescence activated cell sorting (FACS) analysis was per-
formed'” to investigate whether these synthetic compounds inter-
act with gp120 inducing the conformational change necessary for
the approach of an anti-envelope antibody or a co-receptor to
the gp120. The profile of binding of an anti-envelope CD4-induced
monoclonal antibody, 4C11, to the Env-expressing cell surface (an
R5-HIV-1 strain, JR-FL,-infected PM1 cells) pretreated with the
above CD4 mimic analogs was examined. Comparison of the bind-
ing of 4C11 to the cell surface was measured in terms of the mean
fluorescence intensity (MFI), and is shown in Figure 2. Pretreat-
ment of the Env-expressing cells with compound 2 (MFI = 38.42)

The average value of —1.01 and —2.52, which are E; values of the NO, group, —1.77, was used.

produced a remarkable increase in binding affinity for 4C11, simi-
lar to that observed in pretreatment with sCD4 (MFI = 37.90). This
is consistent with the results in the previous paper'® where it was
reported that compound 2 enhances the binding of gp120 to the
17b monoclonal antibody which recognizes the co-receptor bind-
ing site of gp120. Env-expressing cells, which were not pretreated
with sCD4 or a CD4 mimic compound, did not show significant
binding affinity for 4C11 (Fig. 2, blank). The increase in binding
affinity for monoclonal antibodies may be due to conformational
changes in gp120, which were caused by the interaction of sCD4
or a CD4 mimic with gp120. It is hypothesized that such conforma-
tional changes involve the exposure of the co-receptor binding site
of gp120 (the V3 loop), which is hidden internally, since the bind-
ing of gp120 to 17b is enhanced. Compound 5, which failed to
show significant anti-HIV activity, and compounds 7, 9 and 12,
which had significant anti-HIV activity, were assessed in the FACS
analysis. The profile of the binding of 4C11 to the Env-expressing
cell surface pretreated with compound 5 (MFI = 14.34) was similar
to that of the blank (MFI = 11.24), suggesting that compound 5 of-
fers no significant enhancement of binding affinity for 4C11. This
result is compatible with the anti-HIV activity of compound 5.
The profile of the binding of 4C11 to the Env-expressing cell sur-
face pretreated with compound 7 (MFI = 38.33) was entirely simi-
lar to that of compound 2 used as a pretreatment. Pretreatment of
the cell surface with compounds 9 and 12 (MFI = 29.09 and 30.01,
respectively) produced a slightly lower enhancement of binding
affinity for 4C11, compared to those of compounds 2 and 7 as pre-
treatments. However, in the ITC experiments reported else-
where,'® compound 9 (R=CF;) has a high affinity for gp120,
comparable to that of compound 2, but compound 12 (R =NO,)
does not have significant affinity for gp120, indicating that these
are not consistent with the current FACS studies, possibly due to
the difference in the assay systems. Although the anti-HIV activity
of 7 is weaker than that of compound 2, the level of compound 7
inducing an enhancement of binding affinity of gp120 for 4C11 is
comparable to that of compound 2. The concentration of com-
pounds used in the FACS analysis was 100 pM, much beyond the
IC5¢ values of compounds 2 and 7. A concentration of 100 uM
would be also sufficient for the expression of anti-HIV activity
caused by compounds 2 and 7.

An effect on the use of compound 2 combined with another entry
inhibitor was investigated. Analysis of the synergistic effects of anti-
HIV agents was performed according to the median effect principle
using the CalcuSyn version 2 computer program'® to estimate ICsg
values of compounds in different combinations. Combination indi-
ces (Cl) were estimated from the data evaluated using the MTT assay
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Figure 2. JR-FL (R5, Sub B) chronically infected PM1 cells were preincubated with 100 uM of a CD4 mimic or sCD4 (11 nM) for 15 min, and then incubated with an anti-HIV-1
mAb, 4C11, at 4 °C for 15 min. The cells were washed with PBS, and fluorescein isothiocyanate (FITC)-conjugated goat anti-human IgG antibody was used for antibody-
staining. Flow cytometry data for the binding of 4C11 (green lines) to the Env-expressing cell surface in the presence of sCD4 or a CD4 mimic are shown among gated PM1
cells along with a control antibody (anti-human CD19: black lines). Data are representative of the results from a minimum of two independent experiments. The number at
the top of each graph shows the mean fluorescence intensity (MFI) of the antibody 4C11.

Table 2
Combination indices (Cl) for compound 2 or sCD4 and a CXCR4 antagonist, T140,
against an HIV IlIB strain

Combination HIV strain ClI values at different IC*

ICsp (& I1Cq0
2+T140 1B 0.786 0.713 0.655
sCD4 +T140 1B 0.705 0.528 0.400

2 The multiple-drug effect analysis reported by Chou et al. was used to analyze
the effects of combinational uses of compounds.'® CI <0.9: synergy, 0.9 <Cl<1.1:
additivity, CI >1.1: antagonism.

(Table 2)."” Compound 2 showed a highly remarkable synergistic
anti-HIV activity with a co-receptor CXCR4 antagonist, T140,
against an X4-HIV-1 strain, IlIB at various IC values (ICs, IC75 and
ICq0). However, sCD4 exhibited a higher synergistic effect (lower CI
values) with T140 (Table 2). The interaction of sCD4 or a CD4 mimic
with gp120 would expose the co-receptor-binding site of gp120, and
the co-receptor CXCR4 could then easily approach gp120. Thus, an
inhibitory effect of a CXCR4 antagonist would be meaningful, and a
significant synergistic effect might also be brought about by a com-
bination of sCD4 or a CD4 mimic and T140.

In summary, a series of CD4 mimic compounds were synthe-
sized and evaluated for their anti-HIV activity. Several compounds
showed significant anti-HIV activity with relatively low cytotoxic-
ity. SAR studies showed that a certain level of size and electron-
withdrawing ability of the substituents at the p-position of the
phenyl ring are suitable for potent anti-HIV activity. In addition,
the treatment of Env-expressing cells with several CD4 mimicking
compounds causes a conformational change, exposing the co-
receptor-binding site of gp120 externally. Thus, a CD4 mimic
exhibited a remarkable synergistic effect with a co-receptor antag-
onist. These compounds are essential probes directed to the dy-
namic supramolecular mechanism of HIV entry, and important
leads for the cocktail therapy of AIDS.
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