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We have described previously the generation of an escape variant of human immunodeficiency virus type 1
(HIV-1), under the selection pressure of AD101, a small molecule inhibitor that binds the CCR5 coreceptor (A.
Trkola, S. E. Kuhmann, J. M. Strizki, E. Maxwell, T. Ketas, T. Morgan, P. Pugach, S. X. L. Wojcik, J. Tagat,
A. Palani, S. Shapiro, J. W. Clader, S. McCombie, G. R. Reyes, B. M. Baroudy, and J. P. Moore, Proc. Natl.
Acad. Sci. USA 99:395–400, 2002). The escape mutant, CC101.19, continued to use CCR5 for entry, but it was
at least 20,000-fold more resistant to AD101 than the parental virus, CC1/85. We have now cloned the env genes
from the the parental and escape mutant isolates and made chimeric infectious molecular clones that fully
recapitulate the phenotypes of the corresponding isolates. Sequence analysis of the evolution of the escape
mutants suggested that the most relevant changes were likely to be in the V3 loop of the gp120 glycoprotein.
We therefore made a series of mutant viruses and found that full AD101 resistance was conferred by four amino
acid changes in V3. Each change individually caused partial resistance when they were introduced into the V3
loop of a CC1/85 clone, but their impact was dependent on the gp120 context in which they were made. We
assume that these amino acid changes alter how the HIV-1 Env complex interacts with CCR5. Perhaps
unexpectedly, given the complete dependence of the escape mutant on CCR5 for entry, monomeric gp120
proteins expressed from clones of the fully resistant isolate failed to bind to CCR5 on the surface of L1.2-CCR5
cells under conditions where gp120 proteins from the parental virus and a partially AD101-resistant virus
bound strongly. Hence, the full impact of the V3 substitutions may only be apparent at the level of the native
Env complex.

Several members of a new class of inhibitors based on block-
ing human immunodeficiency virus type 1 (HIV-1) entry into
target cells are now in, or approaching, human clinical trials (8,
52, 77, 80, 85, 90, 98). These various compounds antagonize
different stages in the multistep pathway by which HIV-1 fuses
with susceptible cells. For example, the CD4-immunoglobulin
G2 protein (CD4-IgG2; PRO 542) attaches to the viral enve-
lope glycoprotein gp120 to prevent it from interacting with the
CD4 receptor (3, 109). The T-20 and T-1249 peptides act later,
by inhibiting conformational changes in the viral gp41 glycop-
rotein that are necessary for membrane fusion to be initiated
(8, 40, 72, 115). All these inhibitors cause plasma viremia
reductions in HIV-1-infected people (8, 49, 53, 62, 66, 71, 80).

A step in the entry process intermediate between gp120-
CD4 attachment and gp41 conformational changes involves a
coreceptor for gp120 (21, 31, 37, 85, 98). Thus, after gp120 has
bound to CD4, it changes conformation to enable it to bind to

a coreceptor from the G-protein-coupled receptor superfamily
(21, 31, 37, 85, 98, 107, 116). The most physiologically relevant
coreceptors are the chemokine receptors CCR5 or CXCR4,
the former used by HIV-1 strains that usually dominate early in
infection and the latter used by viruses that sometimes emerge
several years later or that are detectable only transiently (21,
31, 85, 99, 122). The presence of viruses able to use CXCR4
(X4 strains) is associated with an accelerated disease course,
due in part to the loss of naive CD4� T cells that express
CXCR4 but not CCR5 (32, 44, 69). Viruses using CCR5 (R5
strains) target memory CD4� CCR5� T cells and are lethal in
their own right (32, 44, 57, 69).

Both CCR5 and CXCR4 are important targets for pharma-
cological intervention, and several inhibitors have been iden-
tified that are specific for each receptor (8, 51, 52, 77, 80, 85,
90, 98). Reductions in the amount of plasma X4 viruses were
observed during trials of the CXCR4 inhibitor AMD3100, but
the clinical development of this particular compound has been
discontinued because of pharmacological and toxicology con-
cerns (26). A small-molecule CCR5 inhibitor, SCH-C (SCH
351125), has caused significant viral load reductions in ongoing
phase I clinical trials (51, 71, 101).

It is inevitable that HIV-1 will escape from the selective
pressure exerted by any single replication inhibitor (65).
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Hence, it is prudent to study escape pathways in vitro in order
to learn what might happen in clinical use. A particular con-
cern with CCR5 inhibitors is that they might drive the evolu-
tion of X4 variants in vivo (35, 51, 73, 77). We have previously
reported on the in vitro escape of an R5 HIV-1 isolate, CC1/
85, from AD101 (SCH 350581), a CCR5 inhibitor structurally
related to SCH-C (51, 101, 108). The escape variant continued
to use CCR5 rather than acquiring the ability to enter cells via
CXCR4 or any alternative coreceptor present in human pe-
ripheral blood mononuclear cells (PBMC) (108). In contrast,
X4 viruses later evolved naturally in the individual from whom
CC1/85 was isolated (23, 24).

We have now analyzed the sequence changes in the env gene
of HIV-1 CC1/85 that correlate temporally with the evolution
of AD101 escape mutants and have contrasted them with those
occurring during the evolution of X4 variants of the same virus
in vivo. The most relevant amino acid changes, i.e., those that
arose contemporaneously with increasing levels of resistance in
vitro, seemed likely to be four charges within the V3 loop of
gp120. We confirmed their relevance by reconstituting the
AD101-resistant phenotype in an NL4-3/env chimeric provirus
and then making a series of point substitutions. Individually,
each V3 change conferred partial resistance when introduced
into an AD101-sensitive clone of CC1/85; collectively, the four
changes were both necessary and sufficient for high-level resis-
tance. The use of a gp120-CCR5 binding assay suggests that
these amino acid substitutions alter the way in which HIV-1
interacts with CCR5, albeit in a manner that remains to be
identified.

MATERIALS AND METHODS

Reagents. AD101 and SCH-C were synthesized by Schering-Plough Research
Institute (Kenilworth, N.J.) (101, 108). RANTES was from Peprotech Inc.
(Rocky Hill, N.J.). The extracellular portion of CD4 encompassing domains D1
to D4 (sCD4) (27), the CD4-IgG2 (PRO 542) molecule (3), the murine anti-
CCR5 monoclonal antibody (MAb) PA14 (81), and recombinant JR-FL gp120
(107) were gifts from Bill Olson (Progenics Pharmaceuticals Inc., Tarrytown,
N.Y.). The human anti-gp120 MAb 17b (102) was provided by James Robinson
(Tulane University).

Cloning and nomenclature of env genes. The R5 HIV-1 isolate CC1/85 was
derived in January 1985 from individual “Case C” (23, 24). The escape of CC1/85
from AD101, the cloning of full-length env genes from infected PBMC, and a
preliminary analysis of their sequences have all been described (108). env clones
were named according to our previous nomenclature (108). Thus, CC1/85 is the
parental isolate and CC101.XX refers to the isolate made after XX passages
under selection pressure from AD101. Similarly, CCcon.XX refers to the control
virus that was cultured for XX passages in the same PBMC but without AD101.
The clones generated and used here extend this nomenclature, such that CC1/85
cl.XX refers to clone XX from the CC1/85 isolate. The nomenclature used to
designate other clones was also derived from that used elsewhere (24, 108).

Additional env genes were PCR amplified and cloned into the vector pAMP1
by using the CloneAmp system as specified by the manufacturer (Invitrogen,
Carlsbad, Calif.). The nested PCR products were generated from genomic DNA
from infected PBMC, as described previously (108). The outer primers were
5958F (5�-GGCTTAGGCATCTCCTATGGCAGGAGG AA-3�) and 9100R
(5�-TAGCCCTTCCAGTCCCCCCTTTTCTTTTA-3�), and the inner primers
were 6205F (5�-AGAAAGAGCAGAAGACAGTGGCAATGA-3�) and 8821R
(5�-TTTTGACCACTTGCCACCCAT-3�).

CC101.22 was isolated after 22 passages with AD101 in vitro and then pas-
saged 9 more times without AD101 (108). Isolates made during this secondary
culture were designated CC101.22RX, where X is the number of passages made
in the absence of AD101. The corresponding clones were named using the
system outlined above.

To facilitate comparisons with previous reports on structure-function relation-
ships in HIV-1 Env and to follow convention in the field, amino acid numbering

for all Env proteins was based on the numbering of the prototypic HXBc2 Env
(http://hiv-web.lanl.gov/content/hiv-db/LOCATE_SEQ/locate.html) (56).

Phylogenetic sequence analysis. Phlyogenetic analysis and bootstraps were
performed using the neighbor-joining method available in PHYLIP (Phylogeny
Inference Package, written by J. Felsenstein in 1993, version 3.6, distributed by
the author [http://evolution.genetics.washington.edu/phylip.html]), with the F84
model for base changes and a transition/transversion ratio of 2. In the final tree,
there were 243 sequences, with 2,416 bases left in the alignment after gap
stripping. The sequence from the initial sample most closely resembling those
that emerged in culture after AD101 selection (CC1/85 cl.7) was selected as an
outgroup for the tree; the use of this sequence from the initial sample gave an
orientation of the tree that generally radiated outward from the time of sampling
when drawn as a phenogram. Because of the reasonable outcome of the initial
neighbor-joining phylogenetic analysis and because the large number of se-
quences in this study make likelihood methods computationally very expensive,
the neighbor-joining method was deemed adequate for the purposes of this
study.

