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Attachment inhibitors (AI) are a novel class of HIV-1 antivirals, with little information available on clinical
resistance. BMS-488043 is an orally bioavailable AI that binds to gp120 of HIV-1 and abrogates its binding to
CD4* lymphocytes. A clinical proof-of-concept study of the Al BMS-488043, administered as monotherapy for
8 days, demonstrated significant viral load reductions. In order to examine the effects of AI monotherapy on
HIV-1 sensitivity, phenotypic sensitivity assessment of baseline and postdosing (day 8) samples was performed.
These analyses revealed that four subjects had emergent phenotypic resistance (a 50% effective concentration
[ECs,] >10-fold greater than the baseline value) and four had high baseline EC,s (>200 nM). Population
sequencing and sequence determination of cloned envelope genes uncovered five gp120 mutations at four loci
(V68A, L1161, S3751/N, and M426L) associated with BMS-488043 resistance. Substitution at the 375 locus,
located near the CD4 binding pocket, was the most common (maintained in 5/8 subjects at day 8). The five
substitutions were evaluated for their effects on Al sensitivity through reverse genetics in functional envelopes,
confirming their role in decreasing sensitivity to the drug. Additional analyses revealed that these substitutions
did not alter sensitivity to other HIV-1 entry inhibitors. Thus, our studies demonstrate that although the
majority of the subjects’ viruses maintained sensitivity to BMS-488043, substitutions can be selected that
decrease HIV-1 susceptibility to the AI. Most importantly, the substitutions described here are not associated
with resistance to other approved antiretrovirals, and therefore, attachment inhibitors could complement the

current arsenal of anti-HIV agents.

HIV-1 entry is a multistep process and presents numerous
opportunities by which compounds can contain virus spread
(18, 29). This process is initiated when the gp120 viral envelope
protein binds to a well-defined locus on the CD4 protein of
lymphocytes, leading to a conformational change from a pre-
CD4-bound state to a CD4-bound state. This interaction in-
duces additional conformational changes in the viral envelope,
resulting in coreceptor binding site access (24). While a num-
ber of lymphocyte surface proteins can serve as HIV-1 core-
ceptors, the most commonly utilized ones are CCRS and
CXCR4 (2, 3, 9). Coreceptor binding leads to further confor-
mational changes, exposing gp41 and initiating a virus-cell fu-
sion process that results in delivery of the HIV-1 core to the
cell cytoplasm (7). Molecules that target any of these defined
steps have been designated entry inhibitors (18).

Attachment inhibitors (Als) target the initial entry step,
gp120 binding to the CD4 receptor (1, 11, 14, 16, 22). Since
they act upstream of coreceptor binding, Als are active against
CCRS5- and/or CXCR4-utilizing virus, as well as strains resis-
tant to nucleoside and nonnucleoside reverse transcriptase,
protease, and integrase inhibitors (22). The mechanism under-
lying AT antientry activity likely involves interaction with gp120
in a pre-CD4-bound conformation and blockage of conforma-
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tional changes in gp120 that prevent gp120-CD4 receptor con-
tact and subsequent entry events (14).

As with other classes of antiretrovirals, the capacity of
HIV-1 to evolve leads to the emergence of resistance to Als (6,
10, 21, 22, 25). Amino acid substitutions that confer decreased
susceptibility to an earlier AI (BMS-378806) in cell culture
mapped primarily to the envelope surface protein gp120, al-
though changes within the envelope transmembrane domain
gp41 can also be observed (22, 25, 34). However, BMS-378806
failed to achieve targeted plasma exposures in humans. There-
fore, a related compound, BMS-488043, with improved in vitro
antiviral activity and pharmacokinetic properties was advanced
into clinical development (1, 23, 30, 33). Taken with a high-fat
meal, BMS-488043 achieved a 10-fold higher concentration in
the plasma of human subjects than was observed for BMS-
378806. This favorable profile has led to the analysis of this
compound in a proof-of-concept study with HIV-1-infected
subjects in which in vivo activity was demonstrated (13). This
report describes the identity and effect of the genotypic corre-
lates for preexisting and emergent resistance to BMS-488043
and the ramifications of these findings for the potential clinical
impact of Als.

MATERIALS AND METHODS

Clinical study design and subjects. A randomized, double-blind, multiple-
dose, sequential dose escalation monotherapy study was conducted with 30
HIV-1-infected subjects (15 subjects/dose level) at four sites in the United States
(13). Inclusion criteria included no antiretroviral therapy for =16 weeks, CD4™"
T-cell counts of =250 cells/pl, and plasma HIV-1 RNA levels between 5,000 and
500,000 copies/ml (Roche Amplicor Assay, version 1.5). Subjects were random-
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ized to receive BMS-488043 (800 or 1,800 mg twice a day [BID]) or a matching
placebo administered every 12 h orally with a daily high-fat meal on days 1
through 7 and on the morning of day 8. For each study arm (800 or 1,800 mg
BID), the ratio of subjects receiving BMS-488043 to those receiving the placebo
was 4:1. A total of 12 subjects received 800 mg BMS-488043 BID, 12 received
1,800 mg BMS-488043 BID, and 6 received the placebo BID. Blood was drawn
prior to entry (on days —3 to —1) and prior to dosing each morning on days 1
through 10, 12, and 14 (the day of discharge) and served as the source of HIV-1
RNA and for use as the template for the amplification of HIV-1 envelope
sequences. Blood samples from the baseline (prior to any BMS-488043 admin-
istration) and day 8 were used for assessment of viral susceptibility to BMS-
488043 for all of the subjects; for select subjects, blood samples from other study
days were also assessed. The pharmacokinetics and safety of BMS-488043 in this
study are described elsewhere (13).

