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We previously reported on a panel of HIV-1 clade B envelope (Env) proteins isolated from a patient treated
with the CCRS5 antagonist aplaviroc (APL) that were drug resistant. These Envs used the APL-bound confor-
mation of CCRS, were cross resistant to other small-molecule CCRS5 antagonists, and were isolated from the
patient’s pretreatment viral quasispecies as well as after therapy. We analyzed viral and host determinants of
resistance and their effects on viral tropism on primary CD4* T cells. The V3 loop contained residues essential
for viral resistance to APL, while additional mutations in gp120 and gp41 modulated the magnitude of drug
resistance. However, these mutations were context dependent, being unable to confer resistance when intro-
duced into a heterologous virus. The resistant virus displayed altered binding between gp120 and CCRS such
that the virus became critically dependent on the N’ terminus of CCRS in the presence of APL. In addition, the
drug-resistant Envs studied here utilized CCRS very efficiently: robust virus infection occurred even when very
low levels of CCRS5 were expressed. However, recognition of drug-bound CCRS was less efficient, resulting in
a tropism shift toward effector memory cells upon infection of primary CD4™ T cells in the presence of APL,
with relative sparing of the central memory CD4™" T cell subset. If such a tropism shift proves to be a common
feature of CCR5-antagonist-resistant viruses, then continued use of CCRS antagonists even in the face of
virologic failure could provide a relative degree of protection to the T, subset of CD4™ T cells and result in

improved T cell homeostasis and immune function.

Entry of human immunodeficiency virus (HIV) into target
cells is a complex, multistep process that is initiated by inter-
actions between the viral envelope (Env) protein gp120 and
the host cell receptor CD4, which trigger conformational
changes in gp120 that form and orient the coreceptor binding
site (9, 24). Upon binding to coreceptor, which is either CCRS
or CXCR4 for primary HIV isolates, Env undergoes further
conformational changes resulting in insertion of the gp41 fu-
sion peptide into the host cell membrane and gp41-mediated
membrane fusion (8, 15, 26). Targeting stages of the HIV entry
process with antiretroviral drugs is a productive method of
inhibiting HIV replication, as demonstrated by the potent an-
tiviral effects of small-molecule CCRS5 antagonists and fusion
inhibitors (23, 35, 49). As with other antiretroviral drugs, HIV
can develop resistance to entry inhibitors, and a detailed un-
derstanding of viral and host determinants of resistance will be
critical to the optimal clinical use of these agents.

The coreceptor binding site that is induced by CD4 engage-
ment consists of noncontiguous regions in the bridging sheet
and V3 loop of gp120 (4, 18, 42, 43, 50). Interactions between
gp120 and CCRS occur in at least two distinct areas: (i) the
bridging sheet and the stem of the V3 loop interact with sul-
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fated tyrosine residues in the N’ terminus of CCRS, and (ii) the
crown of the V3 loop is thought to engage the extracellular
loops (ECLs), particularly ECL2, of CCRS (10-12, 14, 18, 28).
Small-molecule CCRS5 antagonists bind to a hydrophobic
pocket in the transmembrane helices of CCRS and exert their
effects on HIV by altering the position of the ECLs, making
them allosteric inhibitors of HIV infection (13, 31, 32, 46, 52).
The conformational changes in CCRS that are induced by
CCRS antagonists vary to some degree with different drugs, as
evidenced by differential binding of antibodies and chemokines
to various drug-bound forms of CCRS5 (47, 54).

CCRS antagonists are unusual among antiretroviral agents
in that they bind to a host protein rather than a viral target, and
therefore the virus cannot directly mutate the drug binding site
to evade pharmacologic pressure. Nevertheless, HIV can es-
cape susceptibility to CCRS5 antagonists. One mechanism by
which this occurs is the use of the alternative HIV coreceptor,
CXCRA4. In vivo, this has most often been manifest as the
outgrowth of R5/X4-tropic HIV isolates that were present in
the patient’s circulating viral swarm prior to therapy (17, 27,
55). A second mechanism of HIV resistance to CCRS antag-
onists is the use of drug-bound CCRS as a coreceptor for entry.
Resistant viruses that utilize drug-bound CCRS5 have been
identified following in vitro passaging with multiple CCRS an-
tagonists (1, 2, 22, 33, 36, 51, 56). Recently, we identified a
panel of viral Envs able to use aplaviroc (APL)-bound CCRS
that were isolated from a patient (21, 48). The Envs from this
patient were cross resistant to the CCRS antagonists AD101,
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TAK779, SCH-C, and maraviroc. Surprisingly, this antiretro-
viral-naive patient harbored Envs resistant to aplaviroc prior to
the initiation of therapy. In the present study, we have exam-
ined viral and host factors that contribute to aplaviroc resis-
tance and examined the consequences of resistance for viral
tropism. Aplaviroc resistance determinants were located
within the V3 loop of gpl20, although additional residues
diffusely spread throughout the gp120 and gp41 proteins mod-
ulated the magnitude of drug resistance. The resistant virus
displayed altered interactions between gp120 and CCRS such
that the virus became critically dependent upon the N’ termi-
nus of drug-bound CCRS. This differential recognition of
CCRS in the presence of aplaviroc was also associated with
increased dependence on a higher CCRS receptor density for
efficient virus infection and a tropism shift toward effector
memory cells on primary CD4™ T cells.