To exclude problematic sequences, representative sequences from each sam-
ple and a few sequences that gave peculiar outcomes in an initial phylogenetic
analysis (i.e., strikingly long branch lengths relative to the rest of the sample)
were carefully screened to explore the integrity of the original set of 249 se-
quences. A BLAST search of the HIV database (http://hiv-web.lanl.gov/content
/hiv-db/BASIC_BLAST/basic_blast.html) (4) revealed that one clone was nearly
identical to the common reference strain NL4-3; it was therefore excluded as a
probable contaminant. That NL4-3 clone was then used to probe the rest of the
sequence set, identifying three clones containing short stretches with regional
identity to NL4-3, including distinctive insertion and deletion patterns. These
three clones were also excluded because they were probably PCR recombinants
with the NL4-3 contaminant. Screening for hypermutation was performed using
the HYPERMUT program (http://hlv-web.lanl.gov/content/hiv-db/HYPER-
MUT/hypermut.html) (95), revealing one clone hypermutated in its C�-terminal
half, beyond position 2000; it, too, was excluded. Finally, one clone with an
extensive deletion near V3 was excluded. The other 243 sequences were deemed
to be valid after rigorous quality control testing.

Construction of chimeric NL4-3/env proviruses. Chimeric proviruses were
constructed from the pNL4-3 proviral plasmid (2) (AIDS Research and Refer-
ence Reagent Program, National Institute of Allergy and Infectious Diseases;
contributed by Malcolm Martin) by overlapping PCR. The gp160 coding se-
quences were amplified from the cloning vectors by using primers EnvF (5�-AG
CAGAAGACAGTGGCAATGAGAGTGAAG-3�) and EnvR (5�-TTTTGACC
ACTTGCCACCCATCTTATAGC-3�). A portion of the NL4-3 provirus from
nucleotides 5284 to 6232 was amplified with primers NL(5284)F (5�-GGTCAG
GGAGTCTCCATAGAATGGAGG-3�) and NL(6232)R (5�-CTTCACTCTCA
TTGCCACTGTCTTCTGCT-3�). This fragment encompasses the unique EcoRI
restriction site in pNL4-3. Another fragment from the NL4-3 provirus spanning
nucleotides 8779 to 9045 was amplified using primers NL(8779)F (5�-GCTATA
AGATGGGTGGCAAGTGGTCAAAA-3�) and NL(9045)R (5�-GATCTACA
GCTGCCTTGTAAGTCATTGGTC-3�). This fragment includes the unique
XhoI restriction site in pNL4-3. Overlapping PCR was used to join the gp160-
coding sequence from the desired clone to the fragment encompassing bases
8779 to 9045 that had been amplified from pNL4-3. The resulting fragment was
then similarly joined to the amplified fragment encompassing bases 5284 to 6232
from pNL4-3. The product was digested with EcoRI and XhoI and subcloned
into the corresponding sites in pBluescript KS(�) (Stratagene) for sequencing
and subsequent manipulation. The EcoRI-XhoI fragment was sequenced after
this and all subsequent manipulation steps to confirm the presence of the desired
env gene and the absence of other changes. The EcoRI-XhoI fragment for each
env gene was then subcloned back into pNL4-3. The end results were proviral
plasmids that differ from each other only in the env gene.

Construction of chimeric and mutant env genes. We selected one clone from
the parental CC1/85 isolate (CC1/85 cl.7) and one from the AD101-resistant
CC101.19 isolate (CC101.19 cl.7) for more detailed studies of genotype-pheno-
type associations. To generate constructs with chimeric env genes, pBluescript
KS(�) plasmids containing these env fragments were cut with StuI and BsaBI.
The StuI-BsaBI fragment from CC101.19 cl.7 was then ligated into the vector
fragment from CC1/85 cl.7 that had been cut with the same enzymes. This
chimeric construct is referred to as CC1/85 cl.7(8), the number 8 signifying that
it differs from CC1/85 cl.7 by 8 amino acid changes. The reverse chimeric env
gene, with the StuI-BsaBI fragment from CC1/85 cl.7 inserted into CC101.19 cl.7,
was also constructed and is referred to as CC101.19 cl.7(8).

Site-directed mutagenesis was performed with the QuickChange mutagenesis
kit as specified by the manufacturer (Stratagene), using the pBluescript KS(�)
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plasmids containing the EcoRI-XhoI fragments. EcoRI-XhoI fragments were
then subcloned into pNL4-3.

Cells, viruses, and viral replication assays. PBMC were pooled from the blood
of four healthy volunteers. CD8� T cells were removed using the RosetteSep
CD8� depletion cocktail as specified by the manufacturer (StemCell Technolo-
gies, Vancouver, Canada). The CD8� T-cell-depleted PBMC (referred to here-
after as primary CD4� T cells) were then activated and used for HIV-1 repli-
cation assays 3 days later (108). Primary CD4� T cells were used to limit the
interassay variability of PBMC replication assays, but similar results were ob-
tained without CD8� T-cell depletion (data not shown).

Clonal, replication-competent, chimeric NL4-3/env viruses were prepared by
transfecting the full-length proviral plasmid into 293T cells by using Lipo-
fectamine 2000, as specified by the manufacturer (Invitrogen). Supernatants
were collected at 48 h posttransfection, filtered, and stored at �80°C. Replica-
tion assays were performed with PBMC as described for standard HIV-1 isolates
(108), except that 100 50% tissue culture infective doses (TCID50) of virus were
used per well of a 96-well plate.

Expression and purification of recombinant gp120. Recombinant gp120 pro-
teins from clones CC1/85 cl.6 and cl.7, CC101.19 cl.3, CC101.19 cl.7, and
CC101.6 cl.10 were transiently expressed from pPPI4-gp120 expression vectors.
These were constructed by subcloning the KpnI-BbvCI fragments from the de-
sired env gene into the pPPI4-JR-FL gp140 vector (13). Two consecutive in-
frame stop codons were then introduced by QuickChange mutagenesis (Strat-
agene) immediately following the lysine in the sequence REKR, the natural
cleavage site between gp120 and gp41. Other than in the gp120 coding se-
quences, the resulting pPPI4 vectors were identical to that used to express JR-FL
gp120 (107). The gp120 proteins were expressed and purified as previously
described (13, 107). Their concentrations were measured by the DC modified
Lowry protein assay (Bio-Rad, Hercules, Calif.). Their purity was �90% as
assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Binding of gp120 to CCR5. Capture enzyme-linked immunosorbent assays for
gp120 binding to sCD4 and MAb 17b were performed as described elsewhere
(76). To detect gp120 binding to cell surface CCR5, L1.2-CCR5 cells were
incubated with both purified gp120 (100 �g/ml) and biotinylated CD4-IgG2 (100
�g/ml) for 1 h at 37°C (34, 111). Bound CD4-IgG2 was then detected by staining
for 30 min at 25°C with phycoerythrin-conjugated streptavidin (BD BioSciences,
San Jose, Calif.). After being washed the cells were fixed in paraformaldehyde
and analyzed by flow cytometry.

Nucleotide sequence accession numbers. The 243 sequences that were deemed
valid have been submitted to GenBank (accession numbers AY357338 through
AY357580).

RESULTS

Changes in Env are responsible for CCR5 inhibitor resis-
tance. We reported previously that a primary R5 isolate, CC1/
85, became increasingly resistant to the CCR5 inhibitor AD101
on passaging in PBMC cultures in the presence of increasing
AD101 concentrations. After 19 passages, AD101 resistance
was substantial (�20,000-fold) (108). To confirm that resis-
tance was conferred by changes in the viral envelope glyco-
proteins, we cloned env genes from the resistant virus
(CC101.19) and used them to replace the env gene of the
infectious molecular clone, HIV-1 NL4-3. Similarly, we made
chimeric NL4-3 viruses by using env genes cloned from the
parental virus, CC1/85, to serve as controls. Seven clonal, chi-
meric infectious viruses were chosen for further study:
CC101.19 cl.3, CC101.19 cl.7, and CC101.19 cl.15 from the
passage 19 escape mutant isolate, CC101.19; CC1/85 cl.6,
CC1/85 cl.7, and CC1/85 cl.8 from the parental isolate, CC1/85;
and CCcon.20 cl.11 from the passage 20 control isolate,
CCcon.20.

The clonal viruses were confirmed to be replication compe-
tent in both PBMC and primary CD4� T cells. Their titer in
primary CD4� T cells on day 12 postinfection ranged from 104

to 105 TCID50/ml, when p24 production was typically 5 to 10
ng/ml. There was no major difference in the replication rates of

the CC1/85 or CC101.19 clones in primary CD4� T cells, and
the CC101.19 clones did not require AD101 for replication
(data not shown). Although we have not yet performed formal
fitness studies, the AD101 escape mutant isolates and clones
appear to be fully replication competent in primary CD4� T
cells.

The parental and escape mutant clones faithfully recapitu-
lated the phenotypes of the corresponding isolates. Thus, in a
representative experiment, all three clones derived from
CC101.19 were not inhibited by AD101 even at concentrations
as high as 20 �M whereas all three clones from the parental
isolate CC1/85 were sensitive to AD101, with an average 50%
inhibitory concentration (IC50) of �2 pM (Fig. 1a). Hence in
this experiment, the extent of resistance for the CC101.19-
derived clones, compared to clones from CC1/85, was �107-
fold. For all practical purposes, the CC101.19 clones are there-
fore completely resistant to the selecting compound. Clone
CCcon.20 cl.11 from the passage 20 control isolate also re-
tained the AD101-sensitive phenotype (data not shown).

