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The natural evolution of human immunodeficiency virus type 1 infection often includes a switch in coreceptor
preference late in infection from CCR5 to CXCR4, a change associated with expanded target cell range and
worsened clinical prognosis. Why coreceptor switching takes so long is puzzling, since it requires as few as one
to two mutations. Here we report three obstacles that impede the CCR5-to-CXCR4 switch. Coreceptor switch
variants were selected by target cell replacement in vitro. Most switch variants showed diminished replication
compared to their parental R5 isolate. Transitional intermediates were more sensitive to both CCR5 and
CXCR4 inhibitors than either the parental R5 virus or the final R5X4 (or rare X4) variant. The small number
of mutations in viruses selected for CXCR4 use were distinctly nonrandom, with a dominance of charged amino
acid substitutions encoded by G-to-A transitions, changes in N-linked glycosylation sites, and isolate-specific
mutation patterns. Diminished replication fitness, less-efficient coreceptor use, and unique mutational path-
ways may explain the long delay from primary infection until the emergence of CXCR4-using viruses.

The entry of human immunodeficiency virus type 1 (HIV-1)
into target cells requires binding of the viral envelope glyco-
protein gp120 to CD4 and one of two chemokine receptors,
CCR5 or CXCR4 (1, 9, 15, 17, 19). Although other chemokine
receptors have been identified as potential entry factors, only
CCR5 and CXCR4 appear to be important for infection by
clinical isolates of HIV-1 (53, 54). This observation is reflected
in the current nomenclature for HIV-1 coreceptor use (E. A.
Berger, R. W. Doms, E. M. Fenyo, B. T. Korber, D. R. Litt-
man, J. P. Moore, Q. J. Sattentau, H. Schuitemaker, J. So-
droski, and R. A. Weiss, Letter, Nature 391:240, 1998): R5 for
viruses that use only CCR5, X4 for viruses that use only
CXCR4, and R5X4 for viruses that can use both receptors. R5
virus isolates are equivalent to macrophage-tropic, non-syncy-
tium-inducing (NSI) viruses, and R5X4 or X4 isolates are
T-cell-tropic, syncytium-inducing viruses (43, 44, 47), with only
a few interesting exceptions (51, 52). R5 HIV-1 accounts for
the vast majority of primary infections regardless of the route
of transmission (12, 43). During the evolution of virus popu-
lations (quasispecies) within an infected individual, coreceptor
switching from R5 to X4 is common in clade B HIV-1 infection
(12, 43) and less common in clade C infection (29, 40). The
R5-to-X4 coreceptor switch is a harbinger of accelerated clin-
ical disease progression and typically occurs after 8 to 10 years
of infection (6, 11). The issue of coreceptor switching has
become relevant to drug resistance as coreceptor inhibitors
enter clinical trials (18, 37, 48, 49). Coreceptor switching is one
route to resistance to these compounds (37, 49).

Coreceptor use maps to the variable V3 and V2 loops of
gp120, and the R5-to-X4 switch is often accompanied by an
increase in charged residues in the V3 loop (7, 8, 20, 25, 27, 42,

46). As few as one or two amino acid changes in V3 suffice for
coreceptor switching (5, 8, 14, 24, 37). Given this minimum
requirement for coreceptor switching and the high rate of
mutation and recombination in the HIV-1 genome (10, 32, 35),
evolution of X4 variants would be expected to be rapid and
frequent. Since this is not observed in infected patients, there
must be negative selective pressure against X4 variants or
unexpected obstacles to the R5-to-X4 switch. Selective pres-
sure influencing the emergence of coreceptor switch variants
could be generated by host factors (such as target cell preva-
lence, chemokine levels, susceptibility to neutralizing antibody
or CTL killing [e.g., see reference 22]) and/or intrinsic prop-
erties of the virus. We have used in vitro selection to investi-
gate intrinsic obstacles to coreceptor switching.

