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We screened a panel of R5X4 and X4 human immunodeficiency virus type 1 (HIV-1) strains for their
sensitivities to AMD3100, a small-molecule CXCR4 antagonist that blocks HIV-1 infection via this coreceptor.
While no longer under clinical development, AMD3100 is a useful tool with which to probe interactions between
the viral envelope (Env) protein and CXCR4 and to identify pathways by which HIV-1 may become resistant
to this class of antiviral agents. While infection by most virus strains was completely blocked by AMD3100, we
identified several R5X4 and X4 isolates that exhibited plateau effects: as the AMD3100 concentration was
increased, virus infection and membrane fusion diminished to variable degrees. Once saturating concentra-
tions of AMD3100 were achieved, further inhibition was not observed, indicating a noncompetitive mode of
viral resistance to the drug. The magnitude of the plateau varied depending on the virus isolate, as well as the
cell type used, with considerable variation observed when primary human T cells from different human donors
were used. Structure-function studies indicated that the V1/V2 region of the R5X4 HIV-1 isolate DH12 was
necessary for AMD3100 resistance and could confer this property on two heterologous Env proteins. We
conclude that some R5X4 and X4 HIV-1 isolates can utilize the AMD3100-bound conformation of CXCR4, with
the efficiency being influenced by both viral and host factors. Baseline resistance to this CXCR4 antagonist
could influence the clinical use of such compounds.

The entry of human immunodeficiency virus type 1 (HIV-1)
into cells can be prevented by a variety of small-molecule
inhibitors that target the viral envelope (Env) protein or the
coreceptors to which it binds (reviewed in references 3, 12, and
46). Entry inhibitors have been used as molecular tools to
characterize how sequential interactions between Env, CD4,
and a coreceptor lead to the conformational changes in Env
that result in membrane fusion and virus infection (39, 43).
They have also been used successfully in the clinic (12). A
particularly useful application of coreceptor antagonists is to
identify the efficiency with which a virus uses the chemokine
receptor CCR5 or CXCR4 to infect primary cells. While many
HIV-1 strains can use either CCR5 or CXCR4 (R5X4 viruses)
to infect cell lines, the efficiency with which a given virus uses
each coreceptor for infection can vary widely and does not
always predict the mechanism of entry into human T cells or
macrophages (18). Thus, some R5X4 viruses use only CXCR4
to infect certain primary cells, others use only CCR5, and some
viruses use both coreceptors to infect multiple cell types (16,
17, 26, 36, 59–61). The use of specific and potent coreceptor
antagonists can be utilized to prevent entry via one core-
ceptor, revealing the efficiency with which the alternative
coreceptor can support virus infection. Viral resistance to
these drugs may elucidate mechanisms of interaction between
the coreceptor and the Env protein.

Coreceptor antagonists have also been used in the clinic to

treat HIV-infected individuals, with one CCR5 antagonist
(maraviroc) having been licensed for use in 2007. There are
several variables that affect the potency of these agents, includ-
ing the impressive genetic variability of Env (15). In general,
the potencies with which entry inhibitors fully suppress infec-
tion of primary virus strains vary to a greater extent than do
those of antiviral agents that target more conserved viral pro-
teins, such as reverse transcriptase, integrase, and protease (20,
31). In addition, host cell factors also influence the efficiencies
with which entry inhibitors prevent virus infection of primary
cells obtained from different individuals (27, 35, 37). One such
host factor that influences entry inhibitor potency is coreceptor
expression levels, which can vary considerably among individ-
uals (33, 49, 56, 58). In general, higher levels of coreceptor
expression accelerate fusion kinetics, necessitating higher lev-
els of fusion inhibitors (such as enfuvirtide [ENF]) and core-
ceptor antagonists to fully suppress infection (27, 37, 43, 48).

In this study, we examined factors that influence the potency
of the CXCR4 antagonist AMD3100 (reviewed in reference 6).
AMD3100 is an antagonist of CXCR4 that inhibits the entry of
a variety of X4-tropic strains (7, 10, 31, 51, 52). Although no
longer being pursued for clinical use as an anti-HIV therapy
(23), AMD3100 is a useful molecular tool with which to study
interactions between HIV-1 and CXCR4, to examine the ex-
tent to which HIV-1 strains vary in their sensitivities to CXCR4
antagonists, and to ask whether differential CXCR4 domain
use by HIV-1 Env impacts virus tropism. With these questions
in mind, we examined a panel of R5X4- and X4-tropic virus
strains for their sensitivities to AMD3100 and found three
strains that continued to use CXCR4 for entry even in the face
of saturating AMD3100 concentrations. These viruses exhib-
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ited a “plateau effect” in which membrane fusion and infection
levels were reduced and then remained constant once saturat-
ing concentrations of AMD3100 were achieved. This pattern of
resistance was AMD3100/CXCR4 specific, as these viruses
could be fully inhibited by other classes of entry inhibitors.
Resistance mapped to the V1/V2 region of Env and could be
transferred to heterologous Env backgrounds by introducing
the V1/V2 loop from an AMD3100-resistant virus. Our results
indicate that, at baseline, some HIV-1 strains can utilize the
drug-bound form of CXCR4. This finding illustrates how dif-
ferential use of CXCR4 by HIV-1 strains can have practical
implications, including resistance to otherwise potent antiviral
agents.