Genotyping of HIV-1 isolates. HIV-1 RNA was isolated, and initial cDNA
synthesis was achieved with random hexamer primers as described elsewhere
(23). In order to amplify the envelope gene via PCR, the primer pair HX5860F
(5'-ATGGAGCCAGTAGATCCTAGACTAGAGCCCT-3") and HX9068R (5'-
TAGCCCTTCCAGTCCCCCCTTTTCTTTTA-3") was used. Uncloned enve-
lope cDNA was subjected to population-based sequencing using a library of
envelope-specific primers. As expected, changes, including insertions and dele-
tions, were detected throughout the envelope gene, resulting in low-level mix-
tures at many sites. Therefore, only the most prevalent base at each position was
identified, allowing a consensus sequence to be determined. Amino acid posi-
tions were numbered according to the HXB2 sequence. In certain cases, indi-
vidual envelope clones were isolated, sequenced, and examined for functionality
in a cell fusion assay.

Drug susceptibility assay. The amplified envelope gene populations were used
to directly express envelope protein using the TOPO tool kit (Invitrogen), or the
cloned envelope genes were placed into a pTRE2 vector for analysis (Clontech).
Both the TOPO-constructed envelope population and the cloned constructs were
examined in a cell fusion assay as previously described (23). Briefly, two popu-
lations of HeLa cells, designated effector and target cells, were used in a cell
fusion assay. The effector cells were prepared by cotransfecting cells with TOPO-
constructed envelopes and the pTET-Off plasmid (Clontech). HeLa cells ex-
pressing CD4, CXCR4, and CCRS and containing an integrated copy of an
inducible luciferase reporter gene were used as target cells. The effector and
target cells were trypsinized, mixed at a ratio of 1:2, and seeded into a 96-well
plate in the presence of the test compound. After 18 h of incubation, luciferase
fluorescence served to quantify cell fusion and, hence, drug susceptibility.

Allele-specific PCR. In order to quantify the proportion of sequences express-
ing the 375N substitution within a subject, reverse transcription-PCR products of
the HIV-1 envelope from subjects were subjected to two separate amplifications.
One was nonselective amplification for all viral envelopes, in order to quantitate
the total amount of envelope genes in the mixture. The other was the preferential
amplification of genes containing the S375N mutation. Specific primers were
designed for preferentially amplifying the 375N mutation based on the principles
described by Hance et al. (12). Specific primers had to be identified for each
subject, based upon the HIV-1 envelope sequences. For subject 1, the nonselec-
tive amplification used primers FN1 (5'-GACCCAGAAATTGTAATGCACA)
and R1 (5'-GAGGGGCATACATTGCTTTT) and probe (FAM-TTGTGGAG
GGGAATTTTTCTATTGTAAT-BHQ [FAM, 6-carboxyfluorescein; BHQ,
black hole quencher]); for preferential amplification conditions, the FN1 primer
was replaced with the FS1 primer (5'-GACCCAGAAATTGTAATGCACGA).
For subject 21, the nonselective amplification used primers F21 (5'-TACAAG
ACCCAACAACAATACA) and RN1 (5'-CAAGTACTATTAAACAGTTGTG
TTG) and probe (FAM-ATTACAATTTCTGGGTCCCCTCCTGA-BHQ); for
preferential amplification conditions, the RN21 primer was replaced with the
RS21 primer (5'-ATTCCCCTCCACAATTAAAGT). For subject 25, the non-
selective amplification used primers FN25 (5'-GACCCAGAAATTGTAATGC
ATA) and R1 (5'-GAGGGGCATACATTGCTTTT) and probe (FAM-TGTTT
AATAGCACTTGGAATAGTACTGCA-BHQ); for preferential amplification
conditions, the FN25 primer was replaced with the FS25 primer (5'-GACCCA
GAAATTGTAATGCATGA). Samples were evaluated by real-time PCR using
an ABI 9700 sequence detection system (Applied Biosystems) using the follow-
ing cycling parameters: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles
at 95°C for 15 s and 50°C for 1 min. Wild-type LAI strain gp160 and a 375N-
containing clone were amplified by PCR. The quantitated PCR product of the
mutant envelope was serially diluted with known amounts of the wild-type PCR
product and used as standards for real-time PCR. The same DNA standard
concentration (quantified with nonselective PCR) was used for both the nonse-
lective and S375N-selective amplifications of clinical samples. The number of
cycles required to reach threshold fluorescence (threshold cycle) of the subject
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samples was determined, and the quantity of sequences initially present was
calculated by extrapolation onto the standard curve. The percentage of viral
sequences containing 375N was calculated as follows: % mutated sequences =
(quantity of mutated sequences in the sample)/(quantity of total sequences in the
sample) X 100. Nonselective and selective amplifications were always performed
at the same time. All reactions were performed in duplicate, and the mean of the
two values was used for calculations.

BMS-488043/pre-CD4-bound HIV-1 gp120 model. The pre-CD4-bound HIV-1
gp120 homology model was constructed from the simian immunodeficiency virus
structure with the V3 loop modeled in 2bfl.pdb (5) using the Quanta Protein
Design Module (QUANTA Modeling Environment release 2006; Accelrys Soft-
ware Inc., San Diego, CA). BMS-488043 was manually docked into the structure
and then minimized using CHARMM (4).