MATERIALS AND METHODS

Creation of chimeric Envs. We previously described a panel of Envs isolated
from a patient (P5) that were resistant to complete inhibition by aplaviroc and
other CCRS5 antagonists (48). Two representative Envs from this panel, pre5.2
and post 5.1, were chosen for the present study. Chimeric envs between pre5.2
and JRFL and between pre5.2 and post5.1 were created by overlap PCR. Junc-
tions between envs were constructed at the end of the V1/V2 loop, at the end of
the V3 loop, and at the end of gp120. Chimeric viruses were confirmed by
sequencing.

Virus infection assays. Pseudotyped viruses were produced by digestion of
patient envs and chimeric constructs with Kpnl and Xbal and subcloning into a
pClI expression construct containing hepatitis B virus PRE to enable high-level,
rev-independent Env expression. The Env-pCI-PRE plasmids were cotransfected
into 293T/17 cells with either a luciferase-based reporter HIV core (pNLA4.3-
Vpr*-Env -Luc™) or an enhanced green fluorescent protein (EGFP)-based
HIV core (obtained through the NIH AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH: pNL4-3-deltaE-EGFP [catalog no.
11100] from Haili Zhang, Yan Zhou, and Robert Siliciano). Supernatants were
harvested after incubation for 3 days and filtered through a 0.45-um filter. GFP
pseudotypes were concentrated by ultracentrifugation through a 20% sucrose
cushion and resuspended in phosphate-buffered saline (PBS). Pseudotyped vi-
ruses were normalized for p24 content and were tested for Env incorporation by
Western blot analysis and to ensure that Env incorporation did not differ greatly
(>20%) between preparations. In all cases, the amount of virus utilized was
empirically determined to be within the linear range of the infection assay. At 3
days postinfection, cells were lysed and luciferase activity analyzed on a lumi-
nometer. For infection assays in the presence of aplaviroc, cells were maintained
in the presence of 10 uM drug from 30 min prior to infection until 3 days
postinfection.

Mutant CCRS receptor assays. 293T cells stably transfected with human CD4
were transfected with the with wild-type or mutant CCRS genes using Lipo-
fectamine (Invitrogen). The CCRS5s transfected included wild-type, Y3A, Q4A,
Y10A, D11A, Y14A, Y15A, N24A, Q27A, H88A, Q93A, N98A, S179A, HI8IA,
F182A, PI183A, QI186A, Y187A, FI89A, WI190A, E262A, N267A, N268A,
C269A, and N273A CCRS5s. Expression of CD4 and CCRS was quantified by
flow cytometry at 24 h posttransfection using anti-CD4 (BD) and anti-CCRS
(CTC5 [R&D Systems] and 2D7 [BD]) antibodies. Cells were infected with
luciferase-based pseudoviruses at 24 h posttransfection via spinoculation (450 X
g, 2 h), and infection was quantified after 3 days as detailed above.

Affinofile cell assays. Infection of the HEK293-based CD4/CCRS5 dual-induc-
ible cell line (293-Affinofile) with luciferase-based pseudoviruses was performed
as previously described (19). Briefly, 96-well plates were seeded with 1.0 X 10*
inducible cells 2 days prior to CD4 and CCRS5 induction. Cells were induced
using 2-fold serial dilutions from 5 to 0.156 ng/ml of minocycline (resulting in six
induction conditions for CD4) and from 2 to 0.0156 pM ponasterone A (result-
ing in eight induction conditions for CCRS5). Cells were incubated for 18 h at
37°C, after which induction medium was removed and cells were infected with
pseudoviruses normalized for p24 content. Infection was quantified after 3 days
as described above.

Flow cytometry. Stimulation plates were prepared by treating 48-well plates
with 10 pl/ml of anti-CD3, 10 wl/ml anti-CD28, and 0.1% bovine serum albumin
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(BSA) in PBS for 12 h at 4°C. Plates were washed and seeded with CD4™" T cells
isolated from leukapheresis (RosetteSep CD4" T cell kit; Stemcell Technolo-
gies) at a concentration of 4 X 10° cells/ml in the presence of 20 U/ml interleu-
kin-2 (IL-2) (Sigma) for 3 days. Cells were then transferred to V-bottom plates
in the presence of medium containing IL-2 and infected with 50 ng p24 equiv-
alent of GFP-pseudotyped virus by spinoculation (1,200 g, 2 h). Cells were
resuspended, transferred back to flat-bottom plates, and incubated for an addi-
tional 3 days at 37°C. Cells were stained with anti-CCR7 (unlabeled IgM; BD)
antibody at 37°C for 30 min, followed by staining with anti-mouse IgM (phyco-
erythrin [PE] conjugated; Invitrogen), anti-CD45RO (PE-TR conjugated; Beck-
man Coulter), anti-CD3 (Qdot 655 conjugated; Invitrogen), and anti-CD4 (Al-
exa 700 conjugated; BD) for 4°C for 30 min. The percentage of CD4* T cells in
uninfected controls was analyzed for each donor and was >95% for all samples.
Cells were then washed and analyzed on an LSR II flow cytometer equipped with
a green laser (BD). Between 2.5 X 10° and 1.0 X 10° events were collected on
an LSR II flow cytometer (BD) and analyzed with FlowJo software (TreeStar).

Statistical analysis. Data analyses were performed using the Prism software
package (GraphPad Software) and validated by the University of Pennsylvania
CFAR Biostatistics Core. All infection, Affinofile, and mutant CCRS assays were
performed at least three times with three, two, and six replicates per experimen-
tal condition, respectively. In the figures, error bars represent the standard errors
of the means.