The CC101.19 escape mutant isolate is completely cross-
resistant to SCH-C (108), a small-molecule CCR5 inhibitor
chemically related to AD101 (82, 83, 101, 103, 104, 108). We
therefore determined if the derived clones CC101.19 cl.3 and
cl.7 were also cross-resistant. Neither clone was inhibited by
SCH-C at the highest concentration tested (20 �M), whereas
both parental clones, CC1/85 cl.6 and cl.7, were sensitive to
SCH-C, with IC50s in the range 30 to 100 nM (Fig. 1b). The
escape mutant clones were therefore completely cross-resistant
to SCH-C, whereas the parental isolate clones retained the
sensitivity of the input CC1/85 virus.

To see if the resistance of the CC101.19 clones to the small-
molecule inhibitors reflected a more general resistance to
CCR5-targeted agents, we evaluated their sensitivity to the CC
chemokine RANTES and to a murine anti-CCR5 MAb, PA14
(81). We previously showed that the CC101.19 isolate was
�10-fold more resistant to RANTES than was the parental
CC1/85 isolate (108). However, the CC101.19 clones were at
least as sensitive as the CC1/85 clones to RANTES (Fig. 1c).
The CCR5 epitope for MAb PA14 has been mapped to extra-
cellular loop (ECL) 2 and the N terminus (NT) of CCR5 (81).
The CC101.19 isolate was ca. fivefold less sensitive than
CC1/85 to PA14 (108). The pattern of sensitivities of the cor-
responding CC1/85 and CC101.19 clones toward PA14 was
similar to what was observed with RANTES, in that all the
clones were inhibited by similar PA14 concentrations (Fig. 1d).
Hence, escape from the small-molecule inhibitor AD101 does
not involve the acquisition of strong resistance to other classes
of entry inhibitors that also target CCR5. This conclusion ap-
plies to both the CC101.19 isolate (108) and individual clones
derived from it (Fig. 1). Any phenotypic differences between
the CC101.19 isolate and its derivative clones are minor; pre-
sumably some CC101.19 clones will be modestly resistant to
RANTES and PA14, just as the isolate is (108). It is also
possible that minor differences in phenotype observed only
with the isolates, and not with the clones, map to determinants
outside the env gene, such as Gag regions that might influence
Env incorporation into the chimeric NL4-3-based viruses.

The sensitivities of the clonal escape mutant viruses to
RANTES and PA14 implies that, like the escape mutant iso-
late and the parental CC1/85 virus, they have an absolute
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dependence on CCR5 for entry (108). We confirmed this by
showing that none of the NL4-3/env clones could replicate to a
detectable extent in PBMC from a CCR5-�32 homozygous
individual whereas all the clones replicated efficiently in PBMC
from CCR5 wild-type donors (data not shown).

Env sequence evolution associated with the generation of
AD101 resistance. Multiple passages in PBMC culture were
required to generate an escape mutant with full resistance to
AD101 (108). Thus, the CC101.19 isolate acquired over
20,000-fold resistance to AD101 after 19 weekly passages. Par-
tial resistance was detected sooner; after six passages, the
CC101.6 isolate was approximately fourfold less sensitive than
CC1/85 to AD101 (108). The full escape mutant had a stable
phenotype, since AD101 resistance survived nine further pas-
sages in PBMC culture in the absence of AD101 (108). These
observations, taken together, suggest that multiple, sequential
genetic changes had conspired to create full resistance to
AD101 (108). To learn how escape had occurred, we studied
Env sequence evolution by using samples of virus-infected cells
frozen from each stage of the long-term PBMC culture and its
extension in the absence of AD101.

Multiple sequence changes had accumulated in CC1/85

gp120 over time, but gp41 changes were rare and inconsistent
(see below). In a phylogenetic analysis, sequences from the 4-,
10-, and 20-week passage control viruses (CCcon.4, CCcon.10,
and CCcon.20, respectively) clustered with the parental
CC1/85 sequences and had a similar degree of diversity (Fig.
2). In contrast, the viruses isolated under the AD101 selection
pressure branched off to form a distinct lineage with very little
internal sequence diversity (Fig. 2). Sequences from escape
mutant viruses cultured for nine further passages without
AD101 were clustered within the same lineage, suggesting that
they had changed little during the extension to the culture (Fig.
2).

For comparison, we also analyzed gp160 sequences from
viruses that had diversified in vivo from the same genetic lin-
eage. The parental virus for the escape mutant study, CC1/85,
was isolated in January 1985 from an individual who, at that
time, harbored only R5 strains (23, 24). Three isolates ob-
tained 13, 18, and 23 months later had the R5X4 phenotype
and are designated CC2/86, CC7/86, and CC12/86 (23, 24). A
precipitous decline in CD4� T-cell counts occurred during this
23-month period (23, 24). Sequences from these R5X4 isolates
showed a gradual progression to new forms but on a lineage

FIG. 1. Infectious molecular clones recapitulate the phenotype of the AD101-resistant escape mutant CC101.19. (a) Chimeric molecular clones
containing env genes derived from the parental CC1/85 isolate (open symbols) or the passage 19 escape mutant (solid symbols) were cultured in
primary CD4� T cells in the presence of the AD101 concentrations indicated, and the extent of HIV-1 replication was determined. The individual
clones are designated CC1/85 cl.6 (open squares), CC1/85 cl.7 (open circles), CC1/85 cl.8 (open triangles), CC101.19 cl.3 (solid squares), CC101.19
cl.7 (solid circles), and CC101.19 cl.15 (solid triangles). (b to d) Four of the above clones (same symbols) were also tested for sensitivity to SCH-C
(b), RANTES (c), and PA14 (d). Panel a displays data from a single representative experiment. Panels b to d show data averaged from three
independent experiments, with the error bars indicating the standard error of the mean (SEM).
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FIG. 2. Phylogenetic analysis of gp120 sequences from CC1/85 and related viruses. Sequence diversity is represented by horizontal distance.
CC1/85 sequences are represented by black bars. Sequences from the CCcon.4 (passage 4), CCcon.10 (passage 10), and CCcon.20 (passage 20)
isolates are shown by blue bars, with the darker bars denoting the later isolates. The sequences from viruses isolated under AD101 selection
pressure are represented in yellow, orange, and red. The sequences in green represent in vivo diversification that generates the CC2/86, CC7/86,
and CC12/86 isolates. The CC101.22R2, CC101.22R5, and CC101.22R9 sequences in different shades of purple are derived from escape mutant
viruses cultured in the absence of AD101 for a further nine passages.
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distinct from those of CC1/85 and the escape mutants selected
in vitro (Fig. 2).

Sequence changes in the V3 loop during the development of
AD101 resistance. Inspection of the predicted gp160 sequences
from throughout the course of AD101 selection revealed a
notable pattern of evolution within the gp120 V3 region (Fig.
3). One clone from the eight sequenced from CC1/85 con-
tained a single amino acid polymorphism; a proline residue
was present instead of the predominant histidine at position
308 (H308P) in the N-terminal side of the V3 loop. By passage
2 in the presence of AD101 (the CC101.2 clones), only a
proline was found at position 308; the originally dominant
histidine was completely absent (Fig. 3). With the exception of
a few minor polymorphisms, the V3 sequence of the passage 2
clones then remained unchanged until passage 8, when an
additional polymorphism (K305R) emerged nearby (Fig. 3).
This change, observed in 5 of the 19 sequenced CC101.8
clones, presumably arose by de novo mutation, since arginine
was not present at position 305 in any of the 41 clones from
earlier time points. By passage 10, 12 of 13 clones contained
arginine at position 305, and after pass as 12, arginine was the
only amino acid found at this position (Fig. 3). Two more
changes were observed in passage 14 clones, A316V and
G321E, again presumably arising by mutation. V3 sequences
carrying all four substitutions dominated from passage 16 on-
ward and were the only ones present by passage 18. Although
other scattered substitutions occurred in the V3 loop and
throughout gp160, none of them showed this pattern of stabi-
lization under selection (Fig. 3 and 4 and data not shown).

The H308P polymorphism was present in three of eight
sequences from the CC2/86 R5X4 isolate (Fig. 3). The A316V
substitution was absent from CC1/85 sequences but was evi-
dent in sequences from the CC2/86, CC7/86, and CC12/86
R5X4 isolates (Fig. 3). There, it appears in the context of a
very different V3 loop sequence and in a different lineage in

FIG. 3. V3 sequence alignments of Env clones. The first line shows
the consensus V3 sequence of the CC1/85 isolate based on eight
clones. The locations of specific amino acids and their corresponding
amino acid numbers, based on the HXBc2 sequence, are shown above
the consensus line. There are five blocks of sequence data below the
consensus line. Each block includes the following information (from
left to right): N, the number of clones from a given isolate having the
indicated V3 sequence; the source isolate, i.e., the isolate, based on the
nomenclature described in the text, from which the clones were gen-
erated; and the sequence. The sequence is shown in reference to the
consensus, with a dash representing identity to the consensus. Where
one or more clones differ from the consensus, the amino acid found in
that clone or clones is shown. Block 1 contains the eight clones from
the CC1/85 isolate, seven of which are identical to the consensus and
one of which contains the H308P polymorphism. This polymorphism
and others discussed in the main text are highlighted in red. Block 2
contains select isolates generated from the cultures treated with
AD101; the clones are shown first in order of the isolate from which
they were derived and then in order of the frequency at which each
clone is present in that isolate. Block 3 contains clones derived from
isolates cultured for 22 passages before AD101 was removed for an
additional 9 passages. Block 4 contains clones from three control
isolates passaged in the absence of AD101. Block 5 contains clones
from isolates derived from patient Case C at 13 (CC2/86), 18 (CC7/86),
and 23 (CC12/86) months after the CC1/85 isolate. The $ symbol in
one CC101.14 clone indicates the position of a premature stop codon.
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FIG. 4. Alignments of the consensus gp160 sequences from critical time points in the AD101 escape process. The consensus amino acid
sequence from the parental isolate, CC1/85, is given on the top line. Capital letters indicate that there was identity among all eight of the aligned
clones. Lowercase letters indicate the amino acid sequence of most but not all of the clones. The question mark indicates either that there was
a tie between amino acids at a given position or that the majority of clones had a gap at this position. A gap found in all clones is indicated by
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the phylogenetic tree with strong bootstrap support (Fig. 2 and
3). Hence, it most probably arose independently both in vivo
and in the in vitro escape lineage.

