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CXCR4-using (X4) human immunodeficiency virus type 1 (HIV-1) variants evolve from CCR5-restricted
(R5) HIV-1 variants. Early after their first appearance in vivo, X4 HIV-1 variants additionally use CCRS5. The
ability to use CCRS in addition to CXCR4 is generally lost late in infection. Here we studied whether this
evolution of the coreceptor repertoire is also reflected in a changing sensitivity of X4 variants to CXCR4
antagonists such as peptide T22 and the synthetic compound AMD3100. We observed differences in the con-
centrations of CXCR4 antagonists needed to suppress replication of X4 HIV variants from different patients.
In general, late X4 HIV variants were less sensitive to AMD3100 than were early R5X4 HIV variants. The
differences between early R5X4 HIV variants and late X4 variants were less pronounced for T22-mediated
inhibition. These results suggest an ongoing evolution of X4 virus variants toward more efficient usage of the

cellular entry complex.

Entry of human immunodeficiency virus type 1 (HIV-1) into
CD4™" T cells is a dynamic process. Binding of envelope glyco-
protein gp120 to CD4 induces a conformational change result-
ing in exposure and binding of the conserved binding region of
gp120 to a coreceptor (33), in general, B-chemokine receptor 5
(CCRS) or a-chemokine receptor 4 (CXCR4) (5, 35).

Early in HIV-1 infection, a homogeneous population of pre-
dominantly macrophage-tropic, non-syncytium-inducing virus
variants that use CCRS for cellular entry (R5 variants) (1, 15)
is present (40, 41, 46, 47). Syncytium-inducing virus variants
mainly use CXCR4 as a coreceptor (X4 variants) (6, 16, 36, 42)
and can be distinguished from RS virus variants by their ten-
dency for higher replication kinetics and a broader target cell
range (7, 23, 45). Their presence in vivo has been associated
with an accelerated CD4 cell decline and more rapid disease
progression (11, 21). This can be explained by the fact that
more CD4 T cells express CXCR4, providing X4 variants with
a much larger target cell population (18, 24). More impor-
tantly, naive CD4 T cells express CXCR4 but not CCRS, which
makes them selective targets for X4 HIV infection in vivo (7,
29, 30). Infection and death of these naive CD4 T cells may
directly interfere with T-cell renewal (7).

In the natural course of infection, X4 HIV-1 variants evolve
from RS variants via an R5X4 phenotype, as determined by

* Corresponding author. Mailing address: Department of Clinical
Viro-Immunology, Sanquin Research at CLB, Plesmanlaan 125, 1066
CX Amsterdam, The Netherlands. Phone: 31-20-5123317. Fax: 31-20-
5123310. E-mail: h.schuitemaker@sanquin.nl.

+ E.H.B.S. and R.P.V.R. contributed equally to this study.

1 Present address: Department of Microbiology and Immunobiol-
ogy, University of California at San Francisco, San Francisco, CA
94143-2280.

§ Present address: Department of Human Retrovirology, Academic
Medical Center, 1105 AZ Amsterdam, The Netherlands.

2722

transfected U87 indicator cell lines. The ability to use CCRS in
addition to CXCR4 is generally lost late in infection (44).
Whether this loss is associated with more efficient usage of
CXCR4 is unknown.

Cellular entry and fusion of HIV-1 are promising new tar-
gets for the development of antiviral drugs and may have an
additive effect along with the currently available drugs that
interfere with reverse transcriptase and protein processing
(10, 14, 26, 31, 32, 43). CXCR4-specific antagonists such as
AMD3100 and T22 have been found to be highly effective at
blocking entry of X4 HIV-1 variants (10, 26, 31, 34, 43).

Here we studied whether the ongoing evolution of X4 HIV-1
variants correlates with a changing sensitivity to CXCR4-spe-
cific antagonists AMD3100 and T22 and a panel of CXCR4-
directed monoclonal antibodies (MAbs).