Nucleotide sequence accession numbers. Population sequences have been
deposited in the Los Alamos National Laboratory (LANL) database under
accession numbers HM234442 to HM234501.

RESULTS

BMS-488043 sensitivity of HIV-1 envelope populations be-
fore and during administration of BMS-488043. In order to
determine the sensitivity of the clinical sample envelopes to
BMS-488043, gpl160 sequences were amplified and the gene
population was analyzed in a fusion-based assay (22). The
sensitivities of the baseline (prior to any BMS-488043 admin-
istration) and day 8 samples were analyzed, and the data are
shown in Table 1. For subject 7, blood samples were not avail-
able on days 7 to 10, so the earliest posttreatment sample
available was from day 12. Since up to approximately 6-fold
variability in BMS-488043 sensitivity was observed with pla-
cebo samples in this study (e.g., subject 24), susceptibility
changes of >10-fold the baseline sensitivity were considered
significant for emergent resistance development in the clinical
study. Thus, four subjects (1, 4, 21, and 25) were deemed to
have emergent resistance development (13). In addition, there
were three subjects randomized to BMS-488043 (10, 19, and
27) and one subject randomized to the placebo (subject 30)
who exhibited high baseline ECs5,s (>200 nM) that did not
change substantially during the study. At the initiation of treat-
ment, these subjects presumably maintained genotypes that
encode a preexisting marker that decreases sensitivity to BMS-
488043. Consistent with this assumption, none of the three
subjects who received BMS-488043 responded well to dosing
(maximum plasma HIV-1 RNA decreases of 0.36, 0.31, and
0.24 log,, for subjects 10, 19, and 27, respectively).

Genotypic analysis of HIV-1 envelope populations before
and during administration of BMS-488043. In order to corre-
late a BMS-488043-resistant phenotype with specific geno-
types, the sequences of uncloned virus envelopes were deter-
mined. Phylogenetic analyses of these sequences revealed that
all of the viruses were most closely aligned with HIV-1 subtype
B sequences (Fig. 1), as expected given that this trial took place
in the United States, where subtype B predominates (for sub-
sequent analyses, subject sequences were compared with sub-
type B consensus sequences) (8). In order to map changes that
underlie BMS-488043 resistance, the amino acid sequences of
day 8 samples were compared with baseline sequences in the
four subjects (subjects 1, 4, 21, and 25) thought to have emer-
gent resistance to BMS-488043 (shown compared to the HXB2
sequence in Fig. S1 in the supplemental material). In addition,
both baseline and day 8 sequences from subjects thought to
possess preexisting resistance markers (subjects 10, 19, 27, and
30) were analyzed in this manner. As a guide, specific loci were
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TABLE 1. BMS-488043 sensitivities of uncloned HIV-1 envelopes
from subjects before and during BMS-488043 administration

Max decrease in

ECs, (nM)
. BMS-488043 dose HIV-1 RNA
Subject L
(mg) K . [log,, copies/ml
Baseline? Day 8° (day)]
1 800 7 244 0.49 (6)
2 800 3 20 1.17 (6)
3 Placebo 1 2 0.38 (6)
4 800 10 1,792% 0.64 (7)
5 800 66 358 0.33 (5)
6 Placebo 7 12 0.22 (2)
7 800 4 6" 0.87 (12)°
8 800 29 29 0.98 (7)
9 800 5 3 1.13 (9)
10 800 >10,000  >10,000 0.36 (5)
11 800 70 358 0.50 (5)
12 800 6 9 1.53 (10)
13 800 10 10 1.37 (8)
14 800 3 5 1.51 (10)
15 Placebo 10 13 0.30 (9)
16 Placebo 4 14 0.17 (6)
17 1,800 78 80 2.05(9)
18 1,800 2 6 1.88 (9)
19 1,800 373 251 0.31 (5)
20 1,800 1 1 1.70 (10)
21 1,800 3 895¢ 0.81 (8)
22 1,800 7 5 1.14 (5)
23 1,800 6 2 1.69 (9)
24 Placebo 5 28 0.11 (8)
25 1,800 5 416° 0.38 (5)
26 1,800 5 4 1.32(9)
27 1,800 813 864 0.24 (7)
28 1,800 60 19 1.06 (8)
29 1,800 6 4 1.33 (9)
30 Placebo >10,000  >10,000 ND¢

“ Subject whose virus, by definition (>10-fold increase in ECsy), developed
resistance.

> Samples for days 7 to 10 not available for this subject; day 12 sample used.

¢ND, no decrease in HIV-1 RNA was noted for this subject during the study.

