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Like human immunodeficiency virus type 1 (HIV-1), most simian immunodeficiency virus (SIV) strains use
CCRS to establish infection. However, while HIV-1 can acquire the ability to use CXCR4, SIVs that utilize
CXCR4 have rarely been reported. To explore possible barriers against SIV coreceptor switching, we derived
an R5X4 variant, termed 239-ST1, from the R5 clone STVmac239 by serially passaging virus in CD4* CXCR4™
CCR5™ SupT1 cells. A 239-ST1 env clone, designated 239-ST1.2-32, used CXCR4 and CCRS in cell-cell fusion
and reporter virus infection assays and conferred the ability for rapid, cytopathic infection of SupT1 cells to
SIVmac239. Viral replication was inhibitable by the CXCR4-specific antagonist AMD3100, and replication was
abrogated in a novel CXCR4™ SupT1 line. Surprisingly, parental SIVmac239 exhibited low-level replication in
SupT1 cells that was not observed in CXCR4™~ SupT1 cells. Only two mutations in the 239-ST1.2-32 Env, K47E
in the C1 domain and L328W in the V3 loop, were required for CXCR4 use in cell-cell fusion assays, although
two other V3 changes, N316K and 1324M, improved CXCR4 use in infection assays. An Env cytoplasmic tail
truncation, acquired during propagation of 239-ST1 in SupT1 cells, was not required. Compared with
SIVmac239, 239-ST1.2-32 was more sensitive to neutralization by five of seven serum and plasma samples
from SIVmac239-infected rhesus macaques and was approximately 50-fold more sensitive to soluble CD4.
Thus, SIVmac239 can acquire the ability to use CXCR4 with high efficiency, but the changes required for this
phenotype may be distinct from those for HIV-1 CXCR4 use. This finding, along with the increased neutral-
ization sensitivity of this CXCR4-using SIV, suggests a mechanism that could select strongly against this

phenotype in vivo.

Simian immunodeficiency viruses (SIVs) share many struc-
tural and biological features with human immunodeficiency
virus (HIV), including target cell entry via interactions of the
viral envelope glycoprotein (Env) with CD4 and a chemokine
coreceptor. For HIV, the most important coreceptors in vivo
are CCRS (2, 13, 19, 21, 22) and CXCR4 (30). HIV type 1
(HIV-1) strains that use only CCRS5 (RS viruses) predominate
during the early stages of infection and are critical for trans-
mission (84, 90), as evidenced by the finding that individuals
lacking a functional CCRS protein due to a homozygous 32-bp
deletion in the CCR5 gene (ccr5-A32) are largely resistant to
HIV-1 infection (16, 54, 82). Although RS viruses generally
persist in late-stage disease, viruses that can use CXCR4, ei-
ther exclusively (X4 viruses) or in addition to CCRS (R5X4
viruses), emerge in approximately 50% of subtype B-infected
individuals (15, 43). This coreceptor switch is associated with a
more rapid decline in peripheral blood CD4" T cells and a
faster progression to AIDS (15, 43, 77), although it is unclear
if CXCR4-using viruses are a cause or a consequence of pro-
gressing immunodeficiency. Like HIV, the vast majority of
SIVs use CCRS to establish infection (11, 12, 45). However,
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although CXCR4-using SIVs have been reported (47, 52, 65,
68, 69), their occurrence is rare, especially in models of patho-
genic infection, where only one CXCR4-using SIV has been
identified (17, 60, 71).

This paucity of CXCR4-using SIVs is surprising for several
reasons. First, SIV Envs tend to be more promiscuous than
HIV-1 Envs and frequently use alternative coreceptors in ad-
dition to CCRS, including GPR1, GPR15, CXCR6, and CCRS8
(20, 27, 29, 80, 81, 92) but not CXCR4. Second, HIV-2, which
is more closely related to SIVmac than to HIV-1 (56, 57),
commonly uses CXCR4 in vitro and in vivo (3, 28, 33, 58, 59,
67). Third, rhesus CXCR4 is ~98% identical to human CXCR4
in amino acid sequence and can function as a coreceptor for
HIV-1 in vitro (12). Finally, chimeric simian-human immuno-
deficiency viruses (SHIVs) that contain X4 HIV Envs on an
SIV core can replicate to high levels in vivo and cause disease
in rhesus macaques (39, 86). Moreover, it was recently shown
that coreceptor switching can occur in rhesus macaques in-
fected with an RS SHIV (35). Thus, there does not appear to
be any block per se against the use of rhesus CXCR4 as an
entry coreceptor either in vitro or in vivo, suggesting that SIV
is less capable of adapting to use CXCR4 and/or that muta-
tions required for CXCR4 utilization may lead to a virus that
is less fit and/or more susceptible to immune control in this
host.

For HIV-1, the Env determinants for CXCR4 use have been
well documented and often involve the acquisition of positively
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charged amino acids in the V3 loop (18, 32, 87), particularly at
positions 11, 24, and 25 (6, 18, 31, 32, 38, 75). Although the
SIVmac239 V3 loop is a critical determinant for Env-corecep-
tor interactions (44, 63, 72), attempts to create an X4 SIV-
mac239 by introducing positively charged residues into the V3
loop (63) or by inserting a V3 loop from X4 HIV-1 (44) have
been unsuccessful. SIVmac155T3, the only CXCR4-using vari-
ant of SIVmac that has been identified to date, was isolated
from a rhesus macaque with advanced disease and contains
additional positively charged residues in V3, although the de-
terminants for CXCR4 use have not been determined (60, 71).

Given questions concerning the possible determinants for
and/or barriers to coreceptor switching in SIV, we sought to
derive a CXCR4-using variant of the well-characterized patho-
genic RS SIV clone SIVmac239. Here we show that SIV-
mac239 could indeed acquire CXCR4 utilization when it was
adapted in vitro for high-efficiency replication in the CXCR4™
CCRS5™ human SupT1 cell line. An env clone from this virus
could use CXCR4 in cell-cell fusion and reporter virus infec-
tion assays and conferred CXCR4 tropism to a replication-
competent SIV. Although V3 mutations were important for
CXCR4 use, an L328W change at the V3 crown rather than
the acquisition of positively charged residues was required, as
was an unusual K47E mutation in the conserved C1 domain of
gp120. These changes also caused the highly neutralization-
resistant SIVmac239 strain to become more neutralization sen-
sitive to sera and plasmas from SIVmac239-infected animals,
and particularly to soluble CD4. These results indicate that
mutations distinct from those typically seen for HIV-1 may be
required for SIVmac to gain CXCR4 utilization and suggest
that these changes render this virus more susceptible to hu-
moral immune control. Collectively, our findings indicate that
there are likely to be strong viral and host selection pressures
against CXCR4 use that may contribute to the paucity of X4
coreceptor switching for SIVmac in vivo.