RESULTS

Envelope determinants responsible for CCR5 antagonist re-
sistance. We previously described Env proteins derived from a
patient treated with the CCRS antagonist aplaviroc that exhib-
ited resistance to all CCRS antagonists tested (48). This pa-
tient (P5) harbored resistant Envs both prior to and after
treatment with aplaviroc, designated pre5 and postS clones,
respectively. We concluded that these Envs were able to utilize
the drug-bound conformation of CCRS to mediate entry and
infection. In addition, none of these Envs were able to use
CXCRA4. Because all Env clones isolated from this patient were
resistant to complete suppression by aplaviroc, we performed a
protein BLAST search on the Env clone demonstrating the
greatest resistance to aplaviroc (clone pre5.2) and identified
JRFL as a closely related, commonly studied HIV strain that is
sensitive to inhibition by aplaviroc and other CCRS antago-
nists. Since mutations in the V3 loop are commonly associated
with resistance to CCR5 antagonists (22, 33, 53, 56), we con-
structed chimeric viruses in which the V3 loops of pre5.2 and
JRFL were exchanged. Pseudotype infection assays were per-
formed on NP2/CD4/CCRS cells in the presence or absence of
10 uM aplaviroc, a level empirically determined to be 3 log
units higher than required to saturate CCRS5 receptors on this
cell line. Viral infection was quantified by measuring luciferase
activity, and maximal percent inhibition (MPI) by aplaviroc
was calculated. The MPI by aplaviroc for virions bearing the
pre5.2 Env was 64%, and that for JRFL was >99% (Fig. 1).
When the V3 loop from JRFL was introduced into the pre5.2
Env, the MPI increased to 96% (P = 0.001). In contrast,
introducing the V3 loop from pre5.2 into the JRFL Env did not
impart any resistance to drug (MPI = 99%). These results
suggest that there are residues within the V3 loop of pre5.2
that are critical for resistance to aplaviroc but that these resi-
dues depend on the overall context of Env.

To identify determinants outside the V3 loop that contrib-
uted to aplaviroc resistance, we constructed a series of chi-
meric Envs between clone pre5.2 and JRFL and used these to
produce HIV-1 pseudoviruses. Introduction of the N’ terminus
through V1/V2 of pre5.2 into the JRFL Env did not confer
resistance to aplaviroc (MPI = 99%), though transferring the



VoL. 84, 2010

CCR5 ANTAGONISTS CAN ALTER HIV TROPISM ON CD4* T CELLS 6507

gp120 | gp41 MPI

| I I ) ) |
V1/NV2 V3 V4 V5 IFP HR1 HR2 T™M
e 69,2 + 2.6%
. , 1 99.6+0.1%
— : 1 99.4+0.2%
e - ] 952 +0.9%
L — ] 92.5+1.2%
|

— NE*
' e ———
' | 98.8+0.3%
I 065 4 0.9%
. = 1 99.1+0.2%

E Pre5.2

O JRFL

FIG. 1. The V3 loop of pre5.2 contains residues required for APL resistance. Chimeric constructs between the APL-resistant pre5.2 Env and
the sensitive JRFL Env were created. Pseudotyped viruses bearing the parental or chimeric Envs were used to infect NP2/CD4/CCRS cells in the
presence or absence of 10 uM APL, and maximal percent inhibition (MPI) with standard errors of the means (SEM) were calculated. The V3 loop
of pre5.2 contains residues required for APL resistance, but these mutations are dependent on the Env context and did not transfer resistance to
the JRFL gp160. NFx, viruses that did not infect NP2/CD4/CCRS cells in the absence of drug (nonfunctional).

N’ terminus through V3 or all of gp120 from pre5.2 into the
JRFL background resulted in small but significant reductions
in inhibition by aplaviroc (MPI = 95 and 92%; P = 0.002 and
P = 0.001, respectively). The modest reduction in aplaviroc
sensitivity in the chimeric Envs containing all of gp120 from
pre5.2 suggested that the gp41 region contained determinants
important for resistance to aplaviroc. However, the reciprocal
chimera containing all of gp120 from JRFL with gp41 from
pre5.2 was nearly completely inhibited by aplaviroc (MPI =
99%). The remaining two chimeras, with the N’ terminus
through V1/V2 or through V3 from JRFL in the pre5.2 Env
background, were not functional in the pseudotype assay and
could not be evaluated.

Since several of the pre5.2-JRFL chimeric Envs were non-
functional and the analysis of the functional clones indicated
that determinants might be sensitive to the Env context, we
reasoned that construction of chimeras with a more closely
related Env might help elucidate the determinants of aplaviroc
resistance. While none of the Envs from PS5 were completely
sensitive to aplaviroc, we identified one Env (post5.1) that
exhibited an average MPI of 92%, compared to an MPI of 64%
for pre5.2. The post5.1 and pre5.2 Envs differ at 28 amino
acids, 20 within gp120 and 8 in gp41 (Fig. 2A and B), including
changes at positions 305 and 309 in the V3 loop and a mutation
in the gp41 fusion peptide (numbering is based on the HXB2
strain). None of these changes have previously been linked to
CCRS antagonist resistance. Pre5.2-post5.1 chimeras were
constructed using overlap PCR, and pseudoviruses bearing the
parental and chimeric Envs were created.