None of the above four V3 changes was ever seen in clones
of the control isolates from passages 4, 10, and 20, except for
the H308P polymorphism, which was present in 1 of 11 clones
from the CCcon.10 control isolate (Fig. 3). The latter obser-
vation is consistent with the hypothesis that H308P is a minor,
preexisting CC1/85 variant that was rapidly selected for in the
presence of AD101 but was not under selection pressure in the
control cultures. The V3 sequences from the passage 20 con-
trol clones also lacked the four V3 changes, although another
V3 polymorphism, F317L, was present in 9 of 12 CCcon.20
clones (Fig. 3). This particular polymorphism was absent from
clones from CC1/85 or the other passage control. isolates (Fig.
3). Its significance, if any, is unclear.

The four amino acid changes in V3 remained the dominant
form in the escape mutant viruses that had been cultured for 22
passages in the presence of AD101 and then for up to 9 addi-
tional passages without AD101 (designated CC101.22RX), al-
though some variants were evident as minor forms (Fig. 3).
Clearly, as with the AD101 escape phenotype itself (108), the
genetic changes associated with it are stable.

Sequence evolution elsewhere in gp160 during the evolution
of AD101 resistance. Other sequence changes occurred else-
where in Env as AD101 resistance developed (Fig. 4). These
changes arose with a different time course from the V3 substi-
tutions; they typically became fixed in the AD101-treated cul-
tures at or before passage 4, so their occurrence did not cor-
relate with the development of complete resistance to AD101.
It is, however, possible that some non-V3 changes may play a
role in the fourfold resistance to AD101 possessed by the
CC101.6 isolate (108). Most of the non-V3 changes are likely
to have been rapidly selected for from the input virus popula-
tion; many, but not all, of them were present as minor variants
in CC1/85 clones (Fig. 4 and data not shown).

Several distinct patterns of selection can be seen by inspec-
tion of the alignments of the consensus sequences from critical
time points (Fig. 4). Three such patterns are as follows. First,
some sequences were selected for in the AD101-treated cul-
tures but not in the control culture (CCcon.20) or the in vivo
isolates (CC12/86). These sequences are shown in red in Fig. 4.
Twelve of these changes are in gp120, and seven in gp41. Of
those in gp120, two were found in the V1 loop, three were
found in the V3 loop, three were found in the C3 region, and
four were found in the V4 loop. All the amino acid changes,

including H308P, that arose in the AD101-treated cultures but
not in the control cultures or in vivo, were selected for by
passage 4 or earlier, with the exception of the K305R and
G321E substitutions in the V3 loop (see above). Another of
these variants is part of a 4-residue insertion, VTNN, in V1
between amino acids 136 and 137. This insertion adds a new
N-linked glycosylation site at position 136. In contrast, an N-
to-K change at the first amino acid of V4 eliminates an N-
linked glycosylation site. The seven changes in gp41 are scat-
tered throughout the protein and are mostly conservative
substitutions (Fig. 4).

The second pattern observed, depicted in green in Fig. 4,
involves amino acid changes that were selected for in both the
AD101-treated and control cultures. Some of these are also
present in the in vivo sequences. Of the changes that meet this
criterion, one each can be found in C2, C3, and V4 while four
are present in V5 and four more are present in gp41 (Fig. 4).
The only substitution in this group that was not stabilized in
the AD101-treated cultures by passage 4 was D167N (Fig. 4).
This amino acid is polymorphic in the CC1/85 isolate and
remains so throughout the AD101 selection process. An Asn
residue gradually becomes more prevalent at this position but
does not become dominant until passage 20. Given the slow-
ness with which it emerged and given that it is also selected for
in the control cultures, the D167N change is not likely to be
involved in the development of AD101- resistance (Fig. 4 and
data not shown).

The final pattern seen in the consensus alignments, shown in
blue in Fig. 4, involves amino acids that were selected for both
in the AD101-treated culture and in vivo but not in the control
culture. All these changes also become fixed in the AD101-
treated cultures by passage 4, with the exception of the A316V
substitution in V3 (see above). Four of them occur in V1, three
as part of the 4-amino-acid insertion described above, one
occurs in C3, four occur in V4, and one occurs in gp41 (Fig. 4).

Overall, all the amino acid changes that occurred under
AD101 selection pressure, regardless of the pattern into which
they fall, remained the dominant sequences in the CC101.22R9
culture (Fig. 4). Hence they were stable after the AD101 se-
lection pressure was withdrawn. Unlike many of the gp120
substitutions, those within gp41 were conservative and did not
involve charge changes or alterations in glycosylation sites. The
V4 and V5 regions were highly polymorphic in the CC1/85
isolate but became fixed to essentially invariance by passage 4.
In contrast, while sequences from the control culture also lost
some variability in these regions, they did so to a much lesser

a dot. Aligned with the CC1/85 consensus are the consensus sequences from isolates from passages 4, 10, and 20 (CC101.4, CC101.10, and
CC101.20, respectively), derived under AD101 selection pressure. Also depicted are consensus sequences from the CC101.22R9 isolate, which was
cultured in the absence of AD101 for 9 passages after 22 passages in the presence of AD101; the passage control CCcon.20 isolate, which was
cultured for 20 passages in the same PBMC as the AD101-treated cultures, but in the absence of drug; and CC12/86, which was isolated from
individual Case C 23 months after the CC1/85 isolate was obtained. If the aligned sequence is identical to that of the CC1/85 consensus line, this
is indicated by a dash; otherwise, the symbols described above are used to depict differences from the consensus sequence. Amino acids highlighted
in red are those that were selected for in the AD101-treated cultures but not in the control cultures or in vivo. Amino acids highlighted in green
are those that were selected for in both the AD101-treated and control cultures. Amino acids highlighted in blue are those that were selected for
in the AD101-treated cultures and in vivo but not in the control cultures. The numbering system is based on that of HXBc2. The amino acid under
the �0” of each number is the one intended to be indicated by the label. The variable and constant regions of gp120, and the gp120-gp41 cleavage
site, are also indicated. The outlined amino acids are those which have been implicated in the binding of, or neutralization by, MAb 17b (59, 94,
105, 118). Amino acids on a gray background are those implicated in forming part of a conserved coreceptor binding site that partially overlaps
the epitope for 17b (93, 94).
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extent. The in vivo sequences also remained highly polymor-
phic in V4 and less so in V5 (Fig. 4 and data not shown).

Finally, and of particular significance, the selection pressure
of AD101 caused no detectable sequence variation in the
amino acids from the C4 region and the stem of the V1/V2
loops that together comprise the bridging sheet of the gp120
core, a structure which represents the most highly conserved
element of the CCR5 binding site (59, 93, 94) (Fig. 4). Mu-
tagenesis studies and the crystal structure of the complex
formed between the 17b Fab fragment, the conserved core of
gp120, and the first two domains of CD4 together indicate that
the CD4-induced epitope for MAb 17b is formed from gp120
elements that overlap the conserved CCR5 binding site (59, 94,
105, 118). The 17b epitope was also unchanged in the AD101
escape mutant clones (Fig. 4).

Changes in the V3 loop of CC1/85 confer AD101 resistance.
The availability of NL4-3/env chimeras that reproduced the
AD101-resistant and -sensitive phenotypes allowed us to in-
vestigate the genetic basis for AD101 resistance. We noted,
however, that individual CC1/85 env clones were extremely
sensitive to AD101 inhibition, significantly more so than the
corresponding isolates. The average IC50 for a single clone,
CC1/85 cl.7, over four independent experiments, was �4 pM
(Table 1). In contrast, the average IC50 for the CC1/85 isolate
was �1 nM, 250-fold greater (108). The difference was not a
general property of the clonal virus stocks, because they were
no more sensitive than the CC1/85 isolate to inhibition by
SCH-C, RANTES, or PA14 (Fig. 1) (108). Instead, it presum-
ably reflects the method and other differences involved in
working with isolates and NL4-3/env chimeric clones (see be-

low). Hence, absolute values for the fold resistance of clones to
AD101 should not be directly compared with values for the
corresponding isolates. Fold resistance values for clones may,
however, be compared with values for other clones, and those
for isolates may be compared with values for other isolates.

The pattern of Env sequence evolution described above sug-
gested that genetic analyses should focus on the V3 loop.
Although amino acid changes in other regions of gp120 and
gp41 do become fixed early in the AD101 selection process
(Fig. 4), only V3 amino acids were under active selection at
times that correlated with the acquisition of complete AD101
resistance. Moreover, there is ample precedent for the V3 loop
influencing the HIV-1 phenotype, including coreceptor choice
(20–22, 31, 33, 39, 47, 48, 100, 114).