4 Median, 6.

¢ Median, 19.

examined that were previously shown to be associated with
development of in vitro resistance to BMS-488043, which in-
clude amino acid substitutions V68A, M426L, M4341, S440R,
and M4751 in gp120 (23). Of these substitutions, only one
subject treated with 800 mg BMS-488043 (subject 1, Table 2)
exhibited an emergent V68A substitution at day 8, while two
subjects (subjects 27 and 30, Table 2) suspected to contain
preexisting genotypic markers that encode resistance con-
tained the M426L change at both the baseline and day 8. No
other subjects exhibited any of the other substitutions associ-
ated with decreased BMS-488043 sensitivity that were promi-
nent in cell culture BMS-488043 selections (23). Further anal-
ysis of the day 8 samples from the other subjects with emerging
resistance (subjects 4, 21, and 25) showed that these three
subjects, along with subject 1 (who also had an emergent V6SA
change), all exhibited an emergent S375N substitution at day 8
(Table 2). A distinct substitution at this locus (S375I) was
observed in a subject (subject 10) who exhibited a preexisting
resistance phenotype. In addition, subject 19 contained a sub-
stitution unique to this subject population (L116I), which, in
the absence of additional signature substitutions (see Fig. S1 in
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the supplemental material), was suspected to underlie preex-
isting BMS-488043 resistance (see below).

S375N is a major marker of BMS-488043 resistance. As
S375N was prominently associated with emergent resistance to
BMS-488043 in vivo, its specific effect on sensitivity to the Al
was subjected to further investigation. For these studies, enve-
lope samples from subject 1 (baseline and day 8) were cloned
and functional envelopes from day 8 were sequenced. Two
such clones (1-8-4 and 1-8-5) were further evaluated. Among
the 26 amino acid changes compared to the baseline consensus
sequence, clone 1-8-5 contained an S375N substitution (Fig. 2)
and displayed a 38-fold decrease in sensitivity to BMS-488043
compared to that of the consensus population (Table 3). Clone
1-8-4 contained 25 such amino acid changes, including an
S375N substitution, as well as a VO68A substitution, and dis-
played a 499-fold decrease in sensitivity (Table 3). Site-di-
rected mutagenesis was employed on each of these clones to
evaluate the effects of 68A and 375N on resistance in each
background. For clone 1-8-4, back mutation to 68V increased
susceptibility 10-fold, reducing the ECs, from 3,600 to 386 nM,
while back mutating both positions to the consensus brought
the sensitivity back to wild-type levels (ECs, = 4.8 nM, Table
3). Mutating position 375N back to Ser, so that only the V6SA
change was present in the 1-8-4 background, brought the ECs,,
down to 56 nM (Table 3). Moreover, introduction of a V68A
change into clone 1-8-5 increased the ECj, to over 10 pM,
while back mutating residue 375N to Ser reduced the ECs,
>10-fold to 21 nM (Table 3). These analyses strongly suggest
that substitutions V68A and S375N contributed to decreased
viral susceptibility to BMS-488043 in this subject.

The contribution of the S375N mutation to the emergence of
resistance to BMS-488043 was further analyzed by examining
its appearance and correlation with sensitivity to the Al over
time. A quantitative real-time PCR assay was designed to mea-
sure the percentage of the population that contained this sub-
stitution. Plasma samples from the baseline through day 9 from
three subjects with emerging S375N were used (subjects 1, 21,
and 25), and the total PCR population on each day was ana-
lyzed for phenotypic sensitivity to BMS-488043 (Table 4). For
subject 1, the frequency was low on day 5 but on day 7 had
reached the upper limit of the assay (>50%). The S375N
percentage in subject 21 stayed relatively low up to day 6, when
it more than quadrupled to 9.6%, and reached the upper limit
on day 7. Subject 25 had a similar pattern, with a substantial
increase (>100-fold) on day 6 and a smaller increase on day 7
to 8.5%, reaching the upper limit by day 8. In all cases, once
S375N reached the assay ceiling, virus sensitivity greatly de-
creased (Table 4), leading to the conclusion that this change was
largely responsible for BMS-488043 resistance development in
this subject, and likely represents a sentinel of resistance to the Al
in vivo, although it was not observed in vitro (23).

Effect of envelope substitution in subject baseline viral
backgrounds on BMS-488043 sensitivity. The data suggested
that all of the emerging or preexisting phenotypic resistance
observed, except for that of subject 19, could be explained
through changes in only three amino acids in gp120, V68A,
S375N/1, and M426L. In order to support this observation,
day 8 functional clones from subjects 4, 10, 25, 27, and 30
were back mutated to remove these changes and the original
and mutated clones were examined for susceptibility to
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FIG. 1. Phylogenetic analysis of the baseline HIV-1 envelopes from the 30 subjects in the clinical study. Envelope sequences from represen-
tative viruses of subtypes A, B, C, D, F, G, and H are included and labeled.
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TABLE 2. Substitutions unique to viruses displaying
BMS-488043 resistance

Substitution at:
Subject and sample

V68 L116 S375 M426

Virus with emerging loss
of susceptibility
to BMS-488043

1
Baseline
Day 8
4
Baseline — — — —
Day 8 — — N —
21
Baseline — —
Day 8 — —
25
Baseline — —
Day 8 — —

> |
|
Z |
|

Z |
|

z |
|

Virus with preexisting
resistance to
BMS-488043

10
Baseline — — I —
Day 8 — — 1 —
19
Baseline — I —
Day 8 — I —
27
Baseline — — —
Day 8 — — —
30
Baseline — — —
Day 8 — — —

ol el el

“ —, no change from consensus sequence.

BMS-488043 (Table 5). In each case, susceptibility was sub-
stantially increased (>32- to 791-fold), showing that these
substitutions (including S375I) are the signature resistance
substitutions in these clinical isolates.