MATERIALS AND METHODS

Reagents. The CXCR4 inhibitor AMD3100 was obtained through the AIDS
Research and Reference Reagent Program. The CCR5 inhibitor CMPD167 was
obtained from Merck. The CCR5 inhibitor aplaviroc was provided by Glaxo-
SmithKline. The CXCR4-specific monoclonal antibody (MAb) 12G5 was a gen-
erous gift from James Hoxie (University of Pennsylvania) (11). The phyco-
erythrin-conjugated MAb 12G5 and the immunoglobulin G2a isotype control
were purchased from BD Pharmingen.

Viruses and plasmids. The following HIV-1 strains were obtained through the
Penn Center for AIDS Research Virus and Molecular Core: DH12, NL4-3, 89.6,
SPL-3, and TYBE. The following HIV-1 strains were obtained through the AIDS
Research and Reference Reagent Program (with specific contributors in paren-
theses after the virus name): 93UG065 (Joint United Nations Program on HIV/
AIDS), BK132/GS, and BZ167/GS (Nelson Michael). HIV-1 R3A (38) was a gift
from Lishan Su (University of North Carolina, Chapel Hill). The AD8/DH12
Env chimeras (5) and truncated DH12 Env (28) were generous gifts from Mi-
chael Cho (Case Western Reserve University).

Entry PCR assay. U87.CD4.CXCR4 and U87.CD4 cells (obtained through the
AIDS Research and Reference Reagent Program from H. K. Deng and D. R.
Littman) were infected with DNase-treated (50 U/ml DNase incubated at room
temperature for 20 min) replication-competent virus for 3 days. The cells were
then washed with phosphate-buffered saline (PBS) two times and lysed with cell
lysis buffer (1 M KCl, 1% NP-40, 1 M Tris, pH 8.0, 15 mg/ml proteinase K, and
water). The lysates were then incubated at 60°C for 2 h and 98°C for 15 min. For
each reaction, 1 �l of DNA lysate was transferred to a MicroAmp fast optical
96-well reaction plate with a barcode (Applied Biosystems) containing 12.5 �l
TaqMan Universal PCR Master Mix (Applied Biosystems), 9 �l of sterile water
(Fisher Scientific), and 1.5 �l of the primer/probe sets recognizing an early HIV
replication product (the first strong stop or long terminal repeat [LTR]) or the
cellular GAPDH (glyceraldehyde 3-phosphate dehydrogenase) gene (61). Real-
Time PCR was then performed using the Applied Biosystems 7500 Fast Real-
Time PCR System. Final values were calculated for each sample by taking the
value determined for the LTR and dividing it by the respective GAPDH value.
The linear range of the assay was determined by the value of the LTR/GAPDH
ratio, being equal to or less than 1. To determine the amount of virus (the titer
was determined by the amount of p24 antigen) needed to be within the linear
range of the assay, titration experiments were performed. Based on these results,
the amounts of virus (ng of p24) used for each strain were as follows: DH12, 0.3
ng; R3A, 1.7 ng; NL4-3, 5 ng; 89.6, 3.6 ng; SPL-3, 4.4 ng; TYBE, 1.8 ng;
BK132/GS, 3 ng; BZ167/GS, 7.3 ng; and 93UG065, 3.9 ng. In entry PCR inhi-
bition assays, cells were incubated with drug for 1 h prior to virus addition (the
addition of virus brought the drug concentrations to the concentrations re-
ported).

Viral pseudotypes. Viral pseudotypes were made by transfecting 293T cells
with the env plasmid of interest and the NL4-3 env-deficient (through frameshift)
genome with a luciferase reporter gene in place of nef. The cells were incubated
for 2 to 3 days, and then the supernatants were harvested and filtered with a
Corning 0.45-�m syringe filter. Single-use aliquots were then frozen and stored
at �80°C. The titer of each pseudotype preparation was determined by measur-
ing the amount of p24 antigen present. U87.CD4.CXCR4 or U87.CD4 cells were
infected with the indicated viral pseudotypes by adding 10 ng of p24 of the
pseudotype to the cells and centrifuging them at 1,200 rpm for 1.5 to 2 h at room
temperature. The cells were then incubated for 3 days at 37°C. Then, the cells
were washed with PBS and lysed with lysis buffer (0.1% Triton X-100 in PBS).

Luciferase substrate was then added, and the luciferase activity was read (as a
measure of infection).