MATERIALS AND METHODS

HIV-1 variants and cells. Clonal virus isolation was performed from peripheral
blood mononuclear cells (PBMC) of five homosexual male participants of the
Amsterdam Cohort studies on HIV-1 and AIDS (patients ACH208, ACH039,
ACH171, ACH1120, and ACH6052), who all developed X4 variants during a
progressive disease course. None of these participants ever received multidrug
antiviral therapy. In the Amsterdam cohort, the presence of X4 HIV-1 variants
in peripheral blood is prospectively determined at every visit (in general, every 3
months) by cocultivation of 10° patient PBMC with 10° MT2 cells. Virus repli-
cation in this coculture is considered evidence of the presence of X4 virus
variants in the patient. The moment of first appearance of X4 virus was calcu-
lated as the midpoint between the last MT2-negative visit and the first MT2-
positive visit.

Biological virus clones were available from previous studies (22, 44, 45) and
obtained by cocultivation of patient PBMC with phytohemagglutinin (PHA)-
stimulated healthy blood donor PBMC (donor PHA-PBMC) under limiting-
dilution conditions as previously described (40). Briefly, patient PBMC (0.5 X
10* to 4 < 10* cells/well, 48 or 96 wells per patient cell number) were cocultivated
with donor PHA-PBMC (10°/well) in 96-well plates. Every week, culture super-
natants were tested for the presence of p24 in an in-house antigen capture
enzyme-linked immunosorbent assay (ELISA). At the same time, one-third of
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TABLE 1. Characteristics of X4 HIV-1 variants
Early virus variants Late virus variants
Patient  Scrologic Timeto  Time CD4 T-cell RNA load Time to  Time CD4 T-cell RNA load
status® . Coreceptor . . Coreceptor
n seroconversion to X4 usage? count (log no. of n seroconversion to X4 usage” count (log no. of
or entry (mo)* (mo)” 8 (cells/ul)  copies/ml) or entry (mo)  (mo) & (cells/ul)  copies/ml)
ACH208 Sc 3 18.5 45 R5X4(2) 440 4.4 5 64.1 50.1 X4 (5) 30 NAS
X4 (1)
ACHO039 Sc 6 18.0 1.9 R3R5X4 (3) 570 4.7 5 48.5 324 R3X4 (5) 10 NA
X4 (3)
ACHO0171 Sc 4 66.8 52 R3R5X4 (3) 380 4.9 4 89.3 27.0 R3R5X4 (1) 130 5.4
X4 (1) X4 (3)
ACH1120 Sc 5 53.1 73 X4 270 6.4 4 66.2 204  X44 10 NA
ACH6052 Sp 5 0° — X4 500 NA 5 32.0 — X4 20 NA

“ When virus variants from multiple time points were analyzed, the average time to seroconversion or first detection of X4 HIV-1 variants is given.
® The absolute number of virus variants with the indicated coreceptor preference in transfected U87 cells is given in parentheses. Data are available from a previous

study (45).

¢ Patient ACH6052 was seropositive and carried X4 variants at the time of entry into the cohort. No estimated time of first detection of X4 HIV-1 variants can

therefore be given.

4 CXCR4 usage for entry as determined in MT2 cell line and replication in CCR5%* PBMC. Other coreceptor preferences in transfected U87 cells were not tested.

¢ Sc, seroconverter; Sp, seroprevalent.
/NA, not available.

the cell culture was transferred to new 96-well plates and 10° fresh donor
PHA-PBMC were added to propagate the culture. If fewer than one-third of the
microcultures were positive at a given patient cell number, viruses were consid-
ered to be clonal. Furthermore, no evidence of mixed viral populations was
obtained by sequence analyses of the viral isolates used in this study (data not
shown). PBMC from cultures that tested positive in our p24 antigen capture
ELISA were transferred to 25-ml culture flasks containing 5 X 10° fresh PHA-
PBMC in 5 ml of medium to grow virus stocks. Cell-free supernatants with virus
were stored at —70°C until use.

From each patient, three to six X4 virus variants were available from time
points early after the first detection of X4 variants in vivo. In addition, five virus
variants per patient, obtained after AIDS diagnosis from patients ACH208,
ACHO039, ACH1120, and ACH6052 or 2 years before AIDS diagnosis from
patient ACH171, were used for analyses (Table 1).

For all of the HIV variants studied here, the ability to replicate in the MT2 cell
line was considered evidence of CXCR4 usage. In addition, CXCR4 usage was
confirmed in PBMC from a healthy donor homozygous for the 32-bp deletion in
the CCRS5 gene (CCR5%/2). For three subjects, expanded coreceptor usage was
tested in transfected U87 indicator cell lines expressing CD4 and either CCRS,
CXCR4, or CCR3 (Table 1).