The introduction of the N’ terminus through V1/V2, the N’
terminus through V3, and all of gp120 from the highly aplavi-
roc-resistant pre5.2 Env into the more sensitive post5.1 Env
background resulted in progressively higher resistance to apla-
viroc (MPI = 88%, 83%, and 77%, respectively) (Fig. 2C),
while the reciprocal chimeras had the opposite effect, with a
progressive reduction in aplaviroc resistance (MPI = 59%),
72%, and 83%, respectively). These data are consistent with
those from the pre5.2-JRFL chimeras in several regards. First,

the V1/V2 region from the pre5.2 Env did not contribute
significant resistance to aplaviroc in either the JRFL or post5.1
background. Thus, the 13 amino acid changes between the
highly resistant pre5.2 and more sensitive post5.1 Envs located
within and between the V3 and V5 regions are largely respon-
sible for the role that gp120 plays in modulating aplaviroc
resistance (shaded residues in Fig. 2B). Second, gp120 by itself
was not sufficient to confer full aplaviroc resistance, suggesting
a role for gp41. However, the ability of gp41 to contribute to
aplaviroc resistance appears to be dependent on the context of
the gp120 domain: when matched with the more diverse JRFL
virus, gp41 from pre5.2 did not impart any substantial degree
of aplaviroc resistance, whereas when matched with the post5.1
virus, it contributed to a modest but significant increase in
resistance (Fig. 2C).

Modeling of mutations between preS.2 and post5.1 Envs. To
gain insight into how the mutations in the highly aplaviroc-
resistant pre5.2 Env might function, the 13 gp120 differences
within and between the V3 to V5 regions were modeled onto
the structure of JRFL gp120. Only the two mutations in the V3
loop were located in a region thought to be involved in inter-
actions with the CCRS coreceptor, though our studies indicate
that these mutations play a role that is dependent upon Env
context. The remaining 11 mutations cluster on the outer face
of gp120 in an area close to the region that is thought to
interact with gp41. No mutations were present in the inner
domain of gp120 or in buried residues in the outer domain of
gp120. Since these mutations did not localize to the CD4 bind-
ing site or to the bridging sheet or 319 loop, which interact with
CCRS, we hypothesized that these mutations might act by
altering the fusogenicity of the virus, that is, by increasing the
chances of a productive entry event upon engagement of CD4
and CCRS. Therefore, we tested the ability of these Envs to
utilize low levels of CD4 and CCRS for infection in the absence
or presence of aplaviroc.

Contribution of CD4 and CCRS levels on target cells to the
magnitude of aplaviroc resistance. CCR5 levels can influence
the magnitude of viral resistance to the coreceptor antagonist
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FIG. 2. Mutations outside the V3 loop can modulate the magnitude of APL resistance. (A) Schematic showing the locations of the amino acid
changes between the highly APL-resistant pre5.2 Env and the more sensitive post5.1 Env. (B) Locations of the amino acids residues that differ
between pre5.2 and post5.1 and the frequencies of their respective residues in 582 clade B Env sequences from the Los Alamos National
Laboratory HIV sequence database. Amino acids (aa) are numbered according to their positions in the HXB2 reference strain. Residues within
and between the V3 and V5 regions of gp120 are indicated by the shaded region. (C) Pseudotyped viruses bearing pre5.2, post5.1, or chimeric
viruses were used to infect NP2/CD4/CCRS cells in the presence or absence of 10 uM APL. The V1/V2 loop was not found to contribute to APL
resistance, but gp120 residues outside V3 and gp41 residues modulated the extent of drug resistance. Error bars indicate SEM.

vicriviroc (40), and we reasoned that differential expression of
CD4 or CCRS5 on the cell surface of target cells might affect the
efficiency with which Envs from P5 could utilize drug-bound
receptor. To test this, we utilized the Affinofile cell line, an
HEK293 cell line in which CD4 and CCRS5 are under the
control of separate, inducible promoters, making it possible to
independently vary the surface expression of CD4 and CCRS
over a physiological concentration range (19). The relative
dependence of viral Envs on the surface expression levels of
CD4 and CCRS5 can be mathematically modeled using the
VERSA (Viral Entry Receptor Sensitivity Analysis) computa-
tional platform (http://versa.biomath.ucla.edu). Using this
model, viral infectivity can be described using a single vector:
the magnitude reflects the efficiency of entry of the virus, and
the angle represents the relative dependence on CD4 or
CCRS. Viruses that are completely sensitive to changes in CD4
surface expression but are not affected by varying concentra-
tions of CCRS have a vector angle of 0°, while viruses that are
independent of CD4 concentrations but sensitive to CCRS
levels have a vector angle of 90°.

Infection with pseudotyped virus bearing the pre5.2 Env on
the Affinofile cells in the absence of aplaviroc demonstrated
that this viral Env was highly sensitive to low concentrations of
CD#4 on the cell surface. In contrast, pre5.2 was able to utilize
very low concentrations of CCRS on the cell surface efficiently,
with robust infection under all conditions (Fig. 3A). The sen-

sitivity of pre5.2 to CD4 but not CCRS levels was reflected in
the VERSA vector angle of 12 + 3°. The post5.1 Env in the
absence of aplaviroc was slightly more sensitive to lower con-
centrations of CCRS and was calculated to have a vector angle
of 17 = 1° (data not shown). These are unusually low vector
angles (19) and indicate that these Envs utilize CCRS very
efficiently. In comparison, most primary Envs tested using this
system thus far exhibit vector angles of =30° (19).