MATERIALS AND METHODS

Cells. The human SupT1 T-lymphoblastoid cell line was maintained in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM glu-
tamine, and 2 mM penicillin-streptomycin (RPMI-Complete). SupT1 cells that
stably express human CCRS (SupCCRS5) (60) were maintained in RPMI-Com-
plete with 300 ng/ml puromycin. CXCR4 knockout SupT1 cells (SupX4~ cells)
were generated using zinc finger nucleases (ZFNs; Sangamo BioSciences) (64,
70) targeting the CXCR4 gene (J. Wang et al., unpublished data). Following
electroporation with a construct encoding a pair of CXCR4-specific ZFNs
(pVAX-73EL-2a-70KK), CXCR4 " cells were isolated using fluorescence-acti-
vated cell sorting (FACS) and the CXCR4 extracellular loop 2-directed mono-
clonal antibody 12G5. CXCR4 ™ cells were then single-cell cloned by limiting
dilution (clone A66), checked by PCR amplification and genomic DNA sequenc-
ing for disruption of the CXCR4 alleles, checked by flow cytometry for absent
CXCR4 expression, and maintained in RPMI-Complete. SupX4~ cells were
engineered to stably express CCR5 (SupX4 R5™ cells) or CXCR4 (SupX4*
cells) by transduction with a CCR5- or CXCR4-containing pELNS replication-
defective lentiviral vector, generated as previously described (76). Following
transduction, coreceptor-positive cells were sorted by FACS with the anti-CCR5
antibody 2D7 or the anti-CXCR4 antibody 12G5. Coreceptor-positive cells were
then single-cell cloned by limiting dilution, checked by flow cytometry for CCR5
or CXCR4 expression, and maintained in RPMI-Complete. The canine thymo-
cyte cell line Cf2Th (kindly provided by Dana Gabuzda, Harvard University), the
Japanese quail fibrosarcoma cell line QT6, the human embryonic kidney cell line
293T, and the human astrocytoma cell line NP-2/CD4/CCRS5 were cultured in
Dulbecco’s modified Eagle medium supplemented with 10% FBS, 2 mM glu-
tamine, and 2 mM penicillin-streptomycin.
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Env cloning, plasmid construction, and mutagenesis. To isolate adapted env
clones from infected SupT1 cultures, genomic DNA was prepared using a
QIAamp DNA Mini kit (Qiagen) according to the manufacturer’s instructions,
and env sequences were PCR amplified using HotStarTaq (Invitrogen) and
primers that flank the STVmac239 env gene. PCR products were then Topo TA
cloned into pCR2.1 (Invitrogen) and screened for env inserts, using restriction
analysis and DNA sequencing. Mutant env genes were created using a
QuikChange site-directed mutagenesis kit (Stratagene) following the manufac-
turer’s protocol. To generate recombinant molecular clones of the STVmac239
genome containing adapted and mutant env genes, the previously described
pVP-2 nef open construct, which contains the 3’ half of the viral genome, first had
a Bsml restriction site in the vector region flanking the 3’ end of the genome
ablated (pVP-2/Bsml~) using QuikChange mutagenesis. An internal 1.7-kb
Bsml fragment containing the desired env mutations was then ligated with
Bsml-digested pVP-2/BsmI™. The presence of the appropriate env gene was
confirmed using restriction analysis and DNA sequencing. To generate molecu-
lar clones with a truncated cytoplasmic tail (CT), QuikChange mutagenesis was
used to introduce a stop codon at position Q734 in Env in pVP-2/Bsml™.
Full-length genome constructs were then generated by linearizing env-containing
pVP-2/BsmlI™ constructs with SphI and ligating them with the 5’ genome half
from the Sphl-digested p239SpSp5’ construct (obtained through the AIDS Re-
search and Reference Reagent Program, Division of AIDS, NIAID, NIH, from
Ronald Desrosiers). The identities of the recombinant clones were confirmed
using restriction analysis and DNA sequencing. For the generation of luciferase
reporter viruses, SIV env genes with a premature stop codon in the CT coding
region (Q734Stop) in pCR2.1 were digested with Kpnl and Xbal and cloned into
the similarly digested pCDNA3.1(—) expression construct. Plasmid pHSPG-
R3A, containing the HIV-1g3, envelope, used in cell-cell fusion assays and
luciferase reporter virus assays, has been described previously (62). Expression
constructs containing CD4, CCR5, and CXCR4 and a reporter plasmid encoding
luciferase under the control of a T7 promoter have been described previously
(79).

Cell-cell fusion assay. To quantify the ability of viral Envs to use a given
coreceptor for cell-cell fusion, we used a previously described cell-cell fusion
assay (26, 79). Briefly, effector QT6 cells were generated by first infecting cells
with the recombinant vaccinia virus strain VTF1.1, expressing T7 polymerase (1),
at a multiplicity of infection of 10 for 1 h at 37°C and then transfecting the cells
for 5 h with the appropriate env expression vector, using the standard calcium
phosphate method. Following transfection, effector cells were incubated over-
night at 32°C in the presence of rifampin (rifampicin) at a concentration of
100 pg/ml. Target QT6 cells were generated by transfecting cells with the desired
receptor expression vectors and a T7-luciferase reporter construct by the stan-
dard calcium phosphate method for 5 h, followed by overnight expression at
37°C. Effector cells were then added to target cells in the presence of 100 pg/ml
rifampin and 100 nM cytosine arabinoside, and cell-cell fusion was assessed 7 to
8 h later by lysing cells with 0.5% Triton X-100-phosphate-buffered saline,
adding luciferase substrate (Promega), and quantifying luciferase activity with a
Thermo LabSystems Luminoskan Ascent luminometer. For AMD3100 inhibi-
tion experiments, serial dilutions of AMD3100 (obtained through the NIH AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH)
were added to target cells at the time of addition of effector cells, and inhibition
of fusion was measured as the reduction in luciferase activity compared with that
of untreated controls.