For pseudotype assays done using primary human CD4� T cells, the cells were
obtained through the Penn Center for AIDS Research Immunology Core and
stimulated with phytohemagglutinin for 3 days at 37°C. The cells were then
centrifuged at 1,200 rpm for 5 min and then resuspended in RPMI medium with
10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and interleukin 2 at
20 U/ml. The cells were transferred to a 96-well plate at a density of 200,000
cells/well. Thirty-five nanograms of p24 DH12gp140 and 30 ng p24 R3A viral
pseudotypes were then added to the wells, and the plates were incubated for 4
days at 37°C, after which the cells were transferred to Eppendorf tubes and
centrifuged at 1,200 rpm for 5 min to pellet the cells. The supernatant was
removed, and lysis buffer was added. The cells were then transferred to a 96-well
white-bottom plate, luciferase substrate was added, and enzyme activity was
assayed as a measure of infection. For pseudotype inhibition assays, the cells
(both CD4� T cells and U87 cells) were incubated with a 2� concentration of
drug for 1 h at 37°C. The addition of the pseudotypes brought the drug to the
final concentration reported in the assays.

Cell-cell fusion assay. The cell-cell fusion assay has been described in detail
previously (50). Briefly, quail fibroblasts (QT6) were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin. Target cells were transfected with plasmids expressing
CD4, CXCR4, or CCR5 under the control of the CMV promoter and a luciferase
plasmid under the control of a T7 promoter. The effector cells were transfected
with the appropriate env expression plasmid and infected with a vaccinia virus
encoding the T7 RNA polymerase (vTF1.1) (1). The two cell populations were
then mixed together and incubated at 37°C for 7 to 8 h. The cells were then lysed
with 0.1% Triton X-100 and transferred to a white-bottom plate. Fusion between
the two cell groups was detected by reading the T7 polymerase-driven luciferase
expression. The extent of fusion in the absence of AMD3100 was set to 100%,
and all other fusion values were compared to it. In cell-cell fusion inhibition
assays, the target cells were incubated with a 2� concentration of the appropriate
drug for 1 h prior to the addition of the effector cells. Upon addition, the
concentration of drug becomes 1� (the final concentration is reported) and is
maintained throughout the rest of the experiment.

FACS analysis. U87.CD4.CXCR4 cells were incubated with AMD3100 for 1
hour at 37°C. The cells were then washed with fluorescence-activated cell sorter
(FACS) buffer (5 mM EDTA, 2% FBS, and 0.05% Na azide in PBS) with the
appropriate concentration of AMD3100 present. The cells were centrifuged
(1,300 rpm for 5 min) and washed again. Next, the cells were stained in a 50-�l
total volume of FACS buffer plus AMD3100 plus 10 �l 12G5-phycoerythrin,
FACS buffer plus cells only, or FACS buffer plus immunoglobulin G2a isotype
control MAb for 30 min at 4°C. The cells were washed two more times (again
with AMD3100 present) and then resuspended in 300 �l FACS buffer. FACS
analysis was then performed using the FACSCalibur from Becton Dickinson, and
the data were analyzed using the program CellQuest (Becton Dickinson).

Chimera construction. Chimeras between the Envs of DH12 and R3A were
created using overlapping PCR. Briefly, primers were designed to amplify one
specific region from each of the two Envs, with one primer having overlapping
sequence of both pieces. The two pieces were then used as the template for the
second PCR, in which one full-length env gene was made using both DH12 and
R3A pieces. The PCR mixture contained 2.5 U Platinum Pfx DNA polymerase
from Invitrogen, 10� Pfx buffer, 10� PCRx Enhancer, 10 mM deoxynucleotide
triphosphates, 50 mM MgSO4, and water. The PCR cycling conditions were as
follows: a 5-min hot start at 94°C and 20 cycles of 94°C for 30 s, 50°C for 30 s, and
68°C for 2.5 min, followed by a 7-min extension time. The PCR products were
run on 1% agarose gels and excised using the Zymoclean kit from Zymo Re-
search Laboratories. The purified chimeric DNA was then cloned into the mam-
malian expression vector pciPRE by utilizing the KpnI and XbaI restriction sites.
All chimeras were screened by sequencing, and functional assessment was done
through cell-cell fusion assays.

RESULTS

Identification of R5X4 and X4 virus strains partially resis-
tant to inhibition by AMD3100. Due to the genetic variability
of the viral Env protein, primary HIV-1 strains can exhibit an
impressive range of sensitivities to entry inhibitors (22, 31, 47).
Recently, we identified a series of R5 Env proteins from an
HIV-infected individual that exhibited only partial sensitivity
to CCR5 inhibitors: viruses bearing these Env proteins could
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infect cells in a CCR5-dependent manner, albeit less effi-
ciently, in the face of saturating concentrations of drug, sug-
gesting an inherent ability of some R5 viruses to utilize the
drug-bound conformation of CCR5 (J. C. Tilton, H. Amrine-
Madsen, J. L. Miamidian, K. M. Kitrinos, J. Pfaff, J. F. De-
marest, N. Ray, J. L. Jeffrey, C. C. LaBranche, and R. W.
Doms, unpublished data). Such altered use of CCR5 could
impact the clinical response to CCR5 inhibitors and might
also affect viral tropism.