Sensitivity for chemokine receptor antagonists of two early virus variants and
two late virus variants from patients ACH208 and ACHO039 was tested on the
MT?2 T-cell line, on CCR5** PBMC from a healthy donor, and on pooled
PBMC from at least two healthy donors homozygous for the CCR5 wild-type
allele (CCR5%/*). All experiments, including titration of virus stocks, were
performed with the same pool of cryopreserved PBMC from healthy donors to
eliminate possible variation caused by differences in the susceptibility of PBMC
to HIV infection. PBMC were stimulated for 2 to 3 days with 1 pg of PHA per
ml in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10%
fetal calf serum (FCS) and were subsequently cultured in IMDM supplemented
with 10% FCS and 20 U of interleukin-2 (IL-2; Chiron Benelux, Amsterdam,
The Netherlands) per ml. MT2 cells were maintained in IMDM supplemented
with 10% FCS, 100 U of penicillin per ml, and 100 pg of streptomycin per ml.

Sensitivity to coreceptor antagonists. To study the sensitivity to coreceptor
antagonists of two early and two late virus variants obtained from patients
ACH208 and ACH039, 10° PBMC or 2.5 X 10* MT2 cells were incubated with
fivefold serial dilutions of the specific antagonists in a volume of 50 pl for 2 h at
37°C in a flat-bottom 96-well plate. Ten 50% tissue culture infective doses of
each virus clone were added, and medium was added to a total volume of 100 p.l.
Every 3 to 4 days, one-third of each MT2 culture was replaced with fresh
medium. PBMC cultures were maintained for 14 days and transferred to fresh
medium at day 7 after inoculation. Production of p24 in the culture supernatant
was measured by ELISA at days 7 and 14 after inoculation. Each dilution of
CXCR4 antagonist was tested in triplicate, and each experiment was performed
at least twice. MADbs directed against CXCR4 (44708.111, 44716.111, 44717.111
[R&D Systems, Minneapolis, Minn.], and 12G5) were tested at a maximum

concentration of 50 pg/ml, CXCR4 antagonist T22 (Bachem AG, Bubendorf,
Switzerland) (27) was tested at a maximum concentration of 3 wM, and the
bicyclam AMD3100 (9, 13, 38) was tested at a maximum concentration of 2.4 M
(concentrations apply to incubation of cells with coreceptor antagonists before
addition of virus).

An expanded panel of biological virus clones from patients ACH208, ACH039,
ACH171, ACH1120, and ACH6052 was tested for sensitivity to AMD3100 and
T22 on PHA-PBMC by an adapted approach in which AMD3100 and T22 were
added after cells were inoculated with virus. PHA-PBMC (6 X 10°) were inoc-
ulated with 600 50% tissue culture infective doses in a volume of 3 ml in 15-ml
tubes. After incubation for 2 h at 37°C in a shaking water bath, cultures were
washed twice with IMDM and resuspended in 3 ml of IL-2-supplemented me-
dium. A cell suspension of 10° PBMC in a volume of 50 ul was mixed with 50 pl
of fivefold serial dilutions of AMD3100 (final maximum concentration of 6 uM)
or twofold serial dilutions of T22 (final maximum concentration of 6 pM) in
flat-bottom 96-well plates. Cultures were maintained for 14 days and transferred
to fresh medium at day 7. Culture supernatants were analyzed for p24 production
at days 7 and 14. All dilutions of AMD3100 and T22 were tested in triplicate, and
experiments were performed at least twice. Percent inhibition relative to control
infections was calculated. Differences between the 50% inhibitory concentrations
(ICs08) of early and late virus variants were evaluated by the Mann-Whitney U
test with SPSS software (version 10.0; SPSS Inc., Chicago, IlL.).