Luciferase reporter viruses. Luciferase reporter viruses were generated by
cotransfecting 293T cells with a plasmid encoding the NL4-3-based luciferase
virus backbone (pNL-luc-E"R™) (10, 14) and the appropriate env expression
vector for 5 h by the standard calcium phosphate method. Cell supernatants were
collected at 48 h posttransfection and stored at —80°C. Virus concentrations
were determined by an enzyme-linked immunosorbent assay for the viral p24
antigen (PerkinElmer). Cf2Th target cells were prepared by transfecting cells
with the desired receptor expression vectors for 4 h, using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. The cells were then
spin infected for 1 h at 1,300 rpm with 10 ng of p24 equivalents of reporter virus
at 48 h posttransfection and subsequently incubated at 37°C for 72 h. The cells
were then lysed with 0.5% Triton X-100-phosphate-buffered saline, and infec-
tion was quantified by adding luciferase substrate (Promega) and measuring
luciferase activity with a Thermo LabSystems Luminoskan Ascent luminometer.

Replication-competent infection assays. To generate molecularly cloned vi-
ruses, 293T cells were transfected with full-length viral genome constructs for 5 h
by the standard calcium phosphate method. Cell supernatants were collected at
72 h posttransfection and stored at —80°C. The 239-ST1 swarm was generated in
productively infected SupT1 cells. Infected cell supernatants were collected and
stored at —80°C upon the first observation of cytopathic effects in the cultures.
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Virus concentrations were determined by enzyme-linked immunosorbent assay
for the viral p27 antigen (Zeptometrics). SupTl, SupCCRS, SupX4™,
SupX4~R5™, and SupX4™ cells were infected with equivalent amounts of p27-
containing virus. Following an overnight incubation at 37°C, infected cells were
washed in RPMI supplemented with 5% FBS to remove excess virus, and viral
replication was monitored by measuring viral reverse transcriptase (RT) activity
in the culture supernatants. For AMD3100 inhibition experiments, target cells
were incubated with various concentrations of AMD3100 at 37°C for 1 h prior to
the addition of virus. AMD3100 was maintained in the culture at the desired
concentration throughout the course of the infection. Inhibition of infection was
measured as the reduction in RT activity in the culture supernatant compared
with that of an untreated control.

Neutralization assays. We tested the sensitivity of luciferase reporter viruses
bearing Envs of interest to neutralization by sera or plasmas from SIVmac239-
infected rhesus macaques (kindly provided by Preston Marx, Tulane National
Primate Research Center, and Guido Silvestri, University of Pennsylvania) or to
soluble CD4 (sCD4). Equivalent amounts of p24-containing luciferase reporter
viruses were incubated for 1 h at 37°C with various dilutions of serum, plasma, or
sCD4 and then used to spin infect NP-2/CD4/CCRS5 cells for 1 h at 1,300 rpm.
Subsequent to spin infection, the cells were incubated at 37°C for 72 h and then
lysed with 0.5% Triton X-100—phosphate-buffered saline. Infection was quanti-
fied by adding luciferase substrate (Promega) and measuring luciferase activity
with a Thermo LabSystems Luminoskan Ascent luminometer. Neutralization
was measured as the reduction in luciferase activity compared with that of
untreated controls. To validate our results, we used sCD4 in the single-cycle
TZM-bl neutralization assay as described previously (53).

Nucleotide sequence accession numbers. The 239-ST1.2-32 env sequence from
this article has been deposited in GenBank under accession number FJ838783.
The parental SIVmac239 genome sequence is available under GenBank acces-
sion number M33262.

RESULTS

Adaptation of SIVmac239 to SupT1 cells. We attempted to
derive a CXCR4-using variant of SIV by inoculating SIV-
mac239 into SupT1, a CXCR4* CCR5™ human T-lymphoblas-
toid cell line that is highly permissive for X4 HIV-1 and -2
replication (28, 36). In SupT1 cells that were engineered to
stably express CCRS (SupCCRS cells) (60), SIVmac239 infec-
tion occurred rapidly, with extensive syncytium formation and
cell killing and a high level of RT activity in the culture super-
natant (Fig. 1A). In contrast, in parental SupT1 cells, SIV-
mac239 was poorly infectious, exhibiting a slow but progressive
increase in RT activity over several days (Fig. 1B), without
cytopathic effects and with only 5% of cells being positive for
p27%°¢ by immunofluorescence microscopy on day 34 (not
shown). We maintained this SIVmac239-infected SupT1 cul-
ture for 45 days and then serially passaged virus-containing
supernatant onto uninfected SupT1 cells, resulting in an in-
creasingly efficient infection with syncytium formation and cell
death. After 17 cell-free passages, virus-containing supernatant
from this culture, designated 239-ST1, was harvested for eval-
uation. When the ability of this 239-ST1 viral swarm to infect
SupT1 cells was compared with that of parental STVmac239, a
striking difference was noted in infection kinetics, with 239-ST1
exhibiting a high peak of RT activity (>2.5 X 10° cpm) at 6
days postinoculation (Fig. 1B) and all cells becoming p27%%¢
positive by immunofluorescence microscopy (not shown).

To determine if the efficient replication of 239-ST1 in SupT1
cells mapped to env, we PCR amplified env clones from the
genomic DNA of 239-ST1-infected cells. One clone, desig-
nated 239-ST1.2-32, was inserted into an SIVmac239 back-
bone, generating a recombinant virus that replicated in SupT1
cells with rapid kinetics, reaching an RT peak of >1.3 X 10°
cpm by day 9 (Fig. 1B). As expected, the CT of this clone
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FIG. 1. Replication of SIVmac239 variant 239-ST1. Growth curves
are shown for parental SIVmac239, the SupT1 cell-adapted 239-ST1
swarm, and recombinant SIVmac239 bearing the 239-ST1.2-32 Env
clone with a full-length (Long CT) or a truncated CT in CD4"*
CXCR4" CCR5" SupCCRS cells (A) and CD4" CXCR4" CCR5™
SupT1 cells (B). RT activity in culture supernatants was measured at
the indicated time points. Results from a representative experiment
are shown.