In these experiments, we have replaced CCR5-bearing tar-
get cells with CXCR4-bearing target cells to select for virus
variants capable of switching coreceptor use and examined the
changes in viral properties during the transition from CCR5 to
CXCR4 use. The transition was difficult despite the short dis-
tance (few mutations) in sequence space that separate R5 from
R5X4 variants. Increased susceptibility to coreceptor inhibi-
tors during the transition implies that coreceptor use is sub-
optimal. Diminished replication compared to parental R5 iso-
lates implies a loss of competitive fitness. Additional
constraints on the transition are imposed by the requirements
of inserting charged amino acids at specific locations and by
the strong bias in favor of G-to-A substitutions rather than
random mutation. Silent mutations are exceedingly rare, im-
plying strong selection for mutations conferring CXCR4 use.
These three obstacles, loss of entry efficiency, replication fit-
ness, and limited transitional pathways, may explain the long
delay before coreceptor switching in infected patients.

MATERIALS AND METHODS

Cell lines. U87.CD4.R5 and U87.CD4.X4 cells (4) were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 1
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�g of puromycin/ml, and 300 �g of G418/ml. MT2 and MT2-R5 (39) cells were
maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum.

Virus infection. JR-CSF has been described previously (7). 242 and 230 are
molecular clones derived by insertion of mutated V3 regions into NL4-3 (8). The
242 isolate used here has an extra mutation in V3, an R to H at position 21. To
generate ADA and BaL infectious viruses, 293T cells were transfected with the
pNL4-ADA plasmid (generated by inserting the ADA envelope glycoprotein
sequences into the pNL4-3 plasmid; kindly provided by J. Sodroski, Dana-Farber
Cancer Institute, Boston, Mass.) or with the pR8-BaL plasmid (generated by
inserting the BaL envelope sequences into the pR8 plasmid; kindly provided by
C. Aiken, Vanderbilt University, Nashville, Tenn.). All parental viruses were
propagated in peripheral blood mononuclear cells (PBMC) cultured for 2 days in
2 �g of phytohemagglutinin/ml and two additional days in 20 U of interleukin
2/ml. The U87.CD4.R5 or X4 cell line was infected with viruses overnight and
then washed with phosphate-buffered saline and incubated in culture medium for
4 to 8 days. When PSC-RANTES or AMD3100 entry inhibitor was used, the cells
were preincubated with the inhibitors for 2 h before infection. Replication of
HIV-1 was determined in the culture supernatant by p24 capsid antigen enzyme-
linked immunosorbent assay (Perkin-Elmer, Boston, Mass.).

Generation of coreceptor switch variants. All R5 viruses were first grown in
U87.CD4.R5 cells for 4 days, and then the supernatant was collected and trans-
ferred to cultures containing 90% U87.CD4.X4 cells and 10% U87.CD4.R5 cells
for another 4 days. This 10-fold dilution of R5 target cells was repeated twice
more at 4-day intervals. For HIV-1 isolates ADA and BaL (see Fig. 1), we used
a modified selection system in which the viruses were cultured for 7 days in
mixtures of U87.CD4.X4 cells and 10, 5, 2, 1, and finally 0.1% U87.CD4.R5 cells.
To determine if the viruses had switched to CXCR4 usage, they were tested for
growth on U87.CD4.X4 cells after each passage. When viral replication on
U87.CD4.X4 cells was detected by p24 enzyme-linked immunosorbent assay and
syncytium formation, coreceptor switch variants were grown for two more pas-
sages in U87.CD4.X4 cells and then sequenced and tested for growth on MT-2
cells. Several virus isolates were initially unable to grow on MT-2 cells, and
further passage was required to isolate viral descendants capable of growth on
MT-2 cells. We therefore grew these transitional isolates for 6 days in MT2-R5low

cells, which express both CXCR4 and CCR5, and then started adding MT2 cells
every 6 days for 4 weeks. The resulting viruses, ADA-1, ADA-3, BaL-1A, BaL-
1B, BaL-2A, and BaL-2B, were able to grow on MT2 cells and also on
U87.CD4.X4 cells.

Virus sequences. DNA was extracted from infected cells using the QIAamp
DNA Mini kit (QIAGEN, Valencia, Calif.). The entire HIV envelope was am-
plified from cellular DNA by four overlapping PCRs with the following sets of
primers: Lgp120S (5�-GAGAGAGAGCAGAAGACAGT-3�) and Lgp120AS
(5�-ACTGCCATTTAACAGCAGTTGAGT-3�), outerV3S (5�-CCAATTCCCA
TACATTATTG-3�) and Mgp120AS (5�-ATCTCTTGTTAATAGCAGCCCAG
T-3�), Jgp120S (5�-TGGAGGGGAATTTTTCTACTG-3�) and Jgp120AS anti-
sense (ACCTACCAAGCCTCCTACTATC-3�), and K-end sense (5�-GGGTTG
CTCTGGAAAACTCATT-3�) and K-end antisense (5�-GCTGGCTCAGCTCG
TCTCCAT-3�). The PCR products were gel purified with the QIAquick gel
extraction kit (QIAGEN) and sequenced directly in both directions with the
same primers used for the PCR.