In the presence of 10 wM aplaviroc, pseudoviruses bear-
ing the pre5.2 Env demonstrated a greater sensitivity to the
levels of CCRS in the presence of aplaviroc than was ob-
served in the absence of drug (Fig. 3B and C), resulting in a
vector angle of 30 = 2°. The post5.1 Env in the presence of
aplaviroc demonstrated a profile similar to that of the pre5.2
Env, with a vector angle of 30 = 3° (data not shown). The
MPI of pre5.2 by aplaviroc on the Affinofile cells was cal-
culated for all CD4 and CCRS conditions that supported
infection and demonstrated that the MPI decreased with
higher levels of CCRS expression, consistent with previous
data (40) (Fig. 3D). These results indicate that the resis-
tance of pre5.2 to aplaviroc can be modulated by CCRS
levels, with decreased inhibition at higher concentrations of
coreceptor. Additionally, these Envs are unusually efficient
at infecting cells with low levels of CCRS.

Regions of CCRS5 required for the ability of pre5.2 to infect
in the presence of aplaviroc. The ability of the pre5.2 and other
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FIG. 3. The pre5.2 Env becomes increasingly sensitive to CCRS5 density in the presence of APL. (A) Infection of pseudotyped viruses
bearing the pre5.2 Env on the Affinofile cell line in the absence of drug. Pre5.2 is sensitive to low CD4 levels but is able to use very low CCRS
levels efficiently. Infection is normalized to 100% at the highest CD4 and CCRS5 concentration. (B) Infection of pre5.2 pseudotypes on the
Affinofile cell line in the presence of 10 uM APL. The pre5.2 Env is still sensitive to low CD4 levels but also displays increasing sensitivity
to CCRS concentrations. Infection levels are proportionate to infection in the absence of drug. (C) Graphical representation of the VERSA
vectors of the pre5.2 Env in the presence or absence of drug, showing efficiency of entry and relative dependence on CD4 and CCRS. Dark
gray shaded areas represent the SEM of the vector angle; white boxes represent the SEM of the vector magnitude. Vector angles of typical
primary HIV-1 isolates are represented by the light gray shaded wedge. (D) Maximal percent inhibition (MPI) of pre5.2 at different CCR5
densities was calculated from the data in panels A and B. APL is more effective at inhibiting viral infection at low CCRS5 concentrations.

Error bars indicate SEM.

Env proteins derived from this patient to utilize the drug-
bound conformation of CCRS suggests that these Envs utilize
the receptor differently than most other HIV-1 strains. To
determine whether pre5.2 utilized the CCRS receptor differ-
ently in the absence or presence of aplaviroc, pseudotype in-
fection assays were performed on 293T cells stably expressing
human CD4 and transiently expressing either wild-type CCRS
or one of a panel of CCRS5 mutants. Previous studies have
indicated that R5-tropic viruses are highly dependent upon
both the N’ terminus and the extracellular loops of the CCRS
receptor (10-12, 14, 18, 28), and mutants with alanine substi-
tution mutants in these regions were selected to analyze the

interactions between the pre5.2 Env and CCRS in the absence
or presence of aplaviroc. The N'-terminal mutants consisted of
Y3A, Q4A, Y10A, D11A, Y14A, Y15A, N24A, and Q27A; the
ECL1 mutants were H88A, Q93A, and N98A; the ECL2 mu-
tants were S179A, HI81A, F182A, P183A, Q186A, Y187A,
F189A, and W190A; and the ECL3 mutants consisted of
E262A, N267A, N268A, C269A, and N273A.

On 293T/CD4 cells transiently expressing wild-type CCRS,
10 M aplaviroc resulted in MPIs of 48.6% * 5.5% and >99%
for pre5.2 and JRFL, respectively (Table 1). The greater re-
sistance of pre5.2 to aplaviroc on this cell line than on the
NP2/CD4/CCRS cells is likely a result of the higher CCRS
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TABLE 1. Sensitivity of pre5.2 to inhibition by aplaviroc on mutant
CCRS receptors®

% of wild-type CCR5

MPI X
I
Wild type 48.6 = 5.5 100
N’-terminal mutants
Y3A 93.8 = 1.6 119 £25
Q4A 36.4 = 4.4 125.0 £ 6.3
Y10A 98.7 = 0.5 2509
D11A 873 £9.1 295 +229
Y14A 98.2 = 0.6 36+ 1.1
Y15A 98.1 = 0.8 34+12
N24A 60.6 = 3.3 773 £ 4.2
Q27A 542 6.0 89.1 £5.8
ECL1 mutants
H88A 67.7+3.2 632 +2.6
Q93A 548 = 11.2 86.1 = 16.9
NI9SA 36.3 = 8.8 124.4 = 11.6
ECL2 mutants
S179A 550=1.8 90.5 = 13.6
HI181A 56.8 = 1.7 87.0 = 13.8
F182A 68.9 =34 613 6.4
P183A 552 +3.1 89.6 = 11.9
Q186A 41.8 = 6.5 113.2 = 2.6
Y187A 64352 71.1 = 12.6
F189A 473 =20 104.5 £ 9.0
W190A 35476 125.7 + 6.1
ECL3 mutants
E262A 54.8 6.5 87.6 5.7
N267A 57.7+9.1 82.0 = 12.7
N268A 39.0 = 8.7 125.6 = 33.3
C269A 872 +8.2 294 +21.1
N273A 555+ 1.1 89.3 = 12.7

“ Pseudotyped viruses bearing the pre5.2 Env were used to infect 293 cells
expressing CD4 and wild-type CCRS or one of a panel of CCR5 mutants.