contained a premature stop codon (see Fig. 4), which has been
reported to occur when SIVmac is propagated in human lym-
phoid cells (46). Since several studies have shown that for
SIVmac a CT truncation alone can increase fusogenicity (78,
93), growth kinetics (8, 93), and Env content on virions (42, 93)
and that a full-length CT is restored when short-tailed SIVmac
is grown in rhesus macaque cells (46), we corrected the pre-
mature stop codon in 239-ST1.2-32, designating the new virus
239-ST1.2-32 Long CT, to determine if a CT truncation was
required for efficient replication in SupT1 cells. Although this
virus demonstrated delayed kinetics compared with 239-ST1.2-
32, it still replicated efficiently in SupT1 cells, reaching an RT
peak of >2.7 X 10° cpm by day 16 (Fig. 1B). Surprisingly,
growth of the 239-ST1.2-32 Long CT virus was markedly de-
layed in SupCCRS cells (compare Fig. 1A and B), though this
delay was not observed for 239-ST1.2-32 with a truncated CT.
Because of its ability to confer rapid growth kinetics in
CXCR4" CCR5™ SupT1 cells, the 239-ST1.2-32 env gene was
selected for further evaluation of its coreceptor usage. For
clarity, 239-ST1.2-32 refers to the Env with a truncated CT,
as originally cloned from the 239-ST1-infected culture, and
239-ST1.2-32 Long CT refers to the Env with a restored
full-length CT.
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FIG. 2. Coreceptor utilization of 239-ST1.2-32. (A) Fusion activity
in a cell-cell fusion assay of 239-ST1.2-32. Percent fusion was calcu-
lated by using luciferase activity normalized to SIVmac239 fusion with
CD4" CCR5™ QT6 cells or to HIV-1g;, fusion with CD4" CXCR4™"
QT6 cells. Background fusion levels with QT6 cells expressing only
CD4 were subtracted prior to normalization. The data shown are
means of three experiments plus the standard errors of the means
(SEM). (B) Inhibition of 239-ST1.2-32 fusion by AMD3100. Per-
cent fusion was calculated by using luciferase activity normalized to
fusion in the absence of inhibitor. The data shown are means of
three experiments = SEM. (C) Inhibition of 239-ST1.2-32 Long CT
infection by AMD3100. SupCCRS5 and SupT1 cells were infected
with SIVmac239 and 239-ST1.2-32 Long CT, respectively, in the
presence of the indicated concentrations of AMD3100. RT activity
in the culture supernatants was measured at 14 days postinfection.
Results from a representative experiment are shown.

SIVmac239

239-ST1.2-32 acquired the ability to utilize CXCR4. We
evaluated the coreceptor usage of 239-ST1.2-32 in a cell-cell
fusion assay with QT6 target cells coexpressing CD4 with ei-
ther CCRS5S or CXCR4 to determine if 239-ST1.2-32 had
gained the ability to use CXCR4. While the parental SIV-
mac239 Env could use only CCRS5, 239-ST1.2-32 induced fu-
sion with both CCRS5- and CXCR4-expressing cells (Fig. 2A),
with CCR5-mediated fusion levels at 137% of those of parental

J. VIROL.

SIVmac239 and CXCR4-mediated fusion levels at 47% of
those of R5X4 HIV-1,5, (61). CXCR4-dependent fusion for
239-ST1.2-32 was inhibitable by the CXCR4-specific antago-
nist AMD3100, with a 50% inhibitory concentration of 18 nM,
which was approximately 10-fold less than that for HIV-1g54
(Fig. 2B). To assess CXCR4 use in the context of viral infec-
tion, AMD3100 sensitivity was also evaluated for a replication-
competent SIV containing the 239-ST1.2-32 Long CT Env
(Fig. 2C). SupT1 and SupCCRS5 cells were inoculated with the
239-ST1.2-32 Long CT virus and SIVmac239, respectively, in
the presence or absence of increasing concentrations of
AMD3100, and RT activity was determined on day 14. 239-
ST1.2-32 infection of SupT1 cells was completely inhibited by
100 and 1,000 nM AMD3100, while as expected, AMD3100
had no effect on SIVmac239 infection of SupCCRS cells.
Taken together, these data indicate that the 239-ST1.2-32 Env
can utilize CXCR4 to induce cell-cell fusion and to mediate
entry of a replication-competent virus.

239-ST1.2-32 cannot infect SupT1 cells lacking CXCR4. To
further validate that 239-ST1.2-32 could use CXCR4 in the
context of a replication-competent virus, we used engineered
ZFNs targeted to CXCR4 to generate a novel CXCR4 ™ SupT1
cell line (Wang et al., unpublished). This approach has been
used successfully to stably disrupt endogenous genes in mam-
malian cells, including CCRS in human lymphocytes, rendering
them resistant to infection by R5 HIV-1 isolates (64, 70).
SupTT1 cells that were electroporated with a construct encoding
a pair of CXCR4-specific ZFNs, sorted by FACS for absent
CXCR4 expression, and cloned by limiting dilution had a dis-
ruption in all CXCR4 alleles, as determined by PCR amplifi-
cation and sequencing of genomic DNA, and failed to express
surface CXCR4 (unpublished results). One clone, designated
SupX4~, was used to evaluate the recombinant SIV containing
the 239-ST1.2-32 Long CT Env. As shown in Fig. 3A, 239-
ST1.2-32 Long CT replicated rapidly in the parental SupT1
cells but was unable to grow in SupX4 ™~ cells. These cells were
also completely resistant to R5X4 HIV-15, and X4 HIV-1,5
(not shown). When SupX4~ cells were engineered to stably
express CCR5 (SupX4~R5™ cells) or CXCR4 (SupX4™ cells),
239-ST1.2-32 replication was restored, demonstrating that
these ZFN-treated cells were still capable of supporting viral
replication. Thus, the ability of 239-ST1.2-32 to mediate high-
efficiency infection of SupT1 cells clearly correlated with
CXCR4 expression.