Entry inhibitors. Parental viruses and coreceptor switch variants were evalu-
ated for their sensitivity to the CCR5 inhibitor PSC-RANTES (39) (kindly
provided by O. Hartley and R. Offord, University of Geneva) and the CXCR4
inhibitor AMD3100 (16) (kindly provided by G. Henson, AnorMed, Vancouver,
British Columbia, Canada) using either U87.CD4.R5 or U87.CD4.X4 target
cells. Fifty-percent inhibitory concentrations (IC50s) were calculated from a
sigmoidal curve fitting program after log conversion of the inhibitor concentra-
tion (Prism 4; GraphPad Software, San Diego, Calif.).

Nucleotide sequence accession numbers. All nucleotide sequences determined
in this study have been deposited in GenBank (accession numbers AY426102 to
AY426127).

RESULTS

Generation of HIV-1 coreceptor switch variants in vitro.
CCR5-using (R5) viruses derived from molecular clones were
induced to switch coreceptor use by sequential passage into
target cell mixtures containing a rapidly escalating percentage
of CXCR4-bearing target cells (Fig. 1 and Materials and Meth-
ods). This method allowed the isolation of coreceptor switch
variants from R5 isolates 242 and JR-CSF within 8 to 20 days.

Identical experiments were repeated four times for virus iso-
late 242 and twice for JR-CSF to ensure the reproducibility of
switching, to isolate independent switch mutants, and to avoid
potential cross-contamination of PCR-amplified env genes.
Switch mutants were isolated by growth on U87.CD4.X4 cells,
and use of CXCR4 was confirmed by growth on MT-2 cells and
PBMC from a CCR5 �32/�32 donor. One variant isolate (242-
1p) was able to infect U87.CD4.X4 cells but not MT2 cells or
CCR5-deficient PBMC. We designate this phenotype a provi-
sional (p) switch variant. After three additional passages in
U87.CD4.X4 targets, a secondary switch variant capable of
infecting MT2 cells was isolated. As demonstrated below, these
provisional switch variants are extremely poor at using CXCR4
for entry and appear to survive on U87.CD4.X4 cells because
of the unusually high levels of CXCR4.

Two other R5 viruses (ADA and BaL) did not switch core-
ceptors using the initial rapid target cell replacement model,
and a slower 7-day passage with less-rapid dilution of CCR5-
target cells was adopted (Fig. 1 and Materials and Methods).
This more sustained selection system allowed us to isolate
three ADA switch variants and four BaL switch variants in
seven independent experiments. Many of the early isolates
displayed the provisional switch phenotype, and additional cul-
ture on CXCR4-expressing cells was required to isolate sec-
ondary switch variants capable of infecting MT2 cells (see
Materials and Methods). None of these provisional switch vari-
ants were capable of replication on activated T cells from a
CCR5 �32/�32 donor. In the 13 experiments conducted, co-
receptor switch variants were isolated after 8 to 112 days of
selection. HIV-1 isolates 242 and JR-CSF generated switch
variants more rapidly and transitional variants less frequently
than HIV-1 isolates ADA and BaL (Fig. 1). We were thus able
to compare the sequence and biologic properties of two classes
of coreceptor switch variants, rapid (242 and JR-CSF) and slow
(ADA and BaL).