To determine if some X4 and R5X4 virus strains exhibit a
resistance pattern similar to that of the small-molecule
CXCR4 inhibitor AMD3100, we infected human astroglioma
U87 cells expressing CD4 and CXCR4 with a panel of nine
virus strains in the presence of a high concentration of
AMD3100 (10 �M) that routinely blocks CXCR4-dependent
virus infection (Fig. 1). A quantitative PCR assay was em-
ployed to assess the efficiency of virus entry by measuring the
appearance of early reverse transcriptase products. We found
that while 10 �M AMD3100 inhibited six virus strains by
�95%, three virus strains were not fully inhibited, including
the R5X4 strain DH12 (53) and the X4 strains SPL-3 (45) and
TYBE (60). Entry of DH12 was reduced by only 45% in the
presence of 10 �M AMD3100. None of the viruses entered
U87 cells expressing CD4 alone, indicating that entry was in-
deed CXCR4 dependent. Importantly, both DH12 and R3A
were inhibited by high concentrations of the reverse transcrip-
tase inhibitor zidovudine and the fusion inhibitor ENF, as
measured by p24 production, showing that complete viral in-
hibition could be obtained on U87.CD4.CXCR4 cells and pri-
mary CD4� T cells (data not shown).

The Env protein is responsible for the resistant phenotype
of DH12. To determine if the DH12 Env protein was solely
responsible for the AMD3100-resistant phenotype, cell-cell fu-
sion and virus pseudotype assays were performed. For the
cell-cell fusion assay, quail fibroblasts (QT6) were separated

into two populations: targets expressing CD4, CXCR4, and the
luciferase gene under the control of a T7 promoter and effec-
tors expressing the Env of choice cloned into a plasmid
(pcDNA3.1) containing a T7 promoter boosted by infection
with a vaccinia virus that encodes T7 polymerase. The tar-
gets were then incubated with increasing concentrations of
AMD3100 for 1 h at 37°C and then mixed and incubated at
37°C for 7 to 8 h. If fusion between the cells occurs, luciferase
is produced and can be easily measured. We found that cell
fusion mediated by the R3A Env was efficiently inhibited by
AMD3100 (50% inhibitory concentration, �40 nM) while fu-
sion mediated by the DH12 Env was inhibited by only 50% at
similar drug concentrations (Fig. 2A). As the drug concentra-
tions were increased, a plateau was observed, suggesting that
the DH12 Env is able to use the drug-bound form of
AMD3100, albeit less efficiently than the unbound receptor.
This phenomenon has been seen in studies investigating CCR5
antagonists (44, 57).

To examine the sensitivity of the DH12 Env protein to
AMD3100 in the context of virus infection, pseudotypes were
produced using the env genes of R3A and DH12 in the expres-
sion vector pciPRE and the NL4-3 core containing a frameshift
in env and luciferase in place of its own nef gene. However, we
found that the DH12 Env protein was inefficiently incorpo-
rated into these virus particles, resulting in very low levels of
luciferase activity (data not shown). To overcome this, we
utilized a DH12 env construct in which 140 amino acids were
truncated from the cytoplasmic domain (named DH12gp140)
(28). Western blot analysis showed that the truncated DH12
Env was incorporated into the pseudoviral particles approxi-
mately five times more efficiently than the wild-type DH12 Env
(data not shown). We also found that DH12gp140 efficiently
elicited cell-cell fusion and that saturating levels of AMD3100
inhibited fusion activity by only 50%, similar to the wild-type
DH12 Env protein (data not shown). Pseudotype assays using

FIG. 1. Susceptibilities of HIV-1 strains to inhibition by AMD3100. U87.CD4.CXCR4 cells were incubated with 10 �M AMD3100 or medium
without inhibitor for 1 h at 37°C. Between 0.3 ng and 7.3 ng p24 replication-competent virus was then added (see Materials and Methods for specific
virus amounts), and the extents of virus infection were determined 3 days later using an entry PCR assay employing primer/probes specific for the
HIV-1 LTR or the cellular GAPDH gene as a control. The quantity of virus added was determined by titration experiments to find the amount,
measured by p24 antigen, needed to obtain results in the linear range of the assay (defined by the ratio LTR/GAPDH � 1). X4-tropic viruses are
indicated with asterisks; all other viruses are R5X4. The results are expressed as a percentage of infection in the absence of AMD3100 for each
virus, and the error bars represent the averages plus standard deviations of three independent experiments.
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DH12gp140 were performed by infecting U87 cells expressing
CD4 and CXCR4 in the presence of different concentrations of
drug (Fig. 2B). Aliquots of drug-incubated cells were also
stained with a MAb to CXCR4 (12G5) to assess the degree of
receptor occupancy, since AMD3100 prevents the binding of
this antibody to CXCR4 (14). We found that 12G5 binding was
completely inhibited by 17.5 �M AMD3100 (Fig. 3), at which
point DH12 infection was inhibited only about 55% (Fig. 2B).
When AMD3100 was used at 175 �M, a concentration at least
10-fold above saturating levels and still nontoxic to the cells,
DH12 could still enter U87 cells expressing CD4 and CXCR4
(Fig. 2B). In contrast, R3A was fully inhibited by these con-
centrations of drug. These results suggest that DH12 can either
utilize the AMD3100-bound conformation of CXCR4 in both
cell fusion and virus infection assays or utilize low levels of
receptor that fail to bind the drug or MAb 12G5, perhaps due
to coreceptor heterogeneity.