For subject 19, we analyzed the sequence by looking for
positions that were selected in vitro to encode resistance to one
of a number of other attachment inhibitors (unpublished ob-
servations). From this analysis, one such possible substitution
was identified as L1161. Back mutating this position in a func-
tional day 8 clone increased susceptibility 52-fold down to
single-digit nanomolar levels, suggesting that this is indeed the
major resistance substitution for the virus in this subject.

In addition, baseline functional clones from three subjects
(subjects 15, 22, and 23) who maintained susceptibility to
BMS-488043 throughout the course of the study were used to
insert each of the five individual signature substitutions into its
respective envelope protein (Table 5). These recombinant en-
velopes were tested for BMS-488043 susceptibility and dem-
onstrated that all of the signature substitutions decreased sus-
ceptibility to the compound in the various genetic backbones.
Changes at amino acid residues 375 and 426 had the greatest
effect on Al potency, decreasing susceptibility from 39- to
>1,000-fold. Changes at the 68 and 116 loci had lesser but still
substantial effects in the context of the envelope gene from
subjects 15 and 23 but only minor effects in the context of the
envelope gene in subject 22 (Table 5). Thus, the data show that
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in the clinic, preexisting or emerging phenotypic resistance to
BMS-488043 typically occurs through changes at one of at least
four different amino acid positions in the gp120 protein (Table
5) and that context can have an effect on the level of resistance
(23).

Sensitivity of BMS-488043-resistant envelopes to other
HIV-1 entry inhibitors. In order to examine whether the resis-
tance observed for the HIV-1 envelopes from these subjects
was specific for Als and not other entry inhibitors, we deter-
mined the sensitivities of eight clones containing the Al resis-
tance signature mutations to the fusion inhibitor enfuvirtide,
the CCRS antagonist Sch C, and the CXCR4 antagonist AMD-
3100 (17, 27, 28). As shown in Table 6, all subject HIV-1
envelopes maintained single-digit nanomolar sensitivity to en-
fuvirtide and Sch C. None of the isolates were inhibited by
AMD-3100 (not shown), consistent with the expectation that
these isolates used CCRS as a coreceptor. These studies dem-
onstrate that the effect of these substitutions in gpl120 was
specific for BMS-488043 and not other classes of inhibitors in
these CCRS5-utilizing envelopes.

Modeling of BMS-488043 resistance. For most antiretrovi-
rals, resistance maps at or near the docking site of the drug
(15). The S375N/I signature substitutions described in this
report, along with M4751 (selected in vitro [23]), are located
near the CD4 binding pocket and suggest a model in which the
drug docks deep within this cavity (Fig. 3). In this model,
BMS-488043 binds to the pre-CD4-bound conformation of
gp120 and locks it so it cannot adopt a conformation that
allows binding to CD4 (Fig. 3B). Such a model is supported by
previous observations showing that Al can affect soluble CD4
binding to the envelope (14). The model predicts that S375
hydrogen bonds to the piperazine carbonyl of the oximide
moiety, while M475 packs against the benzamide ring of the
Al Meanwhile, M426 is predicted to pack against W427, which
7 stacks with the azaindole ring of BMS-488043. 116, M434,
and S440 (selected in vitro [23]) are outside the Al binding site,
and therefore their effects on Al binding would be indirect in
this model. Since the model begins at amino acid 83, it was not
possible to ascertain the potential effect of the V6SA mutation
on BMS-488043 binding.

DISCUSSION

Als represent a novel class of HIV-1 entry inhibitors. Even
though BMS-488043 is not a candidate for further develop-
ment, a proof-of-concept study showed that, with mono-
therapy, this compound can be effective at reducing viral loads
(13). Although the viruses that infected the majority of the
subjects studied remained sensitive to BMS-488043 during the
course of dosing with BMS-488043, emergent resistant variants
associated with a viral load rebound were observed, along with
clinical isolates with preexisting resistance at the baseline. The
focus of this study was on the 8 of the 30 subjects in the clinical
trial whose viruses showed emergent or preexisting resistance.
Genotyping analyses of baseline and day 8 samples were com-
pleted and examined for established BMS-488043 resistance
substitutions observed in vitro (23). Surprisingly, only three of
the eight subjects’ viruses had such changes. The virus from
subject 1 (dosed with 800 mg BMS-488043) had an emerging
V68A substitution, while those of subjects 27 (dosed with 1,800