Identification of envelope gene mutations in coreceptor
switch variants. We sequenced the entire envelope region
(�2,500 bp) from starting isolates and their provisional and
complete coreceptor switch variants. The V1/V2 and V3 trans-
lated amino acid sequences are shown (Fig. 2) because the
majority of mutations occurred in these regions (Fig. 3a and
4a). Several features of the mutations associated with corecep-
tor switching are obvious (Fig. 2 to 4). (i) Substitutions that
generated the charged amino acids Arg or Lys were heavily
favored, and these were concentrated in V3 and to a lesser
extent V2 (Fig. 2 and 4a). By far the most common substitution
was from glutamic acid (E) to the charged amino acids lysine
(K) or arginine (R) at position 25 of V3 (Fig. 2 and 4b), a hot
spot for coreceptor switching previously noted (25). (ii) Several
mutations abolished N-linked glycosylation sites, most com-
monly in V1/V2, as has been observed in other studies (38). In
the 242 and JR-CSF switch variants that were generated under
fast switch conditions (Fig. 3a), mutations were almost entirely
confined to V1/V2 and V3, and the mean number of substitu-
tions required for coreceptor switching was 2.33 � 1.03 (mean
� standard deviation). By contrast, the ADA and BaL switch
variants that were generated under slower switch conditions
had more V1/V2 and V3 mutations (3.74 � 0.47) and addi-
tional mutations outside of the variable loops (Fig. 3a). (iii)
The difference in both V loop mutations and total mutations
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(2.50 � 1.40 versus 6.14 � 0.40) between the two sets of
variants is significant (P � 0.0174 and P � 0.0007, respec-
tively). (iv) The rate of mutation (base substitutions/day) was
faster in the 242 and JR-CSF rapid switch variants than pre-

dicted by previous studies (35), while the mutation rate for the
ADA and BaL late-switch variants was slower and within the
expected range (Fig. 3b). (v) Independently isolated corecep-
tor switch variants derived from the same parental virus

FIG. 1. Timing of selection and emergence of coreceptor switch mutants. Initially, CCR5 target cells were diluted 10-fold into CXCR4 target
cells every 4 days, as indicated by the declining value for the dark filled column. After each dilution, virus was isolated and tested for growth on
pure CXCR4 target cells. R5X4 mutants were obtained after 8 to 12 days with starting HIV-1 isolates 242 and JR-CSF. Transitional mutants that
replicated in U87-CD4-CXCR4 cells but not MT-2 cells are indicated by p (provisional). These were cultured with MT-2 cells until viruses capable
of growth emerged (solid bars). HIV-1 isolates ADA and BaL did not produce coreceptor switch variants under these conditions, so the addition
of new CXCR4 targets was performed every 7 days. Transitional (p) or full coreceptor switch mutants were isolated after 42 to 112 days of selection.
Solid bars again indicate selection on CXCR4-bearing targets only. Two clonal derivatives of BaL-1p and BaL-2p were isolated. These are
designated A and B, and their common origin is indicated by diverging columns. Each separately numbered isolate was generated in an
independent experiment.
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showed similar if not identical patterns of mutation in V1/V2
and V3 (Fig. 2). This result suggests unique, context-depen-
dent solutions to coreceptor switch obstacles. (vi) G-to-A base
transitions accounted for almost 60% of all mutations (Fig. 4c),
and they accounted for 75% of Arg or Lys substitutions (Fig.
4d). This high rate of G-to-A transitions suggests a potential

role for Apobec3G/CEM15 (23, 34), the cellular cytosine
deaminase whose function is antagonized by viral Vif expres-
sion (45). Examination of the nucleotide context of G-to-A
mutations showed a preference for GAG and CAG (with the
mutated G underlined). This context dependence of mutation
is consistent with Apobec3G activity but does not confirm it

FIG. 2. Summary of mutations in V1/V2 and V3 regions of the four HIV-1 isolates studied. All viruses were propagated from molecular clones,
and BaL, ADA, and 242 were chimeric clones with unique envelope regions. Each isolate with a different number was recovered from an
independent experiment; e.g., 1p and 1 are transitional and full coreceptor switch mutants from the same experiment, but 2, 3, and 4 are mutants
from three separate experiments. Sites of N-linked glycosylation are indicated by a small black ball-and-stick symbol; mutations that eliminated
glycosylation sites are indicated by the same symbol in grey.