DH12 is sensitive to inhibition by CCR5 and fusion inhibi-
tors. To determine if DH12 is broadly resistant to various entry

inhibitors, cell-cell fusion assays using QT6 cells expressing
CD4 and CCR5 in the presence of various concentrations of
the CCR5 antagonist CMPD167 or using cells expressing CD4
and CXCR4 in the presence of the fusion inhibitor ENF were
performed. We found that the membrane fusion activity of
DH12 was fully sensitive to ENF (Fig. 4A) and to CMPD167
(Fig. 4B), with 50% inhibitory concentrations comparable to
that of the R3A Env protein. Essentially identical results were
obtained with virus pseudotypes; when cells expressing CD4
and CCR5 or CD4 and CXCR4 were used as targets, infection
mediated by the DH12 Env protein was completely inhibited
by ENF and by CCR5 antagonists (data not shown). Taken
together, these results show that DH12 is not broadly resistant
to entry inhibitors. Rather, it is specifically resistant to the
CXCR4 inhibitor AMD3100.

Variable sensitivity of DH12 Env to AMD3100 on primary
cells. Both virus and host factors can influence the sensitivity of
HIV-1 to inhibition by coreceptor antagonists. To determine if
the ability of DH12 to utilize CXCR4 in the face of saturating
concentrations of AMD3100 was influenced by host cell fac-
tors, we performed pseudotype inhibition assays on primary
human CD4� T cells derived from five different donors. While
DH12 primarily uses CXCR4 to infect human T cells, infection
via CCR5 is also possible, albeit unlikely (59, 61). Thus, we
included an inhibitory concentration of the CCR5 antagonist
aplaviroc, to which DH12 is fully sensitive, in all experiments.
Cells were incubated with various concentrations of AMD3100
for 1 h before the addition of either the R3A or DH12gp140
viral pseudotype. The cells were then assayed for luciferase
activity 4 days after infection. We found that AMD3100 fully
inhibited R3A viral-pseudotype infection of primary T cells
from all five donors and did so at similar drug concentrations.
Thus, a single representative inhibition curve is shown in Fig.
5. In contrast, infection mediated by the DH12gp140 viral
pseudotypes was never fully inhibited by AMD3100. Rather, as
AMD3100 concentrations were increased, variable degrees of
inhibition were observed, depending on the donor. The con-

FIG. 2. The DH12 Env protein exhibits partial resistance to AMD3100.
(A) Cell-cell fusion inhibition assays were performed with QT6 cells
expressing human CD4 and CXCR4 and QT6 cells expressing either
the DH12 or R3A Env protein. Receptor- and Env-expressing cells
were mixed in the presence of the indicated concentrations of
AMD3100, and the extents of cell-cell fusion were determined 7 to 8 h
later. The extent of fusion in the absence of AMD3100 was set to
100%. (B) Infection assays using viral pseudotypes expressing either
the DH12gp140 or R3A Env protein were performed on U87.CD4.
CXCR4 cells in the presence or absence of AMD3100 at the indicated
concentrations, and the extents of virus infection were determined 3
days later. The results are expressed as percentages of fusion/infection
in the absence of AMD3100, and the error bars represent the averages �
standard errors of the mean of three independent experiments.

FIG. 3. Receptor occupancy as judged by FACS staining. U87.
CD4.CXCR4 cells were incubated with the indicated concentrations of
AMD3100 for 1 h at 37°C. Cells (200,000) from each drug condition
were washed two times with FACS buffer containing the appropriate
concentration of AMD3100. Next, the cells were stained in 50 �l total
FACS buffer plus 10 �l of the CXCR4-specific MAb 12G5. The cells
were then washed two more times, and FACS was performed on a
FACSCalibur from Becton Dickinson. The mean fluorescence inten-
sity of an isotype control was identical to that seen when AMD3100
concentrations were equal to or greater than 17.5 �M (data not
shown).
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centrations at which partial inhibition was achieved varied by
about 1 log unit, while the extents of maximal inhibition varied
from approximately 20% (donor 4) to 75% (donor 1). Thus,
the DH12 Env protein can continue to mediate CXCR4-de-
pendent membrane fusion, even in the face of saturating con-
centrations of AMD3100, on both cell lines and primary T
cells. The extent to which AMD3100 inhibits virus infection
can vary considerably depending on the donor from whom the
T cells are obtained.