> The percentage of wild-type CCRS5 resistance is a calculated metric allowing
for comparison between mutant receptors: 100% of wild-type CCRS resistance
indicates that a mutant has no effect on drug resistance, while 0% of wild-type
CCRS resistance indicates that a mutant completely abrogates resistance. Lower
numbers indicate CCRS5 residues essential for the use of drug-bound receptor.

expression levels obtained during transient transfections. The
N'-terminal tyrosine mutants CCRS Y3A, Y10A, Y14A, and
Y15A were all essential for the resistance phenotype, as pre5.2
was unable to utilize these receptors for entry in the presence
of drug (MPI = 93.8, 98.7, 98.2, and 98.1, respectively). Other
mutants with mutations within the N’ terminus also inhibited
use of drug-bound receptor, but to a lesser extent. Mutations in
the ECL regions of CCR5 had more modest effects upon
aplaviroc resistance, with MPIs ranging from 35.4 to 87.2%.
These data suggest that the pre5.2 Env is critically dependent
on residues within the N’ terminus of CCRS, particularly Y3,
Y10, Y14, and Y15, for its ability to infect cells in the presence
of aplaviroc. In contrast, nearly all changes within the ECL
regions of CCRS5 did not inhibit infection, indicating that these
residues are not essential for the use of drug-bound receptor
by the pre5.2 Env. These findings are consistent with recently
described CCRS antagonist-resistant Envs that are dependent
on the N’ terminus of CCRS5 for entry (5, 25, 36). Similar
results were found using maraviroc to block infection, suggest-
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ing that pre5.2 relies upon the N’ terminus of CCRS for entry
in the presence of CCRS antagonists (data not shown).

Aplaviroc induces a tropism shift of pseudoviruses bearing
the pre5.2 Env, resulting in preferential protection of central
memory CD4* T cells. The studies with the CCR5 mutants and
Affinofile cells demonstrated that in the presence of aplaviroc,
pre5.2 is critically dependent on the N' terminal tyrosines Y3,
Y10, Y14, and Y15 and is more sensitive to CCRS density. To
determine whether this differential usage of CCRS in the pres-
ence of drug translated into differences in the tropism of the
virus, we developed a multicolor fluorescence-activated cell
sorter (FACS)-based assay for detection of virally infected cells
in isolated primary CD4" T cell subsets. Briefly, peripheral
blood mononuclear cells were obtained from six normal do-
nors, and CD4" T cells were purified by rosette-bead deple-
tion. Cells were stimulated with IL-2, anti-CD3, and anti-CD28
for 3 days and then infected with pre5.2 Env-pseudotyped
viruses carrying an EGFP reporter gene in the absence or
presence of 10 pM aplaviroc. Following 3 days of incubation,
cells were stained for the surface markers CD3, CD4,
CD45RO, and CCR7. Subsets of CD4" T cells were defined
using the combination of CCR7 and CD45RO staining: naive
(CCR7" CD45RO"), central memory (CCR7" CD45RO™),
and effector memory (CCR7~ CD45RO™ 45) (Fig. 4A). Ef-
fector cells (CCR7~ CD45RO ™) 3) accounted for <1% of the
CD4™" T cell population. CCRS5 expression on each subset was
measured independently of viral infection, as CCRS5 staining
was strongly diminished in the presence of virus, presumably
due to either virally induced downregulation or masking of the
CCRS receptor. CCRS expression levels were highest on ef-
fector memory cells, intermediate on central memory cells, and
lowest on naive cells, consistent with previously published re-
sults (7, 16, 29, 34). CD4 expression levels were similar be-
tween all subsets. HIV-infected cells were defined as CD3™
GFP™ cells, since the pseudotyped viruses downregulated CD4
upon infection and the percentage of CD4™ T cells under
uninfected conditions was >95% for all donors. Using a con-
servative CD3" GFP" gate, the background signal from this
assay was reproducibly less than 0.01%.

The presence of aplaviroc in the absence of virus infection
resulted in a modest, but significant, decrease in the percent-
age of total CD4™ T cells with the central memory phenotype
(Tem) (36.4% = 3.1% without drug versus 34.7% * 2.9% with
aplaviroc; P = 0.01) (Fig. 4B). Concurrently, the percentage of
CD4" T cells with the effector memory phenotype (Tgy,) in-
creased in frequency, but this did not reach statistical signifi-
cance (16.1% * 1.9% without drug versus 19.7% * 2.0% with
aplaviroc; P = 0.09). These relatively modest alterations in the
total CD4™ T cell subsets in the presence of aplaviroc may be
due to differential survival of Ty, cells, as it has been reported
that chemokine antagonists can protect cells from apop-
tosis (6).