SIVmac239 exhibits low-level usage of CXCR4 in viral in-
fection assays. The availability of a CXCR4~ SupT1 cell line
gave us the opportunity to determine if the low level of SIV-
mac239 replication in SupT1 cells that we initially observed
(Fig. 1B), which enabled us to derive R5X4 239-ST1, was also
mediated by CXCR4. SIVmac239 uses CCRS as its primary
entry coreceptor (11, 12, 45), although the use of several al-
ternative coreceptors has also been described (20, 27, 29, 92).
Because SupT1 cells do not express CCRS, parental SIV-
mac239 could apparently use another coreceptor on these
cells, albeit inefficiently. To address this issue, we evaluated
SIVmac239 infection of SupT1 and SupX4 ™~ cells. Surprisingly,
although SIVmac239 again exhibited a slow and noncytopathic
infection of SupT1 cells, it was unable to infect SupX4™~ cells,
as determined by RT activity (Fig. 3B), immunofluorescence
microscopy, and the inability to PCR amplify SIV gag and env



VoL. 83, 2009

Ao == SupT1
up
-+ - SupXd- —
5] SupX4-R5+
SupX4+
2
2 47
&
=
w0 O p
E 4
/»---A -
X —aalhd v e
1 T T T T T
0 5 10 15 20 25 30
Day
B 6
== SupT1
- 4 - SupX4-
. SupX4-R5+
SupX4+
z
g 4
<
=
o0 37
=
¢ PORES EEER S SR -
3.2 *> ‘.
1 T T T T T
0 5 10 15 20 25 30
Day

FIG. 3. Use of CXCR4 ™ SupT1 cells to assess CXCR4 use. Growth
curves are shown for 239-ST1.2-32 Long CT (A) and STVmac239 (B) in
parental SupT1 cells, CD4" CXCR4~ CCR5~ SupX4~ cells, CD4"
CXCR4™ CCR5" SupX4 R5™ cells, and SupX4 ™~ cells that were com-
plemented with stable CXCR4 expression (SupX4™ cells). RT activity
in culture supernatants was measured at the indicated time points.
Results from a representative experiment are shown for each panel.

genes (not shown). SupX4~ cells were fully permissive for
SIVmac239 infection when engineered to express CCRS
(SupX4~R5™ cells), again indicating that there was no intrinsic
block to SIV replication in these ZFN-treated cells. Remark-
ably, SupX4~ cells engineered to express CXCR4 (SupX4™
cells) also supported a noncytopathic low level of SIVmac239
replication. These results indicate that although SIVmac239
exhibits no detectable CXCR4 use in cell-cell fusion assays (25,
80) (Fig. 2A) or in infection assays using Env-pseudotyped
reporter viruses (11, 12, 20, 29) (see Fig. 6A), it can utilize
CXCR4 to infect SupT1 cells. Thus, our initial adaptation of
SIVmac239 for rapid infection of SupT1 cells, from which
239-ST1 was derived, resulted from the improvement of a
preexisting, albeit inefficient, use of CXCR4 by SIVmac239.
Determinants of CXCR4 use for 239-ST1.2-32 Env in cell-
cell fusion assays. Sequencing of the 239-ST1.2-32 env clone
revealed nine amino acid mutations compared with parental
SIVmac239 (Fig. 4). In gp120, there were the following five
amino acid changes: K47E in C1; T200I in V1/V2; and N316K,
1324M, and L328W in V3. Two of these mutations, T200I and
N316K, resulted in the loss of predicted N-linked glycosylation
sites. In gp41, there were the following four amino acid changes:
TS56P in the extracellular domain and Q734Stop, R804K, and
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A846V in the CT. Because the R840K and A846V mutations
occurred downstream of the premature stop codon at position
734, they were not evaluated further.

To identify Env determinants for CXCR4 use, we first used
site-directed mutagenesis to correct each mutation in the 239-
ST1.2-32 Env and then evaluated coreceptor usage in a
cell-cell fusion assay (Fig. SA). When the K47E and L328W
mutations were each reverted (i.e., E47K and W328L, respec-
tively), striking reductions in CXCR4-dependent fusion were
produced compared with parental 239-ST1.2-32 (98% and
93%, respectively). Although reverting the 1324M mutation or
restoring a full-length CT (ie., Long CT Env) reduced
CXCR4-dependent fusion by approximately 50%, a similar
reduction was noted for CCR5-dependent fusion. Surprisingly,
correcting the N316K mutation in V3 actually enhanced
CXCR4-mediated fusion, even though the N316K mutation
had increased the net positive charge in V3 and removed a
putative N-linked glycosylation site, both of which have been
associated with CXCR4 use for HIV-1 (18, 32, 73, 87).

We next introduced 239-ST1.2-32 mutations individually and
in combination into the SIVmac239 Env (Fig. 5B). For com-
parison, we included the 239-ST1.2-32 Long CT Env, since the
loss of the stop codon at position 734 decreased overall fusion
levels for both CXCR4 and CCRS (Fig. 5A) and the SIV-
mac239 Env into which the 239-ST1.2-32 mutations were in-
troduced has a full-length CT. Only two single mutations,
K47E and L328W, conferred CXCR4-dependent fusion (Fig.
5B, arrows), with the K47E mutant showing 26% of the
CXCR4 use of 239-ST1.2-32 and 72% of the CXCR4 use of
239-ST1.2-32 Long CT. The L328W mutation had a more
modest effect, conferring CXCR4 use at 8% of the level of
239-ST1.2-32 and 22% of that of 239-ST1.2-32 with a full-
length CT. As noted above, reverting either the K47E or
L328W mutation in 239-ST1.2-32 substantially reduced
CXCR4-mediated fusion. Interestingly, the K47E mutation is
located in a conserved region of gp120 that has not previously
been shown to be a determinant of coreceptor utilization.
When introduced in combination, the K47E and L328W mu-
tations had an additive effect, conferring CXCR4-dependent
fusion at a level 56% of that of 239-ST1.2-32 and 161% of that
of 239-ST1.2-32 Long CT. The other two V3 changes, N316K
and 1324M, did not confer CXCR4-mediated fusion, either
individually or in combinations with the L.328W and K47E
mutations, nor did the T200I or T556P mutation. Collectively,
these studies indicate that in the context of a cell-cell fusion
assay, the K47E and L328W changes are key mutations for
conferring CXCR4 use to SIVmac239 Env.