The V1/V2 loop of DH12 is sufficient to impart AMD3100
resistance to heterologous Envs. To identify the determinants
within the DH12 Env protein responsible for the AMD3100-
resistant phenotype, chimeras between the env genes of
DH12 and R3A were constructed (Fig. 6). All chimeras were
screened for functionality in a cell-cell fusion assay and were
found to elicit fusion with efficiencies ranging from approxi-
mately one-third to twice the levels obtained with the R3A Env
protein (Fig. 6). Because the V3 loop of Env plays a critical
role in coreceptor interactions and can also play a role in
resistance to coreceptor inhibitors (29, 57), we first introduced

the V3 loop from DH12 into the R3A background. However,
this chimera (RDV3R) was fully sensitive to AMD3100 (Fig.
7A). We then examined chimeras in which increasingly large
N-terminal portions of DH12 gp120 were introduced into the
R3A background (Fig. 7B). We found that the addition of the
first 150 residues of DH12 (D1R), which includes the V1 re-
gion, resulted in an Env chimera that could not be fully inhib-
ited by AMD3100, with approximately 20% membrane fusion
activity remaining when saturating amounts of AMD3100 were
used. A chimera containing the first 299 residues of DH12
(D12R), extending up to the last cysteine residue of V2, be-
haved like DH12 in the fusion assay, with AMD3100 inhibiting
its fusion activity by approximately 50% at high concentrations.
Env chimeras containing larger portions of the DH12 gp120
subunit, or even the entire subunit, likewise exhibited resis-
tance to AMD3100. Essentially identical results were seen
when U87.CD4.CXCR4 cells were infected with DH12/R3A
Env chimera pseudotype viruses (Fig. 7C), demonstrating
again that the V1/V2 loop of HIV-1 DH12 is necessary and
sufficient to impart AMD3100 resistance to the R3A Env.

We also constructed a panel of reciprocal chimeras in which
N-terminal portions of the DH12 gp120 protein were replaced
with the corresponding regions from the R3A Env protein. We
found that replacing the N-terminal portion of DH12 gp120
up to and including the V1 region completely abolished the
AMD3100 resistance phenotype (Fig. 7C). Chimeras contain-
ing larger regions of the R3A Env protein continued to be fully
sensitive to AMD3100. Thus, we conclude that the V1/V2
region of the DH12 Env protein is both necessary and suf-
ficient for conferring resistance to AMD3100 on the R3A
Env protein.

To test if the V1/V2 loop of DH12 alone could confer
AMD3100 resistance on other HIV-1 strains, chimeras be-
tween DH12 and the R5-tropic HIV-1 AD8 were tested. Cho
and colleagues have shown that both the DH12 V1/V2 loop
and the V3 loop can confer CXCR4 usage when introduced

FIG. 4. DH12 and R3A are fully sensitive to other entry inhibitors.
Cell-cell fusion inhibition assays were performed on QT6 cells express-
ing the DH12 or R3A Env protein with QT6 cells expressing CD4 and
CXCR4 (A) or CD4 and CCR5 (B) and incubated with the indicated
concentrations of the fusion inhibitor ENF (A) or the CCR5 inhibitor
CMPD167 (B). The extent of fusion in the absence of drug was set to
100%. Least-squares regression lines were fitted using Prism 4.0a soft-
ware (GraphPad, California). The error bars represent the averages �
standard errors of the mean of three independent experiments.

FIG. 5. DH12gp140 is resistant to AMD3100 inhibition on primary
CD4� T cells. Pseudotype inhibition assays were performed on pri-
mary CD4� T cells, using the DH12 C-terminally truncated and the
full-length R3A env genes in the NL4-3 background in the presence of
increasing concentrations of AMD3100. The extent of infection in the
absence of drug was set to 100%. Each line represents a different T-cell
donor. R3A inhibition curves for all five donor CD4� T cells were
almost identical and hence are shown as a single representative inhi-
bition curve.
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into the AD8 Env protein, which otherwise uses only CCR5
(4). We first tested both chimeras in the cell-cell fusion assay to
confirm the use of CXCR4 in addition to CCR5 for cell entry
(data not shown). When the experiment was repeated in the
presence of increasing concentrations of AMD3100, we found
that the AD8 chimera containing the DH12 V1/V2 region
exhibited resistance to AMD3100 while the AD8 chimera con-
taining the DH12 V3 loop did not (Fig. 8). Thus, only the
V1/V2 loop of DH12, but not the V3 region, was sufficient to
confer AMD3100 resistance in a second, heterologous HIV-1
Env background.

Other primary HIV-1 strains display similar AMD3100 re-
sistance. Two other HIV-1 strains, SPL-3 and TYBE, were
identified in the preliminary resistance screen as being incom-
pletely inhibited by AMD3100 (Fig. 1). In addition, we iden-
tified two X4-tropic Env clones (pNR100 and pNR113) from a
patient who underwent and failed ENF therapy that also ex-
hibited resistance to AMD3100 (47). Full AMD3100 inhibition
curves were performed using TYBE in pseudotype assays and
pNR100 and pNR113 in cell-cell fusion inhibition assays. Fig-
ure 9A and B show that all three HIV-1 Envs exhibited a
plateau effect as AMD3100 concentrations were increased.
Saturating concentrations of AMD3100 inhibited infection of
TYBE pseudotypes by approximately 80% (Fig. 9A), while cell
fusion mediated by the pNR100 and pNR113 Env proteins was
inhibited by approximately 35% and 25%, respectively (Fig.
9B). These results show that the baseline resistance to
AMD3100, manifested as incomplete suppression in the face
of saturating concentrations of drug, is a characteristic exhib-
ited by several primary HIV-1 strains.