734 ZHOU ET AL. ANTIMICROB. AGENTS CHEMOTHER.

Baseline : MKVKGIRRNYQHWWWRWGTMLLGILMICSADEQLWVTVYYGVPVWKEANTTLFCASDAKAYDTEVHNVWATHACVPTDP

1-8-4 § e e s s s R 554505 5 § 5% 465 51§ 536 588 06 5% 325 § 55 8 599 6 5 § 63 566§ 05 U6 6 § 5 Bl om0 v s s
1-8-5 S s e BNE 8w 8 e SU 8 e e e BEE § W Be I s @ e e M. civn v s s s aw s e vl s e m R svn s s oo ww s we
91 101 111 121 131 141 151 161
Baseline : MNVTENFNMWRNNMVEQMHEDIINLWDQSLKPCVELTPLCITLECTDLNTTRNSTTRNYHYEEMEKGEIKNCSFNITTS
1-8-4 i < S.K.G-.I.--=-GTI.E.M..........
1-8-5 ¢ memmasimes B+ 55 630 558 6 0 & 500 30 & 18 & 6 50805 0 & 599 0 5 6 & 76 080 6 08 s g & 03 ---—GTIME.M..........
181 190 200 210 220 230 240 25
Baseline : KEYAAFYRLDLVPIDNS--TYRLISCNTSVIKQACPKVSFEPIPIHYCAPAGFAILKCNDKNFNGTGPCNNVSTVQCTH
1-8-4 8 % 56 48 6 s R IS~ 5 55 5 508 681 5 55 5 06 480 3 05 & W0 5000 5 )5 5 4380 5 105 50 548 5 5 8 W56 5461 8 61 § i 5006 4 6 58 6 8 0
1-8-5 B oo e B 268 S Se B s SEu o 56 e 545 5 & 55 85§16 s S48 3 55 & (859 S5 5 10 £ 566 B0 § B 8 58 81§ 61§ SR B4 6 B 8 n 0 B s
260 270 280 290 300 312 322 331
Baseline : STQLLLNGSLAEEEIVIRSENLTDNAKTIIVHLNESIEINCTRPNNNTRKGIHIGPGRAFYATGEIIGDIRKAHCNISR
1-8-4 P R ind A i N At AR A R R R R R RS R A BT B I RA S R R E B B B ek B 5 R E B Bk B 6 Bk B 3 A
1-8-5 T, T I T T T TTThIY™YT Woaio v 3 0% 0% 390 % % 5 %% %50 8 56 8 979 508 & 0 5 W0 S580 8 0 8 W% B 8 0N
351 361 371 381 391 400 414 42
Baseline : LAKIVTTLREKFGGNKTIVFNQSSGGDPEIVMHSFNCGGEFFYCNTTQLFNSTWNVNSTWNDTEESNDTITLPCRIKQI
1-8-4 TG S B S B 6 NS 658 8 B 6 606 B B 4 e B I T KT 50 ss o 6 (c T - P A
1-8-5 § (5% 5o 5.5 % 518 Eud Bad 8 61 B Bk £ 1604 Wl B3 16 Bt e csc i naiming i KT as s [ N Bisssimasn
434 444 454 463 473 483 493 503
Baseline : VGKAMYAPPIQGQISCSSEITGLLLTRDGGSTDNNNTETFRPGGGDMRDNWRSELYKYKVVKVEPLGIAPTKAKRRVVQ
1-8-4 T 111 I T T T M T rNT I N T I T LT Thmmrmmvzéy
1-8-5 D oeiresienaenons R PP Ac......
523 533 543 553 563 573 583 59
Baseline : GMGALFLGFLGAAGSTMGAASLTLTVQARQLLSGIVQQONNLLRAIEAQQOHMLQLTVWGIKQLQARVLAVERYLRDQQL
1-8-4 S d s R 6 6 AT S5 5 86 NP ST B (808 S8 SR 3 6 BES WIS 6§ AU U 6 8 I BES 5 8 & SRS 606 6 6 476 B0 S W 6 R0 S 8 186 608 S s e
1-8-5 B tar s wus e 5 a1 & e el ot 8 IGNE!fabiet & 7 & O SEE6: & 183 & ol WIKGH ' fol § [e¥el wHiE) o 153 © (8 SRl & 161 & P18 it & (a3 & fBNE: BT & Set & [aHS (olie: & 61 8 SiTe! ) & v
603 613 623 633 643 653 663 673
Baseline : SGKLICTTAVPWNTSWSNRSYNNIWDNMTWMEWEREIDNYTGVIYNLLEESQNQQERNEQELLELDKWASLWNWEFDITN
1-8-4 S i« e e+ 55 5 S B S % EUE 16 e B o & % 87 § (65§ A5 B » 18 558 4% 1513 S 441 55 o S $U6) 8 60 526 S5} 8 1 6 ske w1 B P
1-8-5 I i terceccttcsietecennnann N ttiieieeeeeoeoosonocoossosesoscsosssssssssnososssoosns
693 703 713 723 733 743 753 76
Baseline : LFIMIVGGLIGLRIIFTVLSIVNRVRKGYSPLSFQTHLPAPRGPDRPEGIEEEGGDRDRDRSGPLVTGFLAIVWVDLRN
1-8-4 8 D (15 e+ ot 00 U 6 1815 e WIS I & S k161 o R #7408 63 § AN s 8 1 s WSS 0 6 SR 506 I o ¥ S8 » 85 oF ) & Tl e Wil (o0
1-8-5 R PP
773 783 793 803 813 823 833 843
Baseline : HRLRDLLLIVARIVELLGRRGWEALKYWWNLLQYWSQELKNSAVSLLNATAIAVAEGTDRIIEVLQRIFRAIIHIPTRI
1-8-4 T et se s e e e e s e s e ae et e s e e e e s et e s oot ese s eenetbasessnenes
1-8-5 T 1 I T I 1T Biisissshsninsnninadeshs e Wshios vise bms®ioesms Tissnmininnsmims

Baseline : ILL
1-8-4
1-8-5
FIG. 2. Amino acid changes in subject 1 day 8 HIV-1 envelope clones 1-8-4 and 1-8-5 from the subject 1 baseline consensus sequence using
the HXB2 numbering system. Changes thought to be associated with resistance to BMS-488043 are boxed.

mg BMS-488043) and 30 (placebo) both had a preexisting
M426L substitution (Table 2). These analyses also revealed the

TABLE 3. Effect of gp120 68V/375N on BMS-488043 sensitivity presence of three novel substitutions at two pOSitiOIlS (S375N/I
and L116I) associated with decreased susceptibility to BMS-