Determinants of CXCR4 use for 239-ST1.2-32 Env in virus
infection. To evaluate the determinants for CXCR4 use in the
context of an infectious virus, we first generated Env-
pseudotyped reporter viruses, using SIVmac239 Envs contain-
ing 239-ST1.2-32 mutations, and quantified infection in Cf2Th
cells transfected with CD4 and either CCR5 or CXCR4 (Fig.
6A). To improve overall infection levels, all Envs used in these
reporter virus infection assays contained a truncated CT. As in
cell-cell fusion assays, SIVmac239 could use only CCRS, while
239-ST1.2-32 could use both CCR5 and CXCR4. The K47E
mutation conferred a CXCR4-dependent infection that was
29% of that of 239-ST1.2-32. The three V3 loop changes
(N316K, 1324M, and L328W) in combination had a minimal



9916 DEL PRETE ET AL. J. VIROL.
1 | I | % | 50 | .I . | | 100

SIVmac239 MGCLGNQLLIAILLLSVYGIYCTLYVTVFYGVPAWRNATIPLFCATKNRDTWGTTQCLPDNGDYSEVALNVTESFDAWNNTVTEQAIEDVWQLFETSIKP
239-ST1.2-32 = mm e e e e B

} v1/vV2

101 I | | I o 150 I e I [ 200

SIVmac239 CVKLSPLCITMRCNKSETDRWGLTKSITTTASTTSTTASAKVDMVNETSSCIAQDNCTGLEQEQMISCKFNMTGLKRDKKKEYNETWY SADLVCEQGNNT
239-ST1.2-32 =————————m- T oo ooooosooooooooooooooos T
201 I o | I I o @250 I | o ! o I o 300

SIVmac239 GNESRCYMNHCNTSVIQESCDKHYWDAIRFRYCAPPGYALLRCNDTNYSGFMPKCSKVVVSSCTRMMETQTSTWEFGFNGTRAENRTYIYWHGRDNRTIIS
239-8T L. 2=32 s e

I v3 i

301 ° ! ° ! ! I 350 I o . | I 400

SIVmac239 LNKYYNLTMKCRRPGNKTVLPVTIMSGLVFHSQPINDRPKQAWCWFGGKWKDAIKEVKQTIVKHPRYTGTNNTDKINLTAPGGGDPEVTFMWTNCRGEFL
239-ST1.2-32 =  —===—-—-——————o K------- M= = = = — e e e
401 | | | | 450 .| | o e | | 500

SIVmac239 YCKMNWEFLNWVEDRNTANQKPKEQHKRNYVPCHIRQIINTWHKVGKNVYLPPREGDLTCNSTVTSLIANIDWIDGNQTNITMSAEVAELYRLELGDYKNV
239-8ST1.2-32 =  —=—-———memmmmmm————— §§I§6 ————— g— p—4—1— ————————————————————————————————————————————————————————————————————
501 | | | | 550 | | | | 600

SIVmac239 EITPIGLAPTDVKRYTTGGTSRNKRGVEFVLGFLGFLATAGSAMGAASLTLTAQSRTLLAGIVQQQQQLLDVVKRQQELLRLTVWGTKNLQTRVTAIEKYL
239-ST1.2-32  =—=mmmmmmmmmmmmmeeee e - e i ST
601 | | | | 650 | | | | 700

o L °
KDQAQLNAWGCAFRQVCHTTVPWPNASLTPKWNNETWQEWERKVDFLEENITALLEEAQIQQEKNMYELQKLNSWDVFGNWFDLASWIKYIQYGVYIVVG

SIVmac239

230-ST1.2-32 —m oo
701 | | | | 750 o ! 1 | 1 800

SIVmac239 VILLRIVIYIVOMLAKLRQGYRPVFSSPPSYFOQTHIQQODPALPTREGKERDGGEGGGNSSWPWQIEYIHFLIRQLIRLLTWLFSNCRTLLSRVYQILQP

239-ST1.2-32 =  —=-——mmmmmmmmm e ] - — - e e
801 | | | | 850 | | 880

SIVmac239 ILQRLSATLQRIREVLRTELTYLQYGWSYFHEAVQAVWRSATET LAGAWGDLWETLRRGGRWILAIPRRIRQGLELTLL*

239-ST1.2-32 el e e e e e e e e e e ] ettt e b LS

FIG. 4. Alignment of Env sequences for SIVmac239 and 239-ST1.2-32. The indicated Env domains are based on the locations of the
corresponding domains in HIV-1 Env. Locations of putative N-linked glycosylation sites are indicated by black dots. Stop codons are indicated by
asterisks. The recombinant SIVmac239 virus containing the 239-ST1.2-32 Env clone used in these studies did not include the stop codon at position

734 or the two downstream mutations.

effect (<5% of the infection level of 239-ST1.2-32), even
though they included the L328W mutation, which was required
for CXCR4 use in cell-cell fusion. However, when combined
with the K47E mutation, these mutations increased CXCR4
use to a level that was comparable to or even greater than that
of 239-ST1.2-32. When only the K47E and L328W mutations
were introduced, they produced CXCR4 use at 39% of that of
239-ST1.2-32, demonstrating that while both mutations were
important, the other changes in V3 (N316K and 1324M) con-
tributed to CXCR4 use, but only when the K47E mutation was
present. Notably, all Envs continued to exhibit CCR5-depen-
dent infection, with levels of >55% of those of SIVmac239,
indicating that they were expressed and functional.

These mutant Envs were next introduced into the full-length
SIVmac239 genome, and viral growth kinetics in SupT1 cells
were evaluated (Fig. 6B). As seen previously (Fig. 1A), 239-
ST1.2-32 Long CT replicated in SupT1 cells rapidly, with a
peak RT activity of >2.3 X 10° cpm by day 13 postinoculation,
while SIVmac239 infection occurred slowly, with <6.5 X 10°
cpm by day 23. Although the K47E mutation was critical for
CXCR4-mediated fusion and infection by reporter viruses, as a
single mutation it was unable to increase the rate of SupTl
infection. However, when the K47E mutation was combined
with the L328W mutation in V3, a clear acceleration in infec-
tion kinetics was evident, with an RT level of >1.6 X 10° cpm
by day 16. A combination of the three V3 mutations (N316K,
1324M, and L328W) produced a modest increase, but when
these mutations were combined with the K47E mutation, in-
fection was rapid and comparable to that with parental 239-

ST1.2-32. Collectively, these findings demonstrate that the
ability of 239-ST1.2-32 to use CXCR4 and to mediate SupT1
infection with rapid kinetics could be conferred fully to SIV-
mac239 by the K47E mutation in combination with the three
V3 mutations, among which the L328W mutation was partic-
ularly important.