DISCUSSION

The failure of AMD3100 to completely inhibit infection by
HIV-1 DH12 and several other clade B virus strains could not

be ascribed to an artifact of any particular experimental sys-
tem: incomplete inhibition in the form of a stable, residual
amount of virus infection in the face of saturating concentra-
tions of AMD3100 was observed with replication-competent
virus, virus pseudotypes, and cell fusion assays and was seen
with both cell lines and primary cell types. The fact that we
identified several R5X4 and X4 virus strains that exhibited this
form of baseline resistance to AMD3100 suggests that this
phenotype may be relatively common. However, this pattern of
resistance is quite different from what is observed with other
classes of antiretroviral agents, such as reverse transcriptase
(reviewed in reference 2) and protease inhibitors (40). Resis-
tance to these drugs typically involves mutations that modify
the drug binding site, resulting in higher levels of drug being
needed to achieve the same antiviral effect. In the case of
CXCR4 and CCR5 coreceptor antagonists, this pathway is not
an option, as these drugs target host molecules. As a result,
other mechanisms, such as the accrual of mutations in Env that
enable a virus to utilize a different coreceptor or to utilize the
drug-bound conformation of the targeted coreceptor, must be
employed.

In the case of DH12 and the other AMD3100-resistant vi-
ruses studied here, we feel that the most likely mechanism to
account for their resistance to AMD3100 is utilization of the
drug-bound form of CXCR4. The reasons for this conclusion
are several. First, the mode of resistance is clearly noncompet-
itive in nature. Once AMD3100 concentrations reached 10
�M, virus infection was not further inhibited even if drug
concentrations were increased by an additional several log
units. This finding is not consistent with virus outcompeting
AMD3100 for CXCR4 binding. Second, the plateau concen-
tration of AMD3100, beyond which further viral inhibition was
not observed, was similar to the concentration needed to fully
prevent binding of a monoclonal antibody to CXCR4, suggest-

FIG. 6. Panel of HIV-1 Env chimeras. Chimeras between DH12 and R3A env genes were made using overlapping PCR. The chimeric env genes
were then cloned into the pciPRE mammalian expression vector using the KpnI and XbaI restriction sites. The chimeras were sequenced to
confirm their identities, and cell-cell fusion assays were performed to test Env functionality. The DH12/AD8 chimeras were previously described
by Cho et al. (5). The fusion levels obtained with each chimera in the absence of drug were assessed and compared to the consistently high fusion
levels of R3A.
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ing that all coreceptor molecules were drug bound. Third, the
plateau effect was observed in multiple cell types, and was
always dependent upon the presence of CXCR4, arguing that
DH12 did not utilize a coreceptor other than CXCR4. Thus,
we conclude that DH12, TYBE, SPL-3, pNR113, and pNR100
could use AMD3100-bound CXCR4 to infect cells, with the
magnitude of the plateau reflecting the efficiency with which
each virus could use the drug-bound form of CXCR4 relative
to its drug-free conformation.

The ability of HIV strains to use the AMD3100-bound form
of CXCR4 has not previously been described, to the best of our
knowledge, though utilization of drug-bound CCR5 has been
described for several virus strains derived by passage in the
presence of increasing concentrations of CCR5 antagonists
(29, 37, 44, 57) and by viruses into which V3 loop deletions
have been introduced (30, 34, 42). Taken together, these stud-
ies indicate that mutations conferring resistance to CCR5 an-
tagonists often, but not always, involve mutations in the V3
loop, and when introduced into other Env backgrounds, these
mutations have not conferred the drug-resistant phenotype
(37). In the case of DH12, we found that the V1/V2 region was
necessary and sufficient to confer the ability to recognize the

FIG. 7. The V1/V2 loop of DH12 is necessary and sufficient to confer AMD3100 resistance in the R3A Env background. (A, B, and D)
Cell-cell fusion inhibition assays were performed with QT6 cells expressing the chimeric Env proteins indicated using QT6 cells expressing
human CD4 and CXCR4 as targets. Prior to cell mixing, the CD4- and CXCR4-expressing cells were incubated with the specified
concentrations of AMD3100 for 1 h. Cell-cell fusion was determined via luciferase reading 7 to 8 h after cell mixing. The extent of fusion
for each Env in the absence of AMD3100 was set to 100%. (C) Infection assays using viral pseudotypes expressing either the DH12gp140,
R3A, or chimeric Env protein were performed on U87.CD4.CXCR4 cells in the presence or absence of AMD3100 at the indicated
concentrations, and the extents of virus infection were determined 3 days later. The results are expressed as percentages of fusion/infection
in the absence of AMD3100, and the error bars represent the averages � standard errors of the mean of three independent experiments.