FIG. 3. Frequency (a) and rate (b) of mutations in V regions and the entire env region. Clonally related sequences are shown by overlapping
columns, with V region mutations in black and total mutations in grey. Switch variants are segregated into rapid (242 and JR-CSF) and slow (ADA
and BaL) to reflect the timing shown in Fig. 1. Mutations in provisional isolates are indicated by lighter fill. The expected mutation rate (�) is taken
from the work of Mansky and Temin (36). The mean number of V region mutations � standard errors of the mean (excluding the provisional
switch mutants) is shown by the horizontal bar and box, and the total mutations � standard errors of the mean is shown by the filled black circle
and vertical bar.
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because of disagreement about the context specificity of the
enzyme (23, 34). (vii) There was an obvious bias towards A-
rich codons encoding the frequent Arg and Lys mutations (Fig.
4e). There was a highly significant deviation from expected
codon use (P � 0.0025, 	2 statistic) calculated by the minimum
sequence distance from the parental to the coreceptor switch
variant and taking into account the codon options for Arg and
Lys. (viii) Finally, every base change identified except two
resulted in an amino acid substitution, so the synonymous/
nonsynonymous ratio was 0.034. This extraordinarily low value
implies high selective pressure for gain-of-function mutations,
including those mutations outside of the variable loops.

Characterization of switch variant use of CCR5 and
CXCR4. We measured the growth characteristics of each pa-
rental virus, transitional switch mutant, and full coreceptor
switch mutant on CCR5- or CXCR4-bearing target cells, and
we also determined the sensitivity of each isolate to the CCR5-
specific entry inhibitor PSC-RANTES (39) or the CXCR4-
specific entry inhibitor AMD3100 (16) as an estimate of viral
entry efficiency. Most coreceptor switch variants were R5X4 in
phenotype, with the exception of two ADA-derived variants
that were X4 only (Fig. 2). Most R5X4 viruses showed prefer-
ential replication on either CCR5- or CXCR4-expressing tar-
get cells (Fig. 5a). Of note, all four rapid switch variants that
were derived from HIV-1 242 and JR-CSF showed better rep-
lication on CXCR4-expressing target cells, while only ADA-1
and ADA-3 among the slow switch variants preferred CXCR4.
However, most R5X4 variants showed poorer replication on
CCR5-expressing target cells than their parental R5 isolate
(Fig. 5b).

When R5X4 coreceptor switch variants were compared to
their parental R5 isolates for sensitivity to the CCR5 entry
inhibitor PSC-RANTES (Fig. 6a and b), each variant was sig-
nificantly more sensitive than the parental isolate with the sole
exception of isolate BaL-4p. The IC50s for the switch variants
declined from a little as 2-fold (isolate 242-2) to as much as
50-fold (isolate ADA-2). The ability of the coreceptor switch
variants to utilize CXCR4 could not be compared to that of the
parental R5 isolate but could be compared to historical values
(30) and experimental values for X4 (NL4-3, 230) or R5X4
(230-1, a derivative of the X4 isolate 230 with one mutation in
V3) isolates (Fig. 6c). Inhibition of these reference isolates by
the CXCR4-specific entry inhibitor AMD3100 fell within the
expected IC50 range. However, most R5X4 variants had IC50s
below the normal range, and transitional variants were ex-
tremely sensitive to AMD3100 inhibition. This result is in
agreement with their defining phenotype, the ability to grow on
U87-CD4-CXCR4 cells but not MT-2 cells. Although most
R5X4 switch variants were more sensitive to AMD3100 inhi-
bition, the two ADA variants that had switched to a full X4
phenotype and the two late BaL-1 switch variants (BaL-1A and
BaL-1B) had IC50s in the normal range (Fig. 6d). The BaL-1
series of mutants showed a progressive increase in sensitivity to
PSC-RANTES inhibition as AMD3100 sensitivity decreased
(compare Fig. 6b and d), but this trend was not observed in all
coreceptor switch variants.

We performed regression analysis of the three parameters of
coreceptor switch variants that we measured (sensitivity to
PSC-RANTES inhibition, relative replication of R5 versus X4
target cells, and relative replication compared to parental R5