RESULTS

Sensitivity of early and late X4 virus variants to AMD3100
in the MT2 cell line. X4 HIV-1 variants obtained either early
or late after their first appearance in vivo were compared for
sensitivity to a panel of CXCR4 antagonists. First, we tested
two early and two late X4 variants from two patients. Early
X4 variants from patients ACH208 (12.F4 and 13.B1) and
ACHO039 (20.B10 and 20.C6), which were obtained 4.5 and 1.9
months after their emergence, respectively, additionally used
CCRS (patient ACH208; R5X4) or CCRS5 and CCR3 (patient
ACHO039; R3R5X4), as determined in transfected U87 indica-
tor cell lines. The late X4 variants from patients ACH208
(X1.A1 and X1.B1) and ACHO039 (X1.C4 and X1.H4), which
were obtained, respectively, 46 and 30 months later had lost
the ability to use CCRS and used CXCR4 alone (patient
ACH208; X4) or CXCR4 in combination with CCR3 (patient
ACHO039; R3X4) (Table 1).
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FIG. 1. Sensitivity of early R3R5X4/R5X4 and late R3X4/X4 HIV-1 variants to CXCR4 antagonists in the MT2 T-cell line. (A) Sensitivity to
the CXCR4-specific bicyclam AMD3100. (B) Sensitivity to CXCR4-specific MAbs. The virus variants from patient ACH208 that were used (left
side) were early R5X4 (12.F4 and 13.B1) and late X4 (X1.Al and X1.B1); those from patient ACH039 (right side) were early R3R5X4 (20.B10
and 20.C6) and late R3X4 (X1.C4 and X1.H4). Percent inhibition relative to control infections was calculated. Experiments were performed in
triplicate, and average values are shown. A representative graph of at least two independent experiments is shown. Open symbols indicate early
R5X4 or R3R5X4 variants; filled symbols indicate late R3X4 or X4 variants.

The sensitivity of these virus variants to the CXCR4-specific
antagonist AMD3100 was determined in the MT2 T-cell line.
For early variants from patient ACH208, the I1C5,s were 0.02
and 0.04 pM, whereas even the highest concentration of
AMD3100 did not interfere with replication of the late X4
variants from patient ACH208 (ICs,,, >2.40 wM). For patient
ACHO0309, the average ICs, of early R3R5X4 variants was 0.005
wM, which is approximately 80-fold lower than ICsys of late-
stage R3X4 variants (Fig. 1A).

Sensitivity of early and late X4 virus variants to CXCR4-
directed MAbs in the MT2 cell line. To determine whether the
differences in sensitivity between early and late X4 variants
were specific for AMD3100, we analyzed whether these virus
variants could also be inhibited by MAbs 12GS5, 44708.111,
44716.111, and 44717.111, which were previously shown to
recognize different conformational epitopes on CXCR4 (4, 8).
Virus variant 12.F4, obtained early from patient ACH208, was
inhibited by these MADbs, with I1Cs.s of the different MAbs
ranging from 5 to 26 pg/ml (Fig. 1B). Inhibition of replication
of early virus variant 13.B1 from patient ACH208 was ob-
served, albeit to a lesser extent than that of replication of
variant 12.F4. The two late-stage X4 variants from patient
ACH208 were not inhibited by these MADbs, not even at the
highest MAb concentrations tested (ICs,, >50 pg/ml). Thus,
similar to our observation with AMD3100, early R5X4 variants
from patient ACH208 were more sensitive to inhibition by
CXCR4-directed antibodies. Replication of both the virus vari-
ants obtained early and late from patient ACH039 was not

affected by the CXCR4-directed antibodies, not even at the
highest MAb concentration used (50 pg/ml).

Sensitivity of early and late X4 virus variants to CXCR4
antagonists on primary cells. The main target cells for HIV-1
in vivo are CD4" T lymphocytes. Since primary T cells can
express CCRS and CXCR4, CXCR4 antagonists might be un-
able to inhibit replication of R5X4 HIV-1 variants, as the
ability to use CCRS might provide these variants with an op-
portunity to circumvent inhibition by CXCR4 antagonists. To
exclude this escape mechanism, we tested the sensitivity of
early and late X4 HIV-1 variants to two CXCR4-specific an-
tagonists, AMD3100 and synthetic peptide T22, on PHA-stim-
ulated PBMC from a healthy blood donor. This blood donor is
homozygous for a 32-bp deletion in CCR5 (CCR5*/*) and thus
completely lacks CCRS5 expression on the cell surface. On
average, early R3R5X4 and R5X4 variants were 6- to 50-fold
more sensitive to inhibition with AMD3100 than the late X4
variants from the same individuals. The difference in sensitivity
to T22 on primary CCR5%'* cells between early and late X4
HIV-1 variants was less pronounced (Fig. 2A).