We therefore made chimeric env genes in which the coding
region for amino acids 271 to 386 of the parental CC1/85 virus
(clone CC1/85 cl.7) was replaced with the corresponding seg-
ment of the fully resistant AD101 escape mutant clone;
CC101.19 cl.7. This chimera is referred to as CC1/85 cl.7(8).
The exchanged fragment encodes part of the C2 region, the V3
and C3 regions, and the first amino acid of V4. The designation
“8” in the chimera identifier signifies that there are eight
amino acid changes between the clones in the region swapped.
Listing the CC1/85 cl.7 amino acid first, the changes were
I271V in C2; K305R, H308P, A316V, and G321E in V3;
N337Q and E351K in C3; and N386K, the first amino acid of
the V4 loop (Fig. 4; Table 2). The other three C3 polymor-
phisms (R343K, Q344H, and G379R) that were selected for in
the AD101-treated cultures were already present in CC1/85
cl.7. Hence, they are invariant among the various chimeras and

TABLE 1. IC50s for AD101 inhibition of NL4-3/env chimeric virus replication in primary CD4� T cells

env clone, chimera, or mutant AD101 IC50 (nM)a Relative fold differenceb

CC1/85 cl.7 0.004 1
CC101.19 cl.7 �20,000 �5 	 106, �
CC1/85 cl. 7(8) �20,000 �5 	 106, �
CC101.19 cl.7(8) 0.6 150, �
CC1/85 cl.7(H308P) 2 500, �
CC1/85 cl. 7(K305R, H308P) 400 100,000, �
CC1/85 cl.7(K305R, H308P, A316V, G321E) �20,000 �5 	 106, �
CC1/85 cl.7(K305R) 0.0004 10, 

CC1/85 cl.7(A316V, G321E) 0.0006 7, 

CC1/85 cl.7(K305R, A316V, G321E) 0.000006 700, 

CC101.19 cl.7(R305K, P308H, V316A, E321G) 0.02 5, �
CC101.19 cl.7(P308H) 0.0002 20, 

CC101.19 cl.7(R305K, P308H) 1 250, �

a Approximate IC50s for AD101 inhibition curves were calculated by fitting to a sigmoidal dose-response curve by nonlinear regression using the program Prism
(GraphPad Software) for the average data sets shown in Fig. 4 and 5.

b Relative fold difference in IC50 for AD101 compared to CC1/85 cl.7, which is used as a reference. � and 
 indicate that IC50 is respectively greater or less than
that for CC1/85 cl.7.

TABLE 2. Comparison of amino acids exchanged in the CC1/85 cl.7(8) and CC101.19 cl.7(8) Env chimeras

Env
Amino acid identitya at following position and location

271, C2 305, V3 308, V3 316, V3 321, V3 337, C3 343, C3 344, C3 351, C3 379, C3 386, V4

CC1/85 consensus I K H A G N R Q E G N
CC101.19 consensus V R P V E Q K H K R K
CC1/85 cl.7(8) I K H A G N K H E R N
CC101.19 cl.7(8) V R P V E Q K H K R K

a The amino acids which differ between CC1/85 cl.7(8) and CC101.19 cl.7(8) are highlighted in bold type.
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clones now under study (Fig. 4, Table 2). A reciprocal chimera
in which the corresponding region from CC1/85 cl.7 was in-
serted into CC101.19 cl.7 is referred to as CC101.19 cl.7(8).
The amino acid changes in the parental and chimeric env
clones are summarized in Table 2.

NL4-3-based viruses containing the above env genes were
used to generate clonal virus stocks, which were then tested for
AD101 sensitivity in replication assays using primary CD4� T
cells (Fig. 5). The CC101.19 cl.7(8) chimeric virus was highly
sensitive to AD101 (IC50, �0.6 nM), whereas CC1/85 cl.7(8)
resisted the highest AD101 concentration tested (20 �M) (Fig.
5; Table 1). In the context of these two env clones, complete
resistance to AD101 therefore maps to the interchanged gp120
fragment spanning amino acids 271 to 386. The CC101.19
cl.7(8) chimera was �150-fold more resistant than CC1/85 cl.7
to AD101, with the average IC50s being �600 and �4 pM,
respectively (Fig. 5; Table 1). Hence, changes in gp120 outside
of residues 271 to 386 do make some contribution to AD101
resistance, but they cannot account for the complete resistance
of the CC101.19 clones (Fig. 5; Table 1).

Site-directed mutagenesis of specific residues in the V3 loop.
To define which specific amino acids within residues 271 to 386
can confer complete resistance to AD101, we used the AD101-
sensitive clone CC1/85 cl.7 as a basis for site-directed mutagen-
esis. This clone was chosen because, while it lacks many of the
Env substitutions that were apparently selected for during the
early passages with AD101 (i.e., prior to passage 4), including
the H308P polymorphism in the V3 loop, it is the most closely
related of the eight CC1/85 clones to the ones selected for
under pressure from AD101 (data not shown). We first
changed one or more of the four amino acids that differed
between the V3 regions of CC1/85 cl.7 and the AD101-resis-
tant clone, CC101.19 cl.7. One such mutant, CC1/85
cl.7(K305R, H308P, A316V, G321E), differs from CC1/85 by
possessing all four of the substitutions in the V3 loop high-
lighted by the sequence analysis (Fig. 3). The CC1/85 cl.7

(K305R), CC1/85 cl.7(H308P), CC1/85 cl.7(K305R, H308P),
CC1/85 cl.7(A316V, G321E), and CC1/85 cl.7(K305R, A316V,
G321E) env genes were also made; they differ from CC1/85 cl.7
at one, two, or three of the above V3 residues.

The mutated coding sequences were reconstituted into rep-
lication-competent viruses, and replication assays were per-
formed with primary CD4� T cells in the presence of increas-
ing AD101 concentrations (Fig. 6a and b). As noted above, the
IC50 for AD101 inhibition of CC1/85 cl.7 was, on average, 4
pM. Consistent with our earlier studies of the viruses bearing
chimeric env genes (Fig. 5; Table 1) and the sequence evolu-
tion analysis (Fig. 3), the quadruple mutant CC1/85
cl.7(K305R, H308P, A316V, G321E) was completely resistant
to AD101, even at 20 �M (Fig. 6a; Table 1). However, the
single H308P change was alone sufficient to confer �500-fold
resistance upon CC1/85 cl.7, with the IC50 being �2 nM (Fig.
6a; Table 1). A further �200-fold resistance to AD101 was
created by adding the K305R change to the CC1/85
cl.7(H308P) virus to make the CC1/85 cl.7(K305R, H308P)
double mutant (Fig. 6a; Table 1). Clearly, the two further
changes (A316V and G321E) in the quadruple mutant gener-
ate yet further resistance (Fig. 6a; Table 1). Four amino acid
changes in the V3 loop were therefore sufficient to convert the
AD101-sensitive CC1/85 virus into one that was completely
resistant to AD101.

The sequence analysis revealed that the K305R change and
the later A316V and G321E changes arose in the context of a
V3 loop in which the H308P substitution was already present
(Fig. 3). We therefore determined whether the H308P substi-
tution was important for the action of the later changes. Thus,
the K305R, A316V, and G321E changes were introduced into
CC1/85 cl.7 in the absence of H308P (Fig. 6b; Table 1). The
mutant clones were all strongly inhibited by AD101 (Fig. 6b;
Table 1). Indeed, the CC1/85 cl.7(K305R) and CC1/85
cl.7(A316V, G321E) viruses were slightly (�10-fold) more sen-
sitive than was CC1/85 cl.7 and the triple mutant CC1/85
cl.7(K305R, A316V, G321E) was significantly more sensitive
(�700-fold). Hence, the phenotypic influence of the K305R,
A316V and G321E changes was strictly context dependent,
requiring the presence of proline at residue 308. The effect of
the three later-arising changes clearly differed from that of
H308P. They did not themselves impart any AD101 resistance
to the parental CC1/85 cl.7 clone, but they did markedly po-
tentiate the effect of H308P by conspiring with it to impart
even greater resistance to AD101.

Reverse mutagenesis confirms the role of the V3 loop in
conferring AD101 resistance. The above experiments clearly
showed that four amino acid changes in V3 were sufficient to
confer complete AD101 resistance on CC1/85 cl.7. We next
performed reverse mutagenesis to determine whether these
same changes were necessary for complete resistance. The four
critical V3 residues in the AD101-resistant clone, CC101.19
cl.7, were therefore replaced with the cognate amino acids
from the AD101-sensitive virus, CC1/85 cl.7 (Fig. 6c; Table 1).
The quadruple mutant CC101.19 cl.7(R305K, P308H, V316A,
E321G) was fully sensitive to AD101, with an IC50 (�20 pM)
only ca. fivefold greater than that of CC1/85 cl.7. Two addi-
tional substitutions introduced into the CC101.19 cl.7 back-
ground, CC101.19 cl.7(P308H) and CC101.19 cl.7(R305K,
P308H), also caused an increase in AD101 sensitivity relative

FIG. 5. AD101 sensitivity of NL4-3/env chimeric viruses with inter-
changed C2, V3, and C3 regions. The AD101-sensitive clones CC1/85
cl.7 (squares) and AD101-resistant CC101.19 cl.7 (diamonds) and the
chimeric clones CC1/85 cl.7(8) (triangles) and CC101.19 cl.7(8) (cir-
cles) were all tested for AD101 sensitivity in an assay of HIV-1 repli-
cation in primary CD4� T cells. The results depicted are the average
of four or five independent experiments, with the error bars indicating
the SEM.
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to the parental, AD101-resistant clone (Fig. 6c; Table 1).
Hence, the four V3 loop changes in CC1/85 that were high-
lighted by the sequence analysis (Fig. 3) were, in fact, critical
for generating AD101 resistance (Fig. 6c; Table 1).