An;‘g;tif;d at Foi‘irfskfsgﬁ; " 488043 in vivo. These substitutions were shown to be key res-
Background - ECso (nM) compared to idues for resistance through reverse genetics, as reversion to
o8 375 baseline the consensus sequence at each position within the context of
1-8-4 A N 3,645 499 the virus envelope greatly increased susceptibility and their
v N 386 53 introduction into three highly susceptible envelope back-
rounds decrease e susceptibility to - in eac

A S 26 8 grounds d d th ptibility to BMS-488043 h

A% S 4.8 0.7 . .
case (Table 5). Moreover, having these substitutions led to a
1-8-5 \Y4 N 278 38 mitigated response to the Al in the clinical study (Table 1).
A IS\I >10,0g(1J >1,37(3) Thus, the data reveal five signature substitutions at four amino

\%

acid residues capable of conferring resistance to BMS-488043
“In the context of the envelope gene from subject 1. in vivo (Table 5).
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TABLE 4. Emergence of S375N in viruses from subjects treated
with BMS-488043

Frequency in sequence” (%), ECs, (nM) in virus

Treatment from subject:
day
1 21 25

1 0.09, 4 0.6, ND¢ 0.02, 8

2 0.05, 6 ND, 7 ND, ND
3 ND, ND 33,9 <0.02, 6

4 0.05,5 2.8,6 <0.02,9

5 0.05,7 22,7 0.04, 6

6 ND, ND 9.6, 28 52,10
7 >50,>78 >50, ND 8.5, 14
8 >50, 122 >50, 312 >50, 148
9 ND, ND >50, ND >50, 418

“ Values indicate percentages of S375N within the population.

? A shaded value indicates either a breakthrough in mutant prevalence or
a >10-fold increase in resistance compared with the baseline value.

¢ ND, not done.

Previous studies have demonstrated that a tryptophan sub-
stitution for serine 375, which contacts the Phe 43 cavity, fills
the cavity and predisposes gpl20 to assume a CD4-bound
conformation (32). In viruses with either the HXBc2 or the
YU2 HIV-1 envelope glycoprotein, the S375W change re-
sulted in dramatic levels of resistance to the earlier Al BMS-
378806 (25). For the eight subjects with resistant variants, the
most prevalent amino acid changes occurred at position 375,
which changed from Ser to Asn in the viruses from four sub-
jects and to Ile in one subject (Table 2). One additional subject
(subject 5, who received 800 mg BMS-488043) harbored HIV-1
with S375N at both the baseline and day 8 (see Fig. S1 in the
supplemental material). The ECys for the baseline and day 8
samples from this subject in the phenotyping assay were 66 and
358 nM, respectively (Table 1), which did not meet our criteria
for emergent or preexisting resistance. However, the maximum
observed viral load decrease in this subject was only 0.33 log,,
at day 5 of the study. In the absence of other genetic markers
(see Fig. S1 in the supplemental material), we attribute the
lack of an antiviral response in this subject to the S375N sig-
nature mutation at the baseline. The prevalence of resistance
substitutions at the 375 locus and the magnitude of their effect

TABLE 5. Effects of signature envelope substitutions on
BMS-488043 sensitivity

Type of sensitivity
change, mutagenesis,

Fold change with:

and subject V68A L1161 S3751 S375N M426L
Increase, mutant to
wild type
19 52
10 >32
25 229
4 176
27 791
30 >74
Decrease, wild type
to mutant
15 28 20 39 155 1,308
22 6 3 166 61 259
23 11 67 120 204 829

IN VIVO PATTERNS OF RESISTANCE TO BMS-488043 735

TABLE 6. Sensitivities of uncloned HIV-1 envelopes from subjects
before and during BMS-488043 administration to HIV-1
entry inhibitors

ECsy, nM (n-fold change)®

Subject Baseline Day 8
Enfuvirtide Sch C Enfuvirtide Sch C
2 22 3.1 1.0 (<1) 1.2 (<1)
4 3.0 1.4 6.6 (2) 2.0(1)
10 2.4 14 1.3 (<1) 1.4 (1)
19 43 2.0 4.0 (1) 1.0 (1)
21 5.0 2.5 5.6(1) 1.4 (1)
25 1.7 1.0 1.6 (1) 1.1(1)
27 4.6 1.5 11.8 (3) 1.7 (1)
30 5.2 1.7 5.7(1) 1.4 (1)

“ The n-fold change is the difference between the sensitivities of the baseline
and day 8 envelopes to each inhibitor.

on antiviral activity (Table 5) may be ascribed to its location
near the CD4 binding pocket (Fig. 3). In the model presented
in which BMS-488043 binds within this cavity (Fig. 3), S375
would make direct contact with the inhibitor and, conse-
quently, a change to Asn or Ile could directly affect Al-gp120
binding characteristics. Furthermore, it seems clear that only
certain substitutions can have an effect on BMS-488043 activ-
ity. The viruses from two subjects (12 and 16) had an emerging
S375T substitution on day 8 (see Fig. S1 in the supplemental
material). Subject 16 was in the placebo group (Table 1), but
subject 12 was in the 800-mg dose group and had a maximum
viral load drop of 1.53 log,, at day 10 (Table 1). Moreover, in
the phenotypic sensitivity assay, the baseline (containing S375)
and day 8 (containing S375T) envelopes from both subjects