FIG. 8. The V1/V2 loop of DH12 can confer AMD3100 resistance
on the AD8 HIV-1 strain. Cell-cell fusion inhibition assays were per-
formed with QT6 cells expressing the indicated DH12/AD8 chimeric
Env protein and QT6 cells expressing human CD4 and CXCR4. The
cells were incubated with increasing concentrations of AMD3100 for
1 h prior to being mixed. The extent of fusion for each Env in the
absence of AMD3100 was set to 100%. The error bars represent the
averages � standard errors of the mean of three independent exper-
iments.
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AMD3100-bound conformation of CXCR4 on the R3A and
AD8 Env proteins. This differs markedly from a virus that was
made resistant to AMD3100 through in vitro passaging (8). De
Vreese et al. passaged the X4-tropic HIV-1 NL4-3 in the pres-
ence of increasing concentrations of AMD3100. The resulting
drug-resistant virus had several mutations distributed through-
out the gp120 subunit of Env, with the majority focused in or
around the V3 loop. The properties of this virus differ in two
important respects from those of the viruses described here.
First, the in vitro-passaged virus described by De Vreese et al.
could be fully inhibited by AMD3100, albeit at higher drug
concentrations (9). Second, the determinants for this resistant
phenotype likely involved the V3 loop. The V3 loop is clearly
the major determinant of coreceptor choice (reviewed in ref-
erences 19 and 21), while the V1/V2 region plays a subsidiary
role (4, 24, 32, 54, 55). However, the DH12 Env, as well as its
V1/V2 region, exhibits some unusual properties. First, DH12
was selected for study by Shibata and colleagues, as it was one
of 23 HIV-1 isolates tested that could efficiently infect chim-
panzee T cells (53). Second, the DH12 Env is highly fusogenic,
and the virus is highly cytopathic (4, 5, 53). It uses both CCR5

and CXCR4 in an efficient manner. Third, either the V1/V2
region or the V3 loop from DH12 can confer the ability to use
CXCR4 on the R5 virus strain AD8, while introduction of both
of these regions improves the efficiency with which CXCR4 can
be used (4, 5). It will be important to introduce the DH12
V1/V2 region into additional Env proteins to determine if the
resistant phenotype can be conferred on other heterologous
viruses.

How might a virus utilize the drug-bound form of CXCR4?
A possible model is suggested by studies of how HIV-1 Env
interacts with CCR5 and CXCR4 in general, as well as insights
gleaned from a virus strain that can efficiently utilize drug-
bound forms of CCR5 due to partial deletion of its V3 loop
(30, 34, 42). There is good evidence that the distal portion of
the V3 loop interacts with the extracellular loops of CCR5 or
CXCR4, while the base of the V3 loop and bridging sheet bind
to the amino-terminal domain of the coreceptor, with sulfated
tyrosine residues playing a particularly important role in the
case of CCR5 (13, 25, 41, 42). Removal of 15 residues from the
center of the V3 loop from the R5X4 virus strain R3A renders
the virus completely resistant to CCR5 antagonists through a
mechanism that most likely involves efficient utilization of the
drug-bound coreceptor (30). We have found that the resulting
virus, termed TA1, is more sensitive than the parental virus to
mutations in the N-terminal domain of CCR5, suggesting a
model in which TA1 can utilize drug-bound CCR5 by inter-
acting primarily with the N-terminal domain of the coreceptor,
whose conformation may not be greatly affected by drug bind-
ing. It is possible that a similar mechanism might account for
the ability of DH12 and other viruses to utilize AMD3100-
bound CXCR4, though as yet we have no direct evidence for
this hypothesis. If so, the V1/V2 region must play a significant
role in this process. It is possible that the V1/V2 region inter-
acts directly with some portion of CXCR4 and that the DH12
V1/V2 region does so particularly well, though structure-func-
tion studies have not provided strong evidence for such a
model. An alternative explanation is that changes in the con-
formation or orientation of the V1/V2 region change the con-
formation or exposure of the base of the V3 loop, which is
known to play an important role in binding the N-terminal
domain of the coreceptor (25). However, it should be noted
that elimination of the V1/V2 region in R5 Envs has not been
associated with drug resistance (30). The panel of disparate,
AMD3100-resistant X4 and R5X4 viruses described here will
provide the molecular tools needed to more fully understand
this unusual phenotype.

It is important to also consider the fact that when DH12 was
used to infect human peripheral blood mononuclear cells in
the presence of saturating amounts of AMD3100, the magni-
tude of the plateau varied depending on the donor from whom
the cells were collected. Thus, host cell factors also contribute
to the AMD3100-resistant phenotype, though the mecha-
nism(s) responsible for this donor-dependent effect is not
known. Finally, the virus strains studied here exhibited signif-
icant resistance to AMD3100 even though all were cloned from
patients who had not received the drug. Such baseline resis-
tance to this CXCR4 antagonist, if common, could affect future
clinical use of this class of antiviral agents.

FIG. 9. Other primary HIV-1 strains exhibit resistance to
AMD3100 inhibition. (A) Pseudotype inhibition assays were per-
formed on U87.CD4.CXCR4 cells. Increasing concentrations of
AMD3100 were incubated with the cells prior to TYBE pseudotype
addition. (B) Cell-cell fusion assays were performed using QT6 cells
expressing pNR100 and pNR113 Env proteins and QT6 cells express-
ing CD4 and CXCR4. Target cells were incubated with AMD3100 1 h
prior to effector-target cell mixing. The extent of infection/fusion in the
absence of AMD3100 was set to 100%.The error bars represent the
averages � standard errors of the mean of three independent exper-
iments.
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