In the absence of aplaviroc, 2.3% = 0.5% of primary CD4*
T cells were infected by GFP reporter-pseudotyped viruses
bearing the pre5.2 Env. Previous experiments have demon-
strated that the pre5.2 Env exclusively utilizes the CCRS re-
ceptor for entry and does not infect primary CD4™ T cells from
A32ccr5-homozygous patients (48). Consistent with a depen-
dence on CCRS for entry, treatment of cells with 62.5 uM of
the CXCR4 antagonist AMD3100 did not significantly de-
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FIG. 4. APL preferentially protects central memory T cells from infection by pre5.2. (A) Representative flow cytometry data from infection of
primary human CD4* T cells with EGFP viruses pseudotyped with the pre5.2 Env in the absence or presence of 10 wM APL. Virally infected cells
were detected by expression of EGFP at 3 days postinfection. The CD4" T cell subsets infected by virus were determined by staining for CCR7
and CD45RO antigens, which define naive (CCR7" CD45R0O "), central memory (T¢y,) (CCR7" CD45RO™), effector memory (Tgy) (CCR7~
CD45RO7), and effector (Tgyra) (CCR7™ CD45RO™) populations. Infected cells (black) are primarily in the Ty, and Tgy, populations. (B) Pie
charts showing the percentage of infected cells within CD4™ T cell subsets in six normal donors in the absence or presence of APL. (C) Line graph
representation of the data from panel B, demonstrating that in all patients, APL decreased the percentage of infected cells with the T, phenotype
and increased the percentage of infected cells with the Tgy, phenotype. (D) Maximal percent inhibition (MPI) on central memory and effector
memory T cell subsets. APL inhibited infection of both subsets by pre5.2 but was significantly more effective at preventing infection of central
memory cells than at preventing infection of effector memory cells. This preferential protection of T, cells results in a tropism shift toward Tgy,

cells in the presence of APL. Error bars indicate SEM.

crease infection of primary CD4" T cells (2.1% * 0.5%; P =
0.48). Of the infected cells, 50.4% = 4.5% were of the Ty,
phenotype, while 47.6% * 5.0% were of the Tg,, phenotype
(Fig. 4B). In the presence of 10 uM aplaviroc, the percentage
of virally infected cells was significantly reduced (to 0.92% =+
0.27%; P = 0.003), resulting in an average MPI for the six
donors of 62.1% * 5.5% (range, 47.8% to 80.7%). However,
aplaviroc treatment resulted in a strong tropism shift, with a
decrease in the percentage of infected Ty, cells (50.4% to
41.8%) and a concomitant increase in the Tyy, phenotype
(47.6% to 56.6%). Aplaviroc was significantly more effective at
preventing infection of central memory cells than of effector
memory cells, with an average MPI for Ty, of 70.5% versus an
average MPI for Tgy, of 57.5%. The differential ability of
aplaviroc to protect Ty, cells from virus infection relative to
Tgwm cells, which was statistically significant, is consistent with
our Affinofile assay data and with results by Pugach and col-
leagues that have shown that the magnitude of resistance to
CCRS antagonists can be greater on cells with higher expres-
sion levels of CCRS5 (40). The results reported here show that
CCRS antagonist-resistant Envs that show increasing resis-
tance with higher CCRS levels can exhibit tropism changes on

primary CD4" T cells in the presence of drug, resulting in
preferential protection of the T, subset.

DISCUSSION

Binding of CD4 to HIV-1 Env induces structural alterations
in the gp120 subunit that enable it to interact with at least two
extracellular domains of CCRS (9, 24). The amino-terminal
domain of CCRS interacts with the base of the V3 loop and the
bridging sheet region of gp120, with several sulfated tyrosine
residues in CCRS playing important roles (11, 14, 18, 20). The
more distal regions of the V3 loop and bridging sheet are
thought to interact with the ECLs of CCRS, with ECL2 rep-
resenting a key determinant (10, 12, 20, 28). Given the se-
quence variability inherent in the gp120 subunit, it is perhaps
not surprising that there is some degree of plasticity in these
interactions, as evidenced by the fact that mutations intro-
duced into CCRS5 can have markedly different effects on virus
infection depending on the virus strain being examined (20,
44). Thus, there is some variability in the relative importance
of the CCRS N'-terminal domain and ECL2 in supporting
infection by different HIV-1 strains (41). This underlying plas-
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ticity can lead to rare, unexpected outcomes: we identified a
patient whose virus exhibited baseline resistance to all CCRS
antagonists tested, which likely contributed to this individual’s
subsequent virologic failure on an antiviral regimen that in-
cluded aplaviroc (21, 48). This finding poses two central ques-
tions: by what mechanism(s) does resistance to CCRS antag-
onists occur, and what are the implications of drug resistance
for viral tropism? Addressing the mechanism of resistance can
provide basic information on Env-coreceptor interactions and
might make it possible to develop tests that can more effec-
tively predict whether a patient will benefit from CCRS antag-
onist therapy. Addressing the implications of resistance should
make it possible to determine if virologic failure in the face of
CCRS antagonist therapy will affect viral tropism and disease
progression in any meaningful way.

Passaging HIV-1 in the presence of increasing concentra-
tions of a CCRS antagonist in vitro can result in the develop-
ment of mutations in Env that enable it to recognize the drug-
bound conformation of CCRS (22, 33, 51, 56). A similar
resistance pathway can occur in vivo or, as we have shown, can
even occur in the absence of drug selection (48, 53). This
resistance pathway often, but not always, results in a virus that
is resistant to multiple CCRS5 antagonists (22, 33, 39, 53, 56).
The CCRS antagonists that have been used clinically all seem
to bind to a hydrophobic region in the transmembrane helices
of CCRS and induce conformational alterations in the extra-
cellular domains of the coreceptor that inhibit recognition by
gp120 (13, 31, 32, 46, 52). These conformational alterations are
similar though not identical as judged by the ability of these
compounds to affect the binding of various conformation-de-
pendent monoclonal antibodies to CCRS. Thus, resistance mu-
tations in Env must enable it to recognize the specific confor-
mation of CCRS that is induced by the specific drug being used
or enable it to utilize regions of CCRS that are not perturbed
by drug binding.