Subsequent experiments with pooled PBMC from two
healthy blood donors with a CCRS wild-type genotype
(CCR5*"") confirmed that early R3R5X4 and R5X4 variants
were more sensitive to inhibition by AMD3100 and T22 than
were X4 variants obtained late from the same individuals (Fig.
2B). Replication of a CCR5-using HIV-1 variant was not af-
fected by AMD3100 and T22, confirming that inhibition was
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FIG. 2. Sensitivity of early and late HIV-1 variants to CXCR4 antagonists AMD3100 and T22 in PBMC of a donor who is homozygous for a
32-bp deletion in CCR5 (CCRS A/A) (A) and in pooled PHA-PBMC from two healthy donors with a wild-type CCRS5 genotype (CCRS +/+) (B).
The same virus variants from patients ACH208 and ACHO039 were used as described in the legend to Fig. 1. Percent inhibition relative to control
infections was calculated. Experiments were performed in triplicate, and average values are shown. A representative graph of at least two

independent experiments is shown.

specific for viral entry via CXCR4 and excludes toxicity of the
compounds as an explanation for their activity (data not shown).

The maximum and dose-dependent inhibition that was
achieved with AMD3100 and T22 for R3R5X4 and R5X4
HIV-1 variants on CCR5-expressing PBMC was similar to that
obtained on CCR5%* PBMC (data not shown). None of the
R3R5X4, R5X4, R3X4, or X4 variants were inhibited by a
combination of MIP-1a, MIP-1B3, and RANTES, the natural
ligands of CCRS5 (ICs,, >2,000 ng/ml), whereas infection of R5
HIV-1 variant 09F1 from patient ACH208 was inhibited effi-
ciently (ICs, of 30 ng/ml; data not shown). Thus, R5X4 virus
variants that were able to use CCRS in U87 cells transfected
with CD4 and CCRS were unable to efficiently use CCRS for
infection of primary lymphocytes.

Sensitivity of a larger panel of X4 virus variants to AMD3100
and T22. To confirm the observed differences in sensitivity to
inhibition by CXCR4 antagonists between early and late X4
variants, we expanded the number of virus variants from pa-
tients ACH039 and ACH208 and added early and late X4 virus
variants from three additional patients (ACH171, ACH1120,
and ACH6052; Table 1). Three to six X4 virus variants ob-
tained at a time point early after the first emergence of X4
HIV-1 variants in vivo, in addition to five late X4 virus vari-
ants obtained 2 years before AIDS diagnosis (patient ACH171)
or after AIDS diagnosis (patients ACH208, ACH039, ACH1120,

and ACH6052), were studied from each patient (Table 1). As
described in Materials and Methods, for the extended panel,
we used a modified protocol including higher maximum an-
tagonist concentrations (final concentration, 6 uM) and two-
fold instead of fivefold serial dilution steps for the testing of
T22-mediated inhibition. Moreover, cells were first inoculated
with virus and subsequently incubated with either AMD3100
or T22. Virus variants from patients ACH208 and ACH039
that were used in the first set of experiments were included
again and provided similar results, indicating that the protocol
modification did not lead to different results (data not shown).

Early and late X4 HIV-1 variants were compared for sensi-
tivity to AMD3100 and T22 in pooled PHA-PBMC. Early X4
HIV-1 variants from patients ACH208, ACH039, ACH1120,
and ACH6052 were more sensitive to AMD3100 than were
late X4 HIV-1 variants (P values of 0.01, <0.01, 0.02, and 0.01,
respectively), whereas no difference in sensitivity to AMD3100
could be seen between early and late X4 variants from patient
ACHI171 (Fig. 3A). The average ICys of early X4 variants
ranged from 0.004 puM (patient ACH208) to 0.2 uM (patient
ACH1120), compared to average I1Csys of late X4 variants,
which ranged from 2.6 uM (patient ACH208) to 1.8 uM (pa-
tient ACH1120) (Table 2). The ratio of the ICs,s of early and
late X4 variants was 264 for patient ACH208 (P = 0.01) and
only 4 for patient ACH039 (P < 0.01) (Table 2). In addition,
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FIG. 3. Sensitivity of early and late X4 HIV-1 variants from the five patients to CXCR4 antagonists. (A) Sensitivities of early and late virus
variants to AMD3100 in pooled PHA-PBMC from eight different healthy blood donors. (B) Sensitivities of early and late virus variants to T22 in
pooled PHA-PBMC from eight different healthy blood donors. Average values and standard errors of three to six virus variants obtained early after
the emergence of X4 HIV-1 variants in vivo (open circles) and of four or five variants obtained 2 to 3 years thereafter (filled circles) are indicated.
Percent inhibition relative to control infections was calculated. A negative value represents an increase in viral replication compared to the control
infections. Experiments were performed in triplicate, and a representative graph of at least two independent experiments is shown.