FIG. 3. (A) Homology model of the BMS-488043/pre-CD4-bound
gp120 complex. BMS-488043 is also shown in the box. (B) X-ray
structure of CD4-bound gp120 extracted from 1g9m.pdb (19). Carbon
atoms for amino acid changes observed in this study that induce re-
sistance to BMS-488043 (L116, S375, and M426) are yellow, while
changes observed during in vitro selection (23) (M434, S440, and
M475.) are orange. The gp120 inner domain is gray, and the outer
domain is red. The V3 loop (A) or V3 stem (B) is dark green, the
bridging B sheets are dark blue, and the CD4 contact residues are light
blue. BMS-488043 (inset), when bound to the pre-CD4-bound gp120
(A) structure, blocks the formation of the CD4 binding site (B).
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retained full sensitivity to BMS-488043 (Table 1), suggesting
that this substitution does not induce resistance to the Al.

An analogous situation seems to operate at the 426 locus in
which only the specific M426L change substantially affects
BMS-488043 sensitivity and antiviral response. Subject 23
(1,800 mg BMS-488043), who responded well to the compound
(maximum decrease in viral load from the baseline of 1.69
log,, copies/ml on day 9) and whose viral envelope maintained
a highly sensitive phenotype throughout the study (Table 1),
harbored a virus with an M426R mutation in both the baseline
and day 8 samples (see Fig. S1 in the supplemental material).
This change is relatively common among 2008 subtype B iso-
lates (18.4%, http://www.hiv.lanl.gov/). Since M426 packs
against W427 in the AI docking model, it seems that the
M426L substitution is required to affect W427 positioning and
resultant interactions with BMS-488043.

In contrast to S375 and M426, which are located at or near
the Al binding residue, L116 is located outside the Al binding
site, and therefore, the effect of the L1161 substitution on Al
binding/activity is likely to be indirect. This could explain why
its effect on BMS-488043 was less robust than that observed for
mutations at the other two loci (Table 5). L116 is situated at
the terminus of the first o helix, proximal to the base of the
V1/V2 stem. Consequently, this residue may influence the
proper positioning of the V1/V2 loop, thereby facilitating in-
hibitor binding. Two mutations selected in vitro, M434 and
$440 (23), also located outside the Al binding site (Fig. 3), may
play an indirect role in neutralizing BMS-488043, in this case
by stabilizing the CD4-bound conformation of gp120, as they
are part of the bridging 8 sheet in the CD4-bound structure
that is disrupted in the pre-CD4-bound gp120 model (Fig. 3).

Interestingly, only two of five substitutions selected in vitro
(V68A and M426L) were selected in the clinical trial. Among
the possible explanations for this disparity is the fact that
the laboratory-adapted CXCR4-utilizing envelopes LAI and
NLA4-3 were utilized for in vitro selections. Based on the data
obtained with entry inhibitors (Table 6), it seems clear that the
HIV-1 harbored by trial subjects with Al resistance markers
utilized CCRS as a coreceptor. Moreover, there is substantial
variability among the subject consensus envelope sequences
(see Fig. S1 in the supplemental material). We suspect, there-
fore, that the introduction of certain changes could adversely
affect viral fitness in the context of different envelope back-
grounds, which could constrain the development of particular
Al resistance markers. Another potential influence on Al re-
sistance development is humoral immunity. The envelope is
the primary HIV-1 target for neutralizing antibodies, and we
have previously documented that Al resistance development
can influence envelope immunogenicity (34). It is well docu-
mented that escape from neutralizing antibodies can affect
envelope evolution (20, 26, 31), thereby potentially constrain-
ing patterns of Al resistance development. Thus, the markers
reported here more realistically model BMS-488043 resistance.
The rapid appearance of these mutations suggests that they
existed at a low level (undetectable by conventional sequence
analyses) in the virus pool of some of the patients prior to Al
administration.

In summary, we have presented antiviral and resistance data
on BMS-488043, a prototype Al that is the first one to be
tested for antiviral activity in HIV-infected subjects. We be-
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lieve that the data show that inhibition of viral attachment is a
viable mechanism of action for the development of new anti-
viral agents. A potential shortcoming for BMS-488043 is that
resistance can preexist. However, this circumstance was ob-
served in only 4 of 30 subjects, which is a frequency consistent
with the prevalence of the signature resistance markers among
the 583 subtype B isolates currently in the LANL database (5
for 1161, 9 for 3751, and 47 for 426L; http://www.hiv.lanl.gov/).
The fact that four subjects had emergent phenotypic/genotypic
resistance after 8 days of treatment may be an indication of the
suboptimal nature of this particular AI. Newer molecules with
improved potency have been developed, and a prodrug of
one, BMS-663068, is currently in early clinical development
(ClinicalTrials.gov no. NCT01009814). The signature resis-
tance mutations that emerged with BMS-488043 monotherapy,
68A and 375N, are also uncommon, present in only 2 and 15 of
the 583 isolates, respectively, suggesting a barrier to their ac-
quisition in the absence of a drug. These signature mutations
are less common among non-subtype B, group M isolates
(http://www.hiv.lanl.gov/). Most importantly, none of these
changes affected sensitivity to other entry inhibitors (Table 6)
and have not been associated with resistance to any other class
of antiretroviral (http:/hivdb.stanford.edu/). Thus, Als could
provide a novel mechanism to complement the current arsenal
of antiretrovirals currently in use.
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