Sequences outside the V3 loop influence the extent of AD101
resistance. Sequences outside the V3 loop can modify the way
in which sensitivity to AD101 is affected by changes within the
loop. For example, the CC101.19 cl.7(P308H) mutant was
more sensitive to AD101 than were the CC101.19 quadruple
mutant and the parental clone, CC1/85 cl.7 (Fig. 6c; Table 1).
Hence, in the context of CC101.19 cl.7, the single change
P308H was alone sufficient to create a highly AD101-sensitive
virus. Of note is the observation that the CC101.19 cl.7
(P308H) and CC1/85 cl.7(K305R, A316V, G321E) viruses
have identical V3 loops in different Env backgrounds. Both
clones were very sensitive to AD101, more so than the parental
clones containing the CC1/85 consensus amino acids at all four
V3 positions. The difference in sensitivity is most apparent
when comparing the IC50 for CC1/85 cl.7 with that for CC1/85
cl.7(K305R, A316V, G321E) and when comparing the IC50 for
CC101.19 cl.7(R305K, P308H, V316A, E321G) with that for
CC101.19 cl.7(P308H) (Fig. 6b and c; Table 1). Hence, the V3
sequence containing R305, H308, V316, and E321 seems able
to confer the phenotype of increased sensitivity to AD101,
irrespective of its context, whereas the H308P change yields
either a fully or a partially resistant phenotype depending on
the context into which it is introduced.

The other mutant made in the background of CC101.19 cl.7,
CC101.19 cl.7(R305K, P308H), underscores the influence of
regions outside the V3 loop in determining the AD101 resis-
tance phenotypes of clonal viruses bearing mutant env genes,
as follows. The CC1/85 cl.7 virus and CC101.19 cl.7 quadruple-
mutant virus have identical V3 loops that contain the CC1/85
consensus amino acids at all four V3 positions: K305, H308,
A316, and G321. As in the above example, these clones serve
as the reference viruses for the two mutants, CC1/85
cl.7(A316V, G321E) and CC101.19 cl.7(R305K, P308H). The
two mutants have identical V3 loops, each containing the V316
and E321 substitutions. However, these mutants have very
different phenotypes from the reference clones from which
they were derived. Thus, the CC101.19 cl.7(R305K, P308H)
mutant was �50-fold less sensitive to AD101 than was the
CC101.19 cl.7 quadruple mutant (Fig. 6c; Table 1), whereas
CC1/85 cl.7(A316V, G321E) was slightly (�7-fold) more sen-
sitive than CC1/85 cl.7 to AD101 (Fig. 6c; Table 1).

Clearly, then, while the V3 loop appears to be the critical
determinant of complete AD101 resistance in these two env
clones, the V3 sequences do not act alone when influencing the
relative sensitivity of specific variants to AD101; the way in
which the V3 sequences interact with other regions of gp120 is
also important.

The above results demonstrate that, taken together, the V3
loop changes at positions 305, 308, 316, and 321 are both
necessary and sufficient for complete AD101 resistance in the
backgrounds of both CC1/85 cl.7 and CC101.19 cl.7. Differ-
ences in how specific amino acid substitutions act in different
mutant viruses, alone and in combination, probably reflect
differences in the genetic backgrounds of CC101.19 cl.7 and
CC1/85 cl.7 and the consequent influence of residues in re-
gions outside V3 that vary between the two Env proteins.

FIG. 6. Effect of specific amino acid substitutions in the V3 loop on
sensitivity to AD101. (a) The parental CC1/85 cl.7 virus (squares) and
mutants CC1/85 cl.7(H308P) (diamonds), CC1/85 cl.7(K305R, H308P)
(triangles), and CC1/85 cl.7(K305R, H308P, A316V, G321E) (circles)
were all tested for AD101 sensitivity in an assay of HIV-1 replication
in primary CD4� T cells. (b) Three additional mutants derived from
CC1/85 cl.7 (squares) were also tested for AD101 sensitivity: CC1/85
cl.7(K305R) (diamonds), CC1/85 cl.7(A316V, G321E) (triangles), and
CC1/85 cl.7(K305R, A316V, G321E) (circles). (c) Reverse mutants
made in the context of the AD101-resistant parental clone CC101.19
cl.7 (squares) were evaluated: CC101.19 cl.7(R305K, P308H, V316A,
E321G) (diamonds), CC101.19 cl.7(P308H) (triangles), and CC101.19
cl.7(R305K, P308H) (circles). The results depicted in all panels are the
average of four or five independent experiments, with the error bars
indicating the SEM.
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Receptor binding properties of gp120 monomers derived
from AD101-sensitive and -resistant viruses. To gain initial
insights into which alterations in the properties of Env were
created by the genetic changes associated with AD101 resis-
tance, we expressed and purified monomeric gp120 proteins
from AD101-sensitive and -resistant clones. In a standard
gp120 capture ELISA (76), the 50% effective concentrations
(EC50s) for half-maximal CD4-IgG2 binding to gp120 were as
follows: JR-FL, 60 ng/ml; CC1/85 cl.6, 69 ng/ml; CC1/85 cl.7,
40 ng/ml; CC101.19 cl.3, 56 ng/ml; CC101.19 cl.7, 94 ng/ml;
CC101.6 cl.10, 75 ng/ml. The EC50s for 17b binding ranged
from 33 to 190 ng/ml in the absence of sCD4 and from 6.1 to
9.3 ng/ml in the presence of 1 �g/ml sCD4, the induction of 17b
binding by sCD4 being from 4- to 20-fold (data not shown).
Thus in the presence of sCD4, all the CC1/85 and CC101.19
gp120s bind 17b in a similar manner. Hence all the expressed
gp120 proteins were folded properly, in that they could bind
with high affinity to CD4 and a MAb, 17b, which is often used
as surrogate for CCR5.

We therefore tested the ability of the gp120 proteins to bind
CCR5 directly, by using flow cytometry to measure the extent
of binding of gp120–CD4-IgG2 complexes to CCR5-expressing
L1.2 cells (34, 111). No significant binding of any gp120-CD4-
IgG2 complex to CCR5-negative parental L1.2 cells could be
detected (data not shown). In the absence of CD4-IgG2 or
gp120, no gp120 binding to L1.2-CCR5 cells could be detected,
as expected (Fig. 7 and data not shown). However, when added
as CD4-IgG2 complexes, gp120 proteins from two different,
AD101-sensitive clones of CC1/85 bound efficiently to L1.2-
CCR5 cells, and their binding was completely inhibited by
AD101 (Fig. 7). In contrast, CD4-IgG2 complexes of gp120
proteins from two different clones of the fully AD101-resistant

virus, CC101.19, failed to bind to L1.2-CCR5 cells, even at the
very high input concentration of 100 �g/ml and whether or not
AD101 was present. We therefore tested gp120 from the par-
tially AD101-resistant virus CC101.6. This gp120 bound effi-
ciently to L1.2-CCR5 cells, and its binding was inhibited by
AD101 (Fig. 7).

Both the CC101.6 clone and the two CC101.19 clones con-
tain the amino acid changes selected for during the first four
passages in the presence of AD101, including the H308P
change in V3, whereas only the two CC101.19 clones have all
four V3 substitutions (K305R, H308P, A316V, and G321E)
(see above) (Fig. 3 and 4). Indeed, CC101.6 cl.10 gp120 differs
from CC101.19 cl.3 gp120 at only four positions: G78D,
K305R, A316V, and G321E (the CC101.6 cl.10 amino acid is
listed first, and the CC101.19 cl.3 residue is listed last). The
presence of G at position 78 of CC101.6 cl.10 probably repre-
sents a sporadic polymorphism, since this substitution was not
found in any other clone. Moreover, like the two CC101.19
gp120s, the two CC1/85 gp120s both contain D78. Hence, the
glycine residue present at position 78 in CC101.6 cl.10 is highly
unlikely to be relevant to why the CC101.19-derived gp120s fail
to bind cell surface CCR5. In addition to the G78D, K305R,
A316V, and G321E substitutions, the CC101.6 cl.10 gp120
protein differs from the CC101.19 cl.7 protein by only one
additional substitution, D167N, a polymorphic residue dis-
cussed above. Again, an asparagine residue at position 167 is
unlikely to have any impact on CCR5 binding; CC1/85 cl.7
possesses N at this position and binds to CCR5, whereas
CC101.19 cl.7 also has an N but fails to bind. Finally, neither
amino acid 78 nor 167 is known to be in a region associated
with CCR5 binding (59, 93, 94).

The most likely explanation of why gp120 from CC101.19

FIG. 7. Binding of monomeric gp120s from AD101-sensitive and -resistant viruses to L1.2-CCR5 cells in the presence and absence of AD101.
The monomeric gp120 proteins indicated (100 �g/ml) with or without biotinylated CD4-lgG2 (100 �g/ml) were added to L1.2-CCR5 cells with and
without AD101 (1 �M). The extent of binding of the gp120-CD4-IgG2 complex was measured as the mean fluorescence intensity (MFI) and is
shown in arbitrary units (A.U.). Uncorrected mean fluorescence intensity values from a single, representative experiment are presented. The
intrinsic fluorescence in the absence of gp120 is indicated in the “no gp120” column.
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fails to bind CCR5 on L1.2 cells is that one or more of the
K305R, A316V, and G321E substitutions in V3 has a decisive
influence on a critical aspect of Env conformation. We pre-
pared a model of the V3 loop crown regions of CC1/85 and
CC101.19 gp120s, derived from the structures of complexes
between V3 loop peptides and Fab fragments from the HIV-1
neutralizing antibodies 50.1 (92) and 59.1 (41, 42). The model
indicates that the replacement of H308 by proline does not
increase the probability of a tight turn but that the normal
�-strand observed in this region for all V3 peptide-Fab com-
plexes would probably be disrupted (data not shown). Hence,
it is clearly possible that in the context of a native Env struc-
ture, the H308P change could have a marked impact on the
geometry of the V3 loop. Additional studies are required to
investigate how this change could influence the resistance to
CCR5 inhibitors.