FIG. 4. Distribution and composition of mutations. Mutations are listed by region (a), amino acid substitution (b), all base changes (c),
contribution of G-to-A transitions to frequent substitutions (d), and codon usage for the frequent Arg and Lys substitutions (e). In panel a, V
region mutations are indicated by solid fill and C region mutations are indicated by lighter fill. In panel d, the number of amino acid changes is
indicated in solid fill and the number generated by G-to-A mutations is indicated in lighter fill. Three E-to-R substitutions were generated by two
base changes, one of which was G to A. Panel e shows the observed (solid fill) and expected (lighter fill) codon use for the frequent Arg and Lys
substitutions. The expected codon use was calculated based on the minimum number of base changes required to encode Arg or Lys based on the
original codon in the parental isolate.
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isolates on R5 target cells) to determine if there was a strong
correlation between these parameters (Fig. 7a and b). There
was only a weak positive correlation between either target cell
preference or replication rate on R5 target cells and the PSC-
RANTES IC50 value, and neither achieved statistical signifi-
cance. These results suggest that the assays employed measure
independent properties of each virus isolate and that increased
sensitivity to coreceptor inhibitors was not caused by loss of
replicative fitness.

DISCUSSION

These results demonstrate that the evolutionary pathway of
HIV-1 from CCR5 to CXCR4 coreceptor use involves strong
selection of replacement mutations that initially confer high
sensitivity to both CCR5 and CXCR4 inhibitors. Subsequent
mutations were able to confer more-efficient use of CXCR4, as
judged by the ability to infect cells expressing lower levels of

CXCR4 and lesser susceptibility to AMD3100 inhibition. In-
creased sensitivity to RANTES inhibition was a robust indica-
tor of better patient outcome in a recent clinical study (50),
suggesting that the increased sensitivity to PSC-RANTES we
observed may be related to reduced viral fitness. Another po-
tentially related observation is that viral fitness can be im-
pacted by slower kinetics of entry (41). We hypothesize that
the transient inability of coreceptor switch variants to use ei-
ther CCR5 or CXCR4 as well as their parental viruses would
place them at a competitive disadvantage, which should rep-
resent a substantial obstacle to completing the process of co-
receptor switching. In addition, coreceptor switch variants gen-
erally displayed slower replication rates than parental R5
isolates, another component of viral fitness that would place
recently generated switch variants at a competitive disadvan-
tage.

Our analysis of coreceptor switching was aided by the cap-
ture of a number of transitional switch variants that were able

FIG. 5. Relative replication of each HIV-1 switch variant on U87-CD4-CCR5 cells versus U87-CD4-CXCR4 cells (a). Data are displayed as
the ratio of R5:X4 replication, which was calculated by p24 capsid antigen levels on the two target cell lines after 4 to 5 days of culture. Relative
replication of each switch variant versus that of the parental R5 isolate on U87-CD4-CCR5 cells is plotted as the percent of parental wild-type
(WT) replication (b).
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to survive on U87-CD4-CXCR4 cells expressing very high lev-
els of CXCR4 but were not able to survive on MT-2 cells or
primary T cells from a CCR5 �32/�32 donor that expressed
less CXCR4. These transitional variants appear to utilize
CXCR4 with extremely low efficiency, since they were very
sensitive to inhibition with the CXCR4 antagonist AMD3100
(Fig. 6). There has been one recent report that AMD3100-
resistant HIV-1 mutants are less fit than their AMD3100-
sensitive precursors (2), but we believe that this is the first
report that defects in coreceptor use constitute a reproducible
feature of the transition from CCR5 to CXCR4 use. There has
also been one report of HIV-1 isolates with unusual pheno-
types (e.g., R5, syncytium inducing) recovered at the time of
coreceptor switching in patients (51), and these may represent
the rare in vivo analogues for the transitional variants we have
isolated. However, the use of U87-CD4-CXCR4 cells as the
selection target may bias the selection process in vitro because
of high expression of CXCR4 or cell surface proteoglycans,
and the relevance of the mutations we have defined to those
that occur in patients remains to be determined.

As expected, evolution to new coreceptor use is driven by
mutation. However, the mutational process displays several

features that suggest it is not a random walk across sequence
space. First, there are a very low number of silent mutations
(�4%). Although selection for gain of function is expected to
favor replacement mutations, we observed as many as seven
replacement mutations (Fig. 3a) with no silent mutations. This
absence of silent mutations resembles somatic hypermutation
of immunoglobulin V regions during antigen-selected affinity
maturation (21) and is much lower than the 0.4 silent/replace-
ment mutation ratio in V3 regions from sequential patient
isolates of HIV-1 (33). Codon bias and the high prevalence of
G-to-A transition mutations may also contribute to the low
frequency of silent mutations (see below). The pattern of mu-
tations in V3 and V1/2 was similar in independent switch
variants derived from the same parental isolate, but different
parental isolates gave rise to different patterns of mutation
(Fig. 2). This observation suggests that the solution to the
coreceptor switch problem was context dependent. The high
prevalence of Arg and Lys substitutions is expected from pre-
vious studies of coreceptor use (20, 36), but it has not been
emphasized previously that the vast majority of these substitu-
tions result from G-to-A mutations (Fig. 4c and d). This pref-
erence for G-to-A transitions suggests the possible involve-