Viral determinants critical for CCRS antagonist resistance
are often localized to the V3 loop, consistent with the role of
this domain in mediating coreceptor interactions (22, 33, 53,
56). However, while V3 loop mutations appear to be a com-
mon though not universal theme underlying resistance to
CCRS antagonists, the specific changes can vary and are often
context dependent in that mutations important for CCRS an-
tagonist resistance often fail to impart complete resistance
when introduced into a heterologous background (22, 37). The
viruses studied here clearly fall into this category: several mu-
tations in the V3 region were critical for drug resistance, but
these did not impart resistance to a heterologous Env protein.
In addition, changes outside the V3 region were important for
both the presence and the magnitude of drug resistance. Other
groups have shown that changes in the C4 region of gp120 and
the fusion peptide of gp41 can also play important roles in
CCRS antagonist resistance (1, 36, 37). Precisely how this
occurs is not known. Conceivably, changes in Env outside the
receptor binding domains can influence the conformation of
these domains indirectly or could alter the response of Env to
receptor binding, perhaps making induction of the conforma-
tional changes needed for membrane fusion occur efficiently
even if binding to drug-bound receptor is relatively inefficient.
Indeed, nearly all drug-resistant Envs described to date utilize
the drug-bound form of CCRS less efficiently than the drug-
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free conformation. As a result, the MPI is greatest when CCRS
expression levels are low and tends to fall as CCRS expression
levels increase.

Are there any features of the Env proteins derived from this
patient that might predict or at least predispose these viruses
to exhibit baseline resistance to CCRS inhibitors? The devel-
opment of the Affinofile system by Lee and colleagues provides
a way to accurately assess the ability of HIV-1 strains to me-
diate membrane fusion and virus infection under a variety of
CD4 and CCRS expression levels. Compared to a large panel
of primary Env proteins (19; B. Lee, personal communication),
the aplaviroc (APL)-resistant Envs studied here were unusu-
ally efficient at mediating infection of cells when CCRS expres-
sion levels were low. These viruses were more sensitive to
variation in CD4 expression levels, but in vivo this is likely to be
less important: CD4 expression is relatively high across differ-
ent T cell subsets, while CCRS expression is both lower and
more variable. Since the use of drug-bound CCRS typically
occurs with reduced efficiency, Envs that can readily utilize low
levels of CCRS for infection might tolerate mutations associ-
ated with drug resistance more readily, making the evolution of
drug resistance more efficient.

Further studies with CCRS antagonist-resistant viruses will
clarify the mechanisms by which Env can engage drug-bound
CCRS. Perhaps a more interesting question concerns the im-
plications of drug resistance for viral tropism. Since Env is
responsible for mediating virus entry into cells, mutations that
arise in response to selective pressures imposed by entry in-
hibitors could potentially alter not only the way in which Env
binds to CD4 and coreceptor but also how efficiently mem-
brane fusion-inducing conformational changes are triggered by
receptor binding and, as a result, the ability of virus to infect
different host cells. It is evident that the mere presence of CD4
and an appropriate coreceptor does not necessarily mean that
all viruses capable of using those receptors can enter a given
cell; host factors that likely include receptor expression levels
and perhaps coreceptor conformation can influence tropism in
ways that are not fully understood. We developed a multi-
parametric FACS-based assay to monitor infection of Tcy,,
Tgm, naive, and effector T cells by virus in the presence or
absence of aplaviroc. While each of these subsets expresses
similar levels of CD4, their CCRS expression profiles vary
greatly, with T\, cells expressing higher levels of CCRS than
Tey cells and with naive T cells expressing very low CCRS
levels (7, 16, 29, 34). The viruses studied here infected Ty,
and Ty, cells with similar efficiencies. However, in the pres-
ence of APL, Ty, CD4™ T cells were preferentially protected
compared with Tgy, CD4™" T cells. This result is consistent with
our findings that while the viruses studied here used CCRS
remarkably well, utilization of CCRS was less efficient in the
presence of APL. As Ty, cells have lower levels of CCRS than
Tgwm cells, it follows that in the presence of APL, virus infec-
tion of T, cells will be affected to a greater extent.

The relative tropism shift seen in the presence of APL may
have implications for disease progression based on recent stud-
ies from simian immunodeficiency virus (SIV) models of HIV
infection. A vaccination study of rhesus macaques using a
DNA prime/recombinant adenovirus boost regimen resulted in
prolonged survival compared with control animals, and sur-
vival was associated with preservation of the Ty, CD4 ™" subset



VoL. 84, 2010

(30). More recently, the proliferation of Ty, cells has been
demonstrated to be critical to the ability to maintain Ty,
CD4™" cells at extralymphatic sites such as the intestine and
lung, where they act as an initial defense against opportunistic
pathogens (38). Loss of the Ty, subset correlated with a sub-
sequent loss of Ty, cells and progression to AIDS. Moreover,
among animals with rapid progression to AIDS, infection of
the Ty, subset was more than three times higher than in
normal progressors, indicating that direct virus-mediated kill-
ing of Ty, cells likely contributes to the decline in the Ty,
population (38). Although speculative, it is possible that con-
tinued treatment with a CCRS antagonist, even in the presence
of resistant viruses, may protect the Ty, subset of CD4" T
cells and result in improved T cell homeostasis and immune
function. Further analysis of patient populations will be re-
quired to evaluate whether there is indeed a clinical benefit for
leaving patients on CCRS antagonists despite the presence of
resistant viruses.
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