a large interpatient variation was observed in the ICsys of
CXCR4 antagonists (Table 2).

Statistically significant differences in T22-mediated inhibi-
tion between early and late X4 variants were only observed for
patients ACHO039 (P = 0.04) and ACH6052 (P = 0.01) and
were less pronounced than differences in sensitivity observed
with AMD3100 (Fig. 3B). The average ICs,s of early virus
variants were 0.07 pM for patient ACH039 and 0.40 pM for
patient ACH6052, whereas the average 1Csys for late virus
variants were 0.40 uM for patient ACHO039 and 0.80 puM for
patient ACH6052. In contrast, for the early and late X4 vari-
ants from patients ACH208, ACH171, and ACH1120, which
were differentially susceptible to AMD3100, no differences in
sensitivity to T22-mediated inhibition were observed (Table 2).

DISCUSSION

In this study, we compared the sensitivity to CXCR4 antag-
onists of CXCR4-using virus variants obtained early and late
after their appearance in vivo. We observed a decreased sen-
sitivity to AMD3100 in late X4 virus variants compared to early
X4 virus variants from the same individual in four out of five
cases. This decreasing sensitivity was also observed with a
panel of CXCR4-directed MAbs on early and late X4 virus
variants from one out of two patients tested. The differential
susceptibility to inhibition by the CXCR4 antagonist T22 was
less pronounced and only observed for early and late X4 virus
variants from patients ACH039 and ACH6052. Overall, these
data show that the in vivo evolution of X4 HIV-1 variants tends

TABLE 2. Average 1Css of early and late X4 virus variants

ICso (M) of:
Patient AMD3100 T22
Early virus variants®  Late virus variants”  Ratio of ICsos” P value®  Early virus variants®  Late virus variants®  Ratio of ICsos” P value®
ACH208 <0.01 2.64 >264 0.01 0.34 0.18 0.53 0.86
ACHO039 <0.01 0.04 >4 <0.01 0.07 0.42 6 0.04
ACH171 1.53 0.63 0.41 0.69 0.20 0.09 0.45 0.06
ACH1120 0.19 1.76 9.3 0.02 0.37 0.55 1.5 0.20
ACH6052 0.02 0.11 5.5 0.01 0.41 0.76 1.9 0.01

“ For each virus variant, the average ICs, from two independent experiments is given.
b Ratio of the average ICs, for late X4 variants to the average ICs, for early X4 variants.
¢ Per virus variant, average ICsos from two independent experiments were evaluated with the Mann-Whitney U test.
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to coincide with a decreasing sensitivity to CXCR4 antagonists.
We consider differences in the interaction between gp120 en-
velope protein and the cellular receptor complex of CD4 and
CXCR4 the most likely explanation for the observed differ-
ences between early and late X4 variants. Compared to early
X4 HIV variants, late-stage X4 variants may interact with oth-
er domains or another conformation of the CXCR4 molecule
or may bind the cellular entry complex with higher efficiency.

Early and late X4 variants that differed in sensitivity to
AMD?3100 did not necessarily differ in sensitivity to inhibition
by T22, pointing to different interactions of AMD3100 and T22
with CXCRA4. It is known that AMD3100 interacts with extra-
cellular loop 2 and transmembrane region 4 of CXCR4 (25).
The decreased AMD3100 sensitivity of late X4 variants could
thus be due to a change toward the usage of a CXCR4 loop
other than extracellular loop 2 or transmembrane region 4.
T22 is thought to interact with the N-terminal domain and all
extracellular domains of CXCR4, which may explain the more
general inhibitory effect of T22 on the early and late X4 vari-
ants of all five of the patients in this study (28). Differences
between the interactions of AMD3100 and T22 with CXCR4
were indeed supported by the observation that the T22 analog
T134 was still able to inhibit replication of AMD3100- and
SDF1-a-resistant clones (2, 12, 19, 37).