DISCUSSION

Genetic correlates of escape from a small-molecule CCR5
inhibitor. Clearly, HIV-1 can escape from the pressure exerted
in vitro by a CCR5-specific, small-molecule inhibitor of virus
entry (108). This is not surprising, given the propensity of
HIV-1 to mutate and the ability of its Env complex to accu-
mulate sequence changes without functional impairment (86,
119). What was less predictable was the finding that an R5
virus evolved to continue to use CCR5 rather than switching its
coreceptor preference to CXCR4, in an experimental system
where CXCR4 was clearly available (35, 108). We are now
trying to understand why HIV-1 did not follow what was intu-
itively the line of least resistance but instead, adopted an ap-
parently more complex escape route. An explanation of this
point might enable us to better understand what might happen
if CCR5 inhibitors are used clinically for sustained periods as
front-line antiviral drugs.

We previously studied two isolates (CC101.6 and CC101.19)
that were derived from the parental R5 isolate CC1/85 after
passaging for 6 and 19 passages, respectively, in the presence of
AD101 (108). We showed that evolution of AD101 resistance
was at least a two-step process; a partial (�4-fold) loss of
sensitivity to the selecting agent was acquired after 6 passages,
and essentially complete (�20,000-fold) resistance was ac-
quired by 19 passages (108). There was no overt loss of repli-
cation competence in PBMC associated with the development
of full AD101 resistance. The genetic data we have now ob-
tained are consistent with, and help explain, the phenotypic
changes.

By passage 4 of the AD101 selection process, the Env se-
quence had become highly homogeneous. Multiple, previously
minor, amino acid sequences became dominant among the
sequenced clones, to the extent that they were essentially fixed.
We propose that the partial AD101 resistance of the CC101.6
isolate is explained by selection of relatively resistant clones
from among the preexisting CC1/85 population. A likely mech-
anism is the increased ability of viruses bearing the variant Env
proteins to better exploit lower levels of free CCR5; such
viruses would be relatively well suited to replicate during the
early stages, when AD101 concentrations were only moder-
ately elevated (108). Because the clones derived from CC101.6
contain all the amino acid changes selected for early (by pas-
sage 4) but none of those that arose and were selected for later

(after passage 8), some or all of the initially selected sequences
must play a role in partial resistance to AD101. Among them
is the H308P substitution in the V3 loop, and we have con-
firmed by mutagenesis that this change does confer partial
resistance. Hence, we believe that the H308P substitution was
the most critical difference selected for from the CC1/85 pop-
ulation during the first four passages with increasing AD101
concentrations. Other changes occurring or selected for over
the same time may represent adaptations to long-term PBMC
culture or may be mere hitchhikers on the galaxy of Env pro-
teins that happened to carry the critical H308P change.

Sequence analysis of the clones obtained from isolates after
passage 4 indicates that the complete AD101 escape pheno-
type of the passage 19 isolate is associated with three addi-
tional, sequential V3 substitutions: K305R, A316V, and
G321E. These changes arise and are selected for at a time that
correlates with the acquisition of full resistance (108). The four
V3 loop changes associated with AD101 resistance remained
stable, with only a few exceptions, when the resistant isolate
CC101.22 was cultured for an additional nine passages without
AD101. This is consistent with the stability of the resistance
phenotype over the same time (108). We are now studying
whether a more prolonged culture without AD101 allows the
V3 changes to revert and whether this is associated with reac-
quisition of AD101 sensitivity.

In contrast to the four changes in the V3 loop, there was no
detectable selection pressure on amino acids in the C4 region
or the stem of the V1/V2 loop that make up the bridging sheet
of the gp120 core, the most highly conserved element of the
CCR5 binding site (59, 93, 94). Nor was there any change in
the footprint of MAb 17b to the CD4-induced epitope that
overlaps the CCR5 binding site (59, 94, 105, 118).

In vivo, X4 viruses evolved in the individual from whom
CC1/85 was obtained, such that an R5X4 virus, CC2/86, was
isolated 13 months later (23, 24). Additional studies are now in
progress, using clonal viruses of defined phenotype derived
from CC2/86, to try to define which sequence changes in a
CC1/85 R5 clone are sufficient to confer CXCR4 usage. It will
be instructive to compare such changes with those that create
AD101 resistance while preserving the R5 phenotype.

Sequence changes in the V3 loop confer resistance to AD101.
To better define the genetics of AD101 resistance, we inserted
env clones from CC1/85 and CC101.19 into the pNL4-3 back-
bone, in the absence of other changes. The clonal viruses
qualitatively reconstitute the AD101-sensitive and -resistant
phenotypes of the CC1/85 and CC101.19 isolates, respectively.
There are, however, quantitative differences in the degree of
resistance shown by the clonal viruses and the corresponding
isolates. Much of the difference is probably methodology
based. NL4-3-based Env chimeric viruses may differ from nat-
ural viruses in the extent of Env incorporatation, which could
affect fusion efficiency and its inhibition (55, 87). Viruses pro-
duced by transfection of 293T cells and by natural infection of
PBMC may also vary in how they attach to target cells because
of differences in their complement of host-derived proteins
(106). There are also more subtle issues; for example, it is not
obvious why AD101 inhibits the CC1/85 cl.7 clone 250-fold
more potently than it inhibits the CC1/85 isolate when no
differential sensitivity was observed using the related inhibitor,
SCH-C.
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Mutagenesis studies using the chimeric Env clones refined
our understanding of the resistance mechanism. Thus, the
H308P change was sufficient to cause a 500-fold increase in the
AD101 resistance of a CC1/85 clone, and the addition of both
the H308P and R305K substitutions caused a further 200-fold
resistance increase. The introduction of all four amino acid
changes highlighted by the sequence analysis (K305R, H308P,
A316V, and G321E) created a virus completely resistant to
AD101 concentrations as high as 20 �M. Conversely, when the
reverse changes were made at these four V3 positions, the
AD101-resistant virus CC101.19 cl.7 was converted into one
that was highly sensitive to AD101. Taking the mutagenesis
and the evolutionary genetics data together, the �20,000-fold
resistance of the CC101.19 isolate to AD101 is due primarily to
the four substitutions within the V3 loop.

It is no surprise that the V3 loop plays a dominant role in
altering the coreceptor interactions of an HIV-1 isolate. There
is ample precedent for a major influence of the V3 region on
viral tropism, which we now understand to be largely a conse-
quence of coreceptor choice (20–22, 31, 33, 39, 47, 48, 100,
114). Moreover, the V3 loop is a component of the gp120
binding sites for both CCR5 and CXCR4 (12, 22, 25, 33, 61, 93,
94). Its ability to vary in sequence while preserving its functions
renders it an obvious place for amino acid substitutions to
accumulate in response to AD101 selection pressure. Other
elements of the CCR5 binding site on gp120 are more highly
conserved, and so sequence changes there are inherently less
likely (33, 93, 94, 119).

There have been previous studies of escape from coreceptor
inhibitors. The development of partial (four- to sixfold) resis-
tance of the R5 isolate JR-FL to macrophage inflammatory
protein 1� was also associated with a V3 sequence change,
acting in concert with another substitution in the V2 loop (68).
The generation of �100-fold resistance to the anti-CCR5 MAb
2D7 when using the JR-CSF isolate was not associated with V3
sequence changes, although the genetic correlates of resistance
were not fully identified (1). A significant proportion of the
amino acid changes that accumulated in gp120 from the X4
virus NL4-3 during prolonged passage in vitro with the CXCR4
antagonists AMD3100, SDF-1, and T134 were also located in
V3 (30, 50, 97). In each case, the resistant virus continued to
use CXCR4, but in an inhibitor-insensitive manner (30, 50, 97).
It was not determined whether the V3 loop changes were
responsible for the generation of the resistant viruses, but it is
a reasonable assumption that they were, at least, relevant (30,
50, 97).

A clone of HIV-1 JR-CSF can adapt to growth on cells that
express CCR5 extracellular domain mutants with changes in
the defined binding sites for HIV-1 (84). The virus adapted to
each CCR5 substitution by selecting a specific pattern of
changes in the V3 loop. Engineered mutants of the parental
virus containing the V3 substitutions replicated efficiently, in a
strictly CCR5-dependent manner, in cells expressing either
wild-type or mutated CCR5, whereas the parental virus could
use only wild-type CCR5. Hence, as we have found in the
present study, the interaction of gp120 with CCR5 can be
highly plastic, with changes in the V3 loop being sufficient to
significantly influence it (84).