Increased neutralization sensitivity of 239-ST1.2-32. SIV-
mac239 is highly resistant to neutralization by sera and
plasmas from SIV-infected rhesus macaques (5, 40, 59).
Having derived an R5X4 variant of SIVmac239, we sought
to determine if this change in tropism affected the virus’s
resistance to neutralization. Neutralization sensitivity was
determined for 239-ST1.2-32 and SIVmac239, using Env-
pseudotyped reporter viruses on NP-2 cells coexpressing
CD4 and CCRS5, but not CXCRA4, in the presence or absence
of serial dilutions of sera (Fig. 7A, B, F, and G,) or plasmas
(Fig. 7C to E) from seven SIVmac239-infected rhesus ma-
caques. For five samples (Fig. 7A to E), 239-ST1.2-32
showed enhanced neutralization sensitivity, with 50% neu-
tralization achieved at reciprocal dilutions that were in-
creased approximately 1 to 2.5 log relative to those with
SIVmac239. In contrast, no differences were seen between
239-ST1.2-32 and SIVmac239 for sera from two rapid pro-
gressor animals that progressed to AIDS in 4 to 6 months
(Fig. 7F and G). When serum or plasma from an uninfected
rhesus macaque was used (Fig. 7H and I), <20% inhibition
was observed at the highest concentration and there was no
difference between SIVmac239 and 239-ST1.2-32, indicating
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FIG. 5. 239-ST1.2-32 determinants of CXCR4 use in cell-cell fu-
sion assays. (A) Fusion activities of 239-ST1.2-32 Envs with individual
mutations reverted back to the corresponding residues in SIVmac239.
(B) Fusion activities of SIVmac239 Envs containing 239-ST1.2-32 mu-
tations alone and in combination. The 239-ST1.2-32 Env with a full-
length CT (Long CT) was included for comparison with the SIV-
mac239 mutant Envs, which contain full-length tails. Percent fusion
was calculated by using luciferase activity normalized to 239-ST1.2-32
fusion with CD4" CCR5" or CD4" CXCR4" QT®6 cells. Background
fusion levels with QT6 cells expressing only CD4 were subtracted
prior to normalization. The data shown are means of three exper-
iments plus SEM.

that the enhanced neutralization sensitivity of 239-ST1.2-32
was specific for host immune responses to SIVmac239.

Lastly, we also determined the neutralization sensitivities of
SIVmac239 and 239-ST1.2-32 to sCD4, which has been shown
to neutralize STVmac239 infection of CD4™ cells (83). Re-
markably, a striking increase in neutralization sensitivity
(>50-fold) was observed for 239-ST1.2-32, with a 50% in-
hibitory concentration of 0.2 wg/ml, compared with 10.8
pg/ml for SIVmac239 (Fig. 8). Similar results were seen
when sCD4 sensitivity was determined on Tzm-bl target
cells (not shown). Thus, the acquisition of CXCR4 use by
SIVmac239 was associated with an increased sensitivity to
humoral immune responses and with a marked increase in
sensitivity to sCD4.
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FIG. 6. Importance of 239-ST1.2-32 mutations for coreceptor use
by infectious viruses. (A) Infectivities of the indicated Envs are shown,
using a single-cycle luciferase reporter virus on transfected Cf2Th
target cells. Percent infection was calculated by using luciferase activity
normalized to STVmac239 fusion with CD4" CCR5™ Cf2Th cells or to
HIV-1g54 fusion with CD4* CXCR4™ Cf2Th cells. Background infec-
tion levels with Cf2Th cells expressing only CD4 were subtracted prior
to normalization. The data shown are means of three experiments plus
SEM. (B) Growth curves obtained with SupT1 cells for replication-
competent SIVmac239 containing the indicated Env mutations or the
239-ST1.2-32 Long CT Env. RT activity in culture supernatants was
measured at the indicated time points. Results from a representative
experiment are shown.

DISCUSSION

Although HIV-1 and HIV-2 have been well documented to
acquire CXCR4 use in vivo (15, 43, 85), typically in association
with a rapid decline in peripheral blood CD4 cells and the
onset of AIDS, SIVs rarely use CXCR4, with most examples
having been described for nonpathogenic infection models (47,
52, 65, 68, 69). It is unclear if there are intrinsic barriers to
CXCR4 use by SIV, possibly because of inherent differences in
Env structure, and/or if there are host selection pressures that
prevent X4/R5X4 viruses from emerging even in the setting of
advanced immunodeficiency. In this study, we describe the in
vitro derivation of 239-ST1, an R5X4 variant of the R5 clone
SIVmac239 which acquired the ability to infect CXCR4™
CCRS™ SupT1 cells with rapid kinetics. An env clone from this
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virus, 239-ST1.2-32, used CXCR4 with high efficiency in cell-
cell fusion and reporter virus infection assays and conferred
CXCR4 use to a replicating virus when cloned into an SIV-
mac239 backbone. This 239-ST1.2-32 Env-containing virus was
inhibitable by AMD3100 and was unable to infect SupT1 cells
lacking CXCRA4, clearly showing that SIVmac239 is capable of
acquiring efficient CXCR4 use in vitro. Interestingly, even

though the parental SIVmac239 Env could not use CXCR4 in
cell-cell fusion or reporter virus infection assays, it did exhibit
low-level CXCR4-dependent replication on CCRS5™ SupTl1
cells, as demonstrated by its inability to replicate in a CXCR4 ™
SupT1 line (Fig. 3) (Wang et al., unpublished data). Thus,
SIVmac239 exhibited a previously unrecognized ability to use
CXCR4, at least on SupT1 cells, indicating that the derivation
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of 239-ST1 resulted from adaptations that improved upon pre-
existing CXCR4 use rather than from switching to CXCR4
from an alternative coreceptor.