Various selection pressures, such as HIV-specific neutraliz-
ing antibodies and cytotoxic T cells, may drive the evolution of
X4 variants during the course of infection. Furthermore, low
CD#4 cell numbers late in infection may select for virus variants
that make the most efficient use of CD4 and/or CXCR4 for
cellular entry. In line with this hypothesis, we observed a re-
duced sensitivity for AMD3100 in late X4 variants from pa-
tients ACH208, ACHO039, ACH6052, and ACH1120, which
were obtained 2 years after AIDS diagnosis, when the CD4
T-cell count had dropped below 50/pl. In contrast, reduced
sensitivity for AMD3100 was not observed in late X4 variants
from patient ACH171 that were obtained approximately 2
years before AIDS diagnosis, when the CD4 T-cell count was
still 130/pl. Alternatively, low target cell availability may also
select for the X4 variants with the highest efficiency of CD4
and/or CXCR4 usage, as these variants would have an advan-
tage relative to coexisting X4 variants.

Another mechanism for reduced sensitivity to CXCR4 an-
tagonists could be that late-stage virus variants use unidentified
coreceptors in addition to CXCR4. As cross-reactivity of
AMD3100-, T22-, and CXCR4-directed antibodies with other
unknown coreceptors seems highly unlikely, the complete in-
hibition of replication of late X4 variants by the highest con-
centrations of either AMD3100 or T22 excludes the use of
other coreceptors in addition to CXCR4 by late X4 variants.

Our data confirm previous findings indicating that the ability
to use CCRS5 and CXCR4 in transfected U87 indicator cell
lines does not necessarily reflect coreceptor usage in primary T
cells (17, 20, 39). R5X4 and R3R5X4 virus variants, which
were able to use CCRS5 (and CCR3) in addition to CXCR4 in
transfected U87 indicator cell lines, were unable to infect
PBMC from a CCR5™/" donor in the presence of high con-
centrations of CXCR4 antagonist T22. In addition, MIP-1a,
MIP-1B, and RANTES, the natural ligands of CCRS, did not
affect the replication of these viruses. Thus, despite efficient
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usage of CCRS in transfected cell lines, these variants were
unable to use CCRS in primary CD4 T cells.

We show here that the in vivo evolution of X4 variants in the
absence of exogenous inhibitors coincides with a decreased
sensitivity to CXCR4 antagonists. This natural selection in vivo
is seemingly in contrast with the finding that in vitro generation
of AMD3100- and T22-resistant variants is very difficult and
requires extensive passaging (2, 12, 19, 37). Remarkably, ICy,s
of late R3X4 and X4 variants from patients ACH208 and
ACHO039, as determined on the MT2 T-cell line, were of the
same order of magnitude as the ICs, on MT2 cells of an in
vitro-generated AMD3100-resistant derivative of NL4-3 (37).
Amino acid substitutions in the gp120 V1-through-C4 region
that converted resistance to AMD3100 in NL4-3 (12) were not
observed in the late X4 variants in our study (unpublished
data), suggesting distinct mechanisms of resistance develop-
ment in vitro and in vivo. In addition, in vitro-generated
AMD3100-resistant strains had diminished fitness in vitro (3)
whereas the late X4 variants with reduced AMD3100 sensitiv-
ity in our study were naturally selected and therefore are ex-
pected not to have diminished fitness. Earlier studies in our
laboratory have indeed shown similar or enhanced replication
of late compared to early X4 virus variants (45).

We observed inter- and intrapatient differences in the ratio
of ICss and the absolute ICs,s of AMD3100 and T22 for early
and late X4 variants, implying that the interaction of gp120
with CXCR4 can vary between different virus variants. Al-
though our in vitro results do not necessarily translate to the in
vivo situation, our findings may have implications for the pu-
tative implementation of new CXCR4 antagonists as therapeu-
tic agents. Indeed, the large interpatient variation in X4 virus
sensitivity to CXCR4 antagonists may plead for CXCR4 antag-
onist sensitivity screening of patients’ X4 HIV-1 variants be-
fore including a CXCR4 antagonist in the therapeutic regimen.
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