FIG. 6. Entry inhibition studies. Entry of parental viruses (wild type [WT]) and coreceptor switch variants was blocked using the potent CCR5
inhibitor PSC-RANTES (39) and the CXCR4 inhibitor AMD3100 (16). Representative data are shown in the small insert, and mean IC50s are
shown for PSC-RANTES (a and b) and AMD3100 (c and d). Target cells were U87-CD4-CCR5 in panels a and b and U87-CD4-CXCR4 in panels
c and d. Parental isolates in panels a and b are designated by solid fill, and coreceptor switch variants are designated by lighter fill. Since parental
isolates were unable to grow on CXCR4 target cells, the normal IC50 range of several X4 isolates is shown (13, 30). NL4-3 and 230 (indicated in
filled bars) are well known X4 isolates, and 230-1 is an R5X4 derivative of 230 with a single mutation in V3. Each error bar represents the standard
deviation for two to three replicate experiments.

VOL. 78, 2004 OBSTACLES TO HIV-1 CORECEPTOR SWITCHING 7571



ment of the cytidine deaminase Apobec3g/CEM15 in the
mutation process (23, 34). It was known that G-to-A mutations
are the most prevalent during HIV-1 replication (26, 35), but
the assumption that this reflects an error-prone reverse tran-
scriptase lacks convincing experimental support (28). It is pos-
sible that Apobec3g/CEM15 contributes to the high rate of
G-to-A mutations and that the opposing activity of Vif is in-
complete. Since three of the four viruses used in these exper-
iments expressed Vif from the common NL4-3 genome, our
results cannot be attributed to different Vif alleles. Both U87
cells and MT-2 cells express Apobec3g (C. Pastore, unpub-
lished observations), so it is plausible that this cellular cytidine
deaminase influenced the HIV-1 mutants generated in these
experiments. There was also a strong codon bias toward A-rich
codons encoding Lys or Arg in our data (Fig. 4d and e), as has
been noted by others (3). This is expected from the high fre-
quency of G-to-A mutations, but it implies that the HIV-1
genome, which is already the most A rich of all retrovirus
genomes (3), may become even more A rich in the process of
coreceptor switching. It is possible that HIV-1 is evolving to-
ward an A-rich ceiling and adding more adenosines will prove
to be another intrinsic obstacle to switching.

Many of the mutations we observed were in V regions, but
there were mutations in C regions and gp41, particularly in the
BaL-2 series of variants (Fig. 3a). The low frequency of silent
mutations suggests that all of these amino acid substitutions
contributed to coreceptor switching, but the importance of
each single mutation cannot be assessed until they are intro-
duced by site-directed mutagenesis in future experiments.
None of the C-region mutations we observed correspond to the
K421D change previously found to reduce fusion efficiency
dramatically (41).

The obstacles to coreceptor switching are relevant both for
the natural evolution of the disease process and for the devel-
opment of resistance to antivirals targeting coreceptors. We

began these experiments to ascertain if the probability of co-
receptor switching differed between R5 isolates, a finding that
might explain the development of resistance to CCR5 inhibi-
tors with (37) or without (49) acquisition of CXCR4 use. Our
results demonstrate that the mutational distance from CCR5
to CXCR4 use does differ between viral isolates but that the
distance is still relatively small (1 to 5 V-region mutations [Fig.
3]). Development of resistance to a CCR5 inhibitor by core-
ceptor switching for an R5 isolate like ADA or BaL would be
predicted to take longer than for 242 or JR-CSF, and the time
until switching could be extended even further by increased
sensitivity of the transitional intermediates to the inhibitor.
Development of resistance to entry inhibitors is thus likely to
obey the same general rules as resistance to other classes of
antivirals, which reflect the rate of mutation, the number of
mutations required for resistance, and the fitness of resistant
variants (31).
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