In contrast to X4 HIV-1 strains, where CXCR4 use is closely
linked to the acquisition of positively charged residues in the
V3 loop (18, 32, 87), the critical determinants of CXCR4 use
for 239-ST1.2-32 mapped to a negatively charged K47E muta-
tion in the C1 domain and an L.328W mutation at the tip of V3.
Although two other V3 changes, N316K and 1324M, improved
CXCRA4 use, they were insufficient to confer X4 tropism either
alone or in combination. Interestingly, the N316K mutation
resulted in the loss of an N-linked glycosylation site, which has
been implicated as a determinant of CXCR4 use for some
HIV-1 isolates (73), and mutations at 1324 have been observed
to modulate interactions of SIVmac with its coreceptors (72).
Notably, the 239-ST1.2-32 V3 loop did not contain positively
charged residues at position 11, 24, or 25, which were associ-
ated with X4 tropism for >90% of HIV-1 isolates in a previous
study (6). The critical role for the K47E mutation, a change in
a conserved domain outside V3, in conferring CXCR4 use
suggests that different structural requirements may exist for
CXCR4 use by SIVmac compared to those for HIV-1. Al-
though Milush et al. reported that env clones from an SIVmm
isolate that depleted CXCR4" CCRS5™ lymphocytes in vivo
and exhibited CXCR4 use in cell-cell fusion assays did acquire
positive charges in V3 at positions 11, 24, and/or 25, the struc-
tural requirements for these or other changes were not deter-
mined (65). SIVmacl55T3, a unique variant of SIVmac239
that acquired CXCR4 use in vivo (17, 60, 71), gained a single
positively charged residue in V3, at position 19 (V329K), but
remarkably, it also acquired the K47E mutation observed in
239-ST1.2-32 (T. Kodama, personal communication), suggest-
ing an important role for this change for both in vivo- and in
vitro-derived CXCR4-using SIVmac variants.

The mechanism by which the K47E mutation contributes to
CXCR4 use is unclear, particularly since the C1 domain has
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not been implicated previously as a determinant for coreceptor
specificity in HIV or SIV Envs. Earlier mutagenesis studies
have implicated both the N and C termini of HIV-1 gp120 as
domains that interact with gp41 (34, 48, 91), and it is possible
that the K47E mutation could play a role in facilitating Env
triggering after CD4 or coreceptor engagement have occurred,
lowering the energy barrier for the release of gp41l and the
ensuing conformational changes that are required for fusion to
occur (23). Alternatively, the C1 domain has not been included
in crystal structures of gp120 monomers from HIV-1 or SIV-
mac (9, 37, 49, 50), and it remains possible that this mutation
could directly or indirectly affect CXCR4 interactions by ex-
posing the coreceptor binding site on the gp120 core within a
monomer or in the context of the Env trimer or by altering the
orientation of the V3 loop to facilitate an interaction with
CXCR4.

Having been derived via long-term propagation in SupTl
cells, 239-ST1 developed a premature termination codon in the
CT, at position 734, which has been well described for SIVmac
isolates grown in human cells (46). The reason for the occur-
rence of this mutation, located immediately proximal to the
second exons for fat and rev, which reside in overlapping read-
ing frames with the gp41 CT coding region, is unclear, but
premature termination of the Env CT has been shown to
influence fusion kinetics (78, 93), viral growth kinetics (8, 93),
and Env surface expression (42, 93). However, although the
stop codon in the 239-ST1.2-32 Env clone increased fusion
levels and the kinetics of viral replication, this change was
clearly not required for CXCR4 use in cell-cell fusion assays or
for infection by replication-competent viruses.

The acquisition of CXCR4 use by the 239-ST1.2-32 Env
correlated with a marked increase in its neutralization sensi-
tivity, relative to that of SIVmac239, to sera and plasmas from
SIVmac239-infected rhesus macaques and to sCD4. These
findings are interesting given the extraordinary neutralization
resistance of SIVmac239 (24, 40, 41, 74) and suggest that
strong humoral selection pressures in rhesus macaques may
play a role in suppressing the emergence of this phenotype.
Although earlier studies concluded that the neutralization sen-
sitivity of HIV-1 Envs did not correlate with coreceptor use
(51, 66, 89), more recent studies have indicated that CXCR4-
using HIV-1 strains may be more sensitive than RS HIV-1
strains (4, 7). In particular, the V3 loop of X4 HIV-1 isolates
may be more exposed and, as a result, more susceptible to
anti-V3 antibodies (55). However, given that a neutralization-
sensitive X4 SHIV arose in an R5 SHIV-infected rhesus ma-
caque (88), it is apparent that neutralization sensitivity per se
is not a barrier to the evolution of CXCR4 utilization in non-
human primates. It is possible that the structural changes un-
derlying CXCR4 use for SIVmac239, in addition to its neu-
tralization sensitivity, impart fitness costs for this phenotype in
vivo. Indeed, the increased sensitivity to sCD4 could reflect a
more exposed CD4 binding site that could have consequences
for the ability of this virus to evade host immune responses.
Studies to understand the determinants and the mechanism for
this effect, as well as their biological consequences, are in
progress.

239-ST1.2-32 should be a useful tool to assess viral and host
selection pressures on CXCR4 use in vivo. Given that its rep-
lication and CXCR4 use do not require a truncated CT, it
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should be possible to assess the pathogenesis and evolution of
coreceptor usage of 239-ST1.2-32 Long CT in rhesus macaques.
The purely X4-tropic SIVmac239 variant SIVmac155T3, derived
from the lymph node of an animal with advanced immunode-
ficiency (17, 60), exhibited a distinct phenotype in vivo, causing
the depletion of CXCR4™ CCR5 ™ naive CD4 cells while spar-
ing the CCR5™ memory cells (particularly in tissues). Remark-
ably, this virus failed to cause any clinical disease (71). Because
239-ST1.2-32 is R5X4 tropic and would be expected to have a
broader host cell range, it might prove to be more pathogenic
than SIVmac155T3. In addition, SIVmac155T3 has 22 amino
acid mutations in gp120 (60), making it difficult to identify the
specific determinants for X4 tropism and their subsequent
evolution in vivo, whereas 239-ST1.2-32 has only five changes
in gp120, with now clearly defined determinants for CXCR4
use. Thus, in addition to assessing the pathogenicity of 239-
ST1.2-32 Long CT in rhesus macaques, it will be interesting to
determine if and how CXCR4 use is selected against in the
context of a host immune response and to what extent these
changes correspond to effects on the virus’s neutralization sen-
sitivity, as noted above. Studies to assess these issues are cur-
rently in progress.
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