Functional aspects of AD101 resistance. Although the
CC101.19 clones are fully resistant to AD101 and to other

small-molecule CCR5 inhibitors such as SCH-C, they retained
their sensitivity to CCR5-specific MAbs and to the CC chemo-
kine RANTES. Hence, just like the CC101.19 isolate from
which they were cloned, they still use CCR5; indeed, their
inability to replicate in PBMC from CCR5-�32 homozygous
individuals shows they absolutely require CCR5 for entry. Re-
sistance to CCR5-targeted inhibitors is therefore not global;
instead, resistance to the different classes of inhibitor is likely
to depend on the nature of their binding sites on CCR5. The
small molecules AD101 and SCH-C bind within a pocket
formed between CCR5 transmembrane helices 1, 2, 3, and 7,
without involvement of the NT or ECLs (111). Their binding
sites are broadly similar, albeit not identical, so that cross-
resistance among small molecule CCR5 inhibitors is to be
anticipated (111). The CCR5 MAbs and RANTES, in contrast,
have binding sites that involve, wholly or in part, the NT and
ECLs (14, 15, 67, 81, 96, 117). It is perhaps not surprising, then,
that the AD101-resistant virus is still sensitive to inhibitors that
bind elsewhere on CCR5.

It was, however, unexpected that monomeric gp120 proteins
expressed from fully AD101-resistant clones (CC101.19 cl.3
and CC101.19 cl.7) failed to bind to CCR5 on L1.2-CCR5 cells.
Considering that the corresponding infectious viruses abso-
lutely require CCR5 to enter PBMC, the inability of their
gp120 proteins to bind CCR5 appears paradoxical. The gp120
proteins are properly folded; they have appropriate affinities
for CD4 and MAb 17b, so that their lack of binding to CCR5
is unlikely to have a trivial explanation. Moreover, gp120 from
a partially AD101-resistant virus, CC101.6 cl.10, bound CCR5
perfectly well. The three, later-arising de novo substitutions in
V3, K305R, A316V and G321E, are therefore responsible for
the inability of CC101.19 gp120 to bind CCR5.

We can imagine two plausible explanations for why gp120
from the fully AD101-resistant virus does not bind to L1.2-
CCR5 cells. The use of monomeric gp120 proteins may not
recapitulate what happens when trimeric Env on the virion
surface interacts with CCR5, a concept for which there is
ample precedent from studies of the CD4 and MAb interac-
tions of gp120 and virions (58, 74, 75, 86, 119). If so, the three
changes in V3 render the gp120 monomers incapable of CCR5
binding while still permitting the trimeric Env complex to do
so, albeit differently from the binding of Env complexes from
AD101-sensitive viruses. Alternatively, the Env complex on the
fully AD101-resistant virus may have evolved to recognize a
specific CCR5 isoform or conformation present only on human
PBMC (or on primary cells in general) and absent from L1.2-
CCR5 cells. The latter are CCR5 transfectants of a murine
pre-B-cell lymphoma line (116), so that post-translational
modifications of CCR5 may be subtly different from what hap-
pens in primary human cells. Again, there is precedent for
chemokine receptors, including CCR5, existing in multiple iso-
forms and conformations (6, 10, 11, 18, 36, 63, 64, 67, 70). If
this is the explanation, then full AD101 resistance involves
HIV-1 acquiring the ability to use a distinctive configuration of
CCR5 that, somehow, is not affected by AD101 and other
small-molecule inhibitors while still being vulnerable to CCR5-
specific MAbs and RANTES. Clearly, additional studies are
required to reveal what, exactly, is the explanation of AD101
resistance and how the critical sequence changes in the V3
loop affect the CCR5 binding of resistant viruses.
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Effects of Env context on the V3 loop changes. Several ob-
servations suggested that introducing sequence changes into
the V3 loop of chimeric env clones can have context-dependent
effects. Hence, the same genetic substitutions do not always
have the same effect on phenotype; their precise impact in-
stead depends on residues elsewhere in gp120. The determin-
ing factor is presumably how the different V3 loops interact
with other gp120 domains, before or after CD4 binding. Qua-
ternary interactions within the native Env complex may also be
relevant. We do not yet know how any V3 loop is oriented and
functions in its native context; there is no gp120 structure that
includes the V3 loop. Moreover, we have no knowledge of how
sequence changes in the V3 loop might directly or indirectly
affect its orientation in a native Env trimer, for which we have
only models, not a structure (60). It is suspected, however, that
the C-terminal flank of the V3 loop abuts elements of the C4
region proximal to the CD4 binding site (17, 78, 79, 120, 121).
There are probably also associations between V3 and other
variable regions (16, 19, 123). Hence, interdomain interactions,
either physical or functional, that are important in CD4 and
coreceptor binding might differ in viral variants with V3 se-
quence changes (7, 16, 17, 19, 46, 78, 79, 120, 121, 123).

The H308P change is sufficiently radical to perhaps have a
significant impact on the geometry of the V3 loop, the way in
which it interacts with other regions of gp120, and hence the
way in which CCR5 recognition is affected, particularly in the
context of a native Env trimer. However, the effect of the
H308P substitution must be reinforced by the three later-aris-
ing V3 substitutions. Thus, CC101.6 contains the H308P sub-
stitution and is only partially AD101 resistant, and gp120 ex-
pressed from an H308P-containing CC101.6 clone binds CCR5
on L1.2-CCR5 cells.

Implications of in vitro resistance pathways for the clinical
use of CCR5 inhibitors. Resistance to small-molecule CCR5
inhibitors will no doubt also occur in vivo if these compounds
are used for sustained periods in the clinic. However, our
studies suggest that escape will probably not be a simple, one-
step process. Multiple amino acid changes must accumulate in
gp120 to generate first partial and then full resistance to the
selecting compound. In the case of complete resistance to
AD101, as many as four amino acid substitutions in V3 are
needed. The particular combination of the four residues that
were present at positions 305, 308, 316, and 321 in the fully
AD101-resistant virus, CC101.19, is very rare in naturally oc-
curring V3 sequences. Hence, among 6,265 sequences from
North American subtype B viruses in the Los Alamos Se-
quence Database, none had V3 loops that contained all four,
or even three, of the residues associated with AD101 resis-
tance. Two of the residues were naturally present in 188 of the
sequences (3%), while 30% of the sequences contained one of
the four.

Partial resistance may be easier to generate, however, as
exemplified by the selection during the first four passages of
preexisting variants with natural, albeit modest resistance to
AD101. It is unclear how many amino acid changes are re-
quired for the ca. fourfold resistance of CC101.6; the H308P
change in V3 may or may not be sufficient, and it is not
uncommon among naturally occurring V3 sequences (H was
found in 57% of B clade sequences, an P was found in 16%).
A more dogmatic assertion is precluded by difficulties in mak-

ing direct quantitative comparisons between the IC50s for in-
hibition of the NL4-3/env clones and the corresponding iso-
lates. Resistance of this magnitude, a fewfold, could be
significant in vivo. However, given the diversity of Env (and
gp120 in particular), inherent variability in the response to
entry inhibitors is to be expected. For example, in a standard
PBMC inhibition assay using 13 subtype B isolates, IC50s for
SCH-C spanned a 22-fold range from 0.4 to 8.9 nM, with a
mean of 2.3  0.8 nM (101). It will be important to establish
the normal sensitivity range for patient isolates both in vitro
and in vivo before resistance can be properly defined and
identified (9, 43, 45, 65). It will also be instructive to compare
the rate and genetic complexity of escape from CCR5 inhibi-
tors in vitro and in vivo with the development of resistance to
reverse transcriptase and protease inhibitors under compara-
ble conditions (9, 43, 45, 65).

Deriving patient isolates for in vitro testing is a laborious
and costly process, and so the use of more practical methods
for gauging the potency of, and resistance to, entry inhibitors
should be considered. Clonal virus systems, based on infectious
chimeras or Env-pseudotyped viruses, are becoming an in-
creasingly common way to study entry inhibitors, including
neutralizing antibodies (9, 29, 38, 43, 45, 65, 91, 110, 112, 113).
We noticed, however, that quantitative, but not qualitative,
estimates of AD101 resistance differed when they were derived
by using clonal, infectious chimeric viruses and uncloned iso-
lates, even with the same target cells. Thus, the infectious
chimera CC1/85 cl.7(H308P) has 500-fold higher resistance to
AD101 than does CC1/85 (Fig. 6a; Table 1). However, when
present in the PBMC-derived isolate CC101.6, the H308P sub-
stitution confers at most a fourfold increase in resistance to
AD101 over that of CC1/85 (108). As outlined above, several
factors could contribute to such differences, and some probably
also apply to other assay systems that use clonal or Env-
pseudotyped viruses. Hence, although these types of assay can
be very valuable for monitoring the relative sensitivity or re-
sistance of different viruses and entry inhibitors, care must be
taken not to overinterpret the results by comparing numerical
values with those obtained using the more biologically relevant
uncloned patient isolates.

Genetic methods are an alternative to phenotypic assays and
are very valuable when, for example, a single, dominant amino
acid change confers reverse transcriptase inhibitor resistance
(9, 43, 45, 65). Our study suggests, however, that such a sce-
nario is unlikely to apply to CCR5 inhibitors. The V3 region is
a likely site for resistance mutations to accumulate, both in
vitro and in vivo, but the precise pattern of sequence changes
we have observed may be unique to the particular virus, CCR5
inhibitor, and PBMC donor combination that we used. It may
never be seen again, even in vitro. Assays that can identify V3
loop genetic variants irrespective of the precise sequence
changes that occur may therefore be useful (5, 28, 54, 88, 89).
However, the influence of Env context on V3 loop function
may be a significant complication.

In clinical use, CCR5 inhibitors will be combined with other
entry inhibitors or with more conventional suppressors of viral
replication (8, 52, 77, 80, 85, 90, 98). The use of a drug com-
bination may mean that HIV-1 will not accumulate sufficient
mutations to escape from the CCR5 inhibitor before resistance
to the other components of the combination develops. Of
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course, when escape does occur, it will be critical to determine
whether HIV-1 has switched to use CXCR4 or has instead
taken a pathway similar to the one we describe here.
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