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CCRS-using human immunodeficiency virus type 1 (HIV-1) isolates typically gain CXCR4 use via multiple
mutations in V3 and often V1/V2 regions of envelope, and patterns of mutations are distinct for each isolate.
Here, we report that multiple CXCR4-using variants of a parental CCRS-using HIV-1 isolate, SF162, obtained
by either target cell selection or CCRS inhibition have a common mutation pattern characterized by the same
two V3 mutations and that these mutations preexisted in some of the SF162 stocks. These results imply that
SF162 has a single pathway for acquiring CXCR4 use and that prolonged culture is sufficient to select for R5X4

variants.

Human immunodeficiency virus type 1 (HIV-1) isolated
from infected individuals uses CCRS and/or CXCR4 corecep-
tors for cell entry (27). Infection is transmitted by CCR5-using
HIV-1 variants (R5) that often later evolve into variants using
CXCR4 exclusively or together with CCR5 (X4 or R5X4), and
this evolution is associated with accelerating progression to
AIDS (5, 6, 12, 39). RS or X4 phenotype is determined by the
amino acid sequence of HIV-1 gp120, particularly of V3 and
V1/V2, and less frequently of other regions (4, 7, 8, 10, 11, 17,
21, 23, 30, 34-36). The cause and mechanisms of the evolution
towards CXCR4 usage are not fully understood. Target cell
selection and the abundance of natural ligands for CCRS5 and
CXCR4 are thought to be two important selection factors (24,
25,29), which have been modeled in vitro by propagation of RS
variants in cell lines expressing CXCR4 only (13, 18, 30, 32) or
in the presence of CCRS ligands (1, 15, 26, 28, 37). Evolution
towards CXCR4 usage in vivo (38, 39) and in vitro seems to go
along multiple pathways, and most R5X4 variants have diverse
mutation patterns, although some common features (e.g.,
charged amino acids at positions 11 and 25 of the V3 loop)
have been observed (20, 22, 32).

Earlier, it was reported that CXCR4-using variants of the R5
HIV-1 SF162 isolate (9) selected by viral propagation on
CXCR4-expressing T-cell lines acquired two consistent muta-
tions in V3, I309R and A316V (13, 18). Here, we have inde-
pendently selected for CXCR4-using variants by propagating
SF162 in cells expressing CXCR4 but not CCRS (see reference
32) or in peripheral blood mononuclear cells (PBMC) in the
presence of escalating concentrations of RANTES. We found

* Corresponding author. Mailing address for Leonid B. Margolis:
Laboratory of Molecular and Cellular Biophysics, NICHD, NIH, 10
Center Drive, 10/9D58, Bethesda, MD 20892. Phone: (301) 594-2476.
Fax: (301) 480-0850. E-mail: margolis@helix.nih.gov. Mailing address
for Donald E. Mosier: Department of Immunology-IMM7, The
Scripps Research Institute, 10550 N. Torrey Pines Road, La Jolla, CA
92037. Phone: (858) 784-9121. Fax: (858) 784-9190. E-mail: dmosier
(@scripps.edu.

¥ Published ahead of print on 3 January 2007.

3657

that the same two V3 mutations occurred in seven indepen-
dently selected CXCR4-using variants of SF162 and that the
I309R mutation precedes the A316V mutation under both
modes of selection. Moreover, even without RANTES, serial
passage of SF162 in PBMC also selected for the same two V3
mutations, albeit more slowly than in T-cell lines or in high
RANTES concentrations. Interestingly, one of the SF162
stocks obtained by culture in PBMC of HIV-1 from the AIDS
Research and Reference Reagent Program already contained
a minor population (11%) harboring the I309R mutation and
an even smaller population (<2%) with both the I309R and
A316V mutations.

In the first set of experiments virus was selected in the course
of five weekly passages by serial dilution of U87-CD4-CCRS
cells by U87-CD4-CXCR4 cells (see reference 32). The SF162
stock used for these experiments was initially derived from
transfection of 293T cells with a molecular clone and subse-
quently had been propagated in PBMC. Seventy-three inde-
pendent envelope (Env) clones were PCR amplified from the
SF162 virus stock used for these experiments and sequenced,
and all were found to match the canonical SF162 sequence in
the database (Table 1).

SF162 variants capable of replication on pure U87-CD4-
CXCR4 cells were further selected by five weekly passages in
MT-2 cells. Four independent selection experiments were per-
formed, and the selected CXCR4-using variants were desig-
nated SF162A, -B, -C, and -D, with numbers indicating 5 or 10
weeks of selection (Table 1). The replication capacities and
sensitivities of the four selected variants to the CCRS inhibitor
PSC-RANTES (19, 31) and the CXCR4 inhibitor AMD3100
(14) are shown in Fig. 1. Note that the I309R mutation alone
in SF162A-5 and SF162B-5 decreased replication capacity on
both CCRS5- and CXCR4-expressing target cells, a loss of fit-
ness previously described for coreceptor switch intermediates
(30, 32). Table 1 shows the sequence changes associated with
the R5X4 phenotype, with the same I309R + A316V muta-
tions shared by all four final variants. Variant SF162A-10 has
only the two V3 mutations, but variants B-, C-, and D-10 each
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TABLE 1. SF162 Env mutations in R5X4 variants

No. of clones

No. with specific No. with other

. . No. with mutation(s) in V3/total P
Virus name rrtlgtt:ltigSS/ no. witﬁ )mutations gpr&l&a;?:;;gon
scquenced 1309 A316V I309R +  (region)or
only only  A316V reference
DEM SF162 0/73 0 0 0 0
lab stock
A-5 4/4 4/4 0 0 0
A-10 4/4 0 0 4/4 0
B-5 44 440 0 3/4; T132I (V1)
B-10 4/4 0 0 4/4 4/4; T132I (V1)
C-10 4/4 0 0 4/4 4/4; V255M
(C2)
D-10 4/4 0 0 4/4 4/4; 1269N
(gp41)
LBM SF162 9/73 8 0 1 11; Table 2
lab stock
C-2 0/36 0 0 0 ND?
R50-2¢ 0/21 0 0 0 ND
R90-2¢ 0/18 0 0 0 ND
C-3 4/10 4 0 0 ND
R50-3 3/9 1 1 1 ND
R90-3 3/9 3 0 0 ND
C-4 7/10 6 0 0 ND
R50-4 6/10 0 0 6 ND
R90-4 6/9 5 0 1 ND
C-5 5/8 3 0 0 ND
R50-5 7/10 0 0 7 ND
R90-5 5/7 3 0 2 ND
C-6 5/10 2 0 3 ND
R50-6 6/9 1 0 5 ND
R90-6 4/10 2 0 2 ND
C-7 2/7 1 0 1 ND
R50-7 5/9 0 0 5 ND
R90-7 5/8 3 0 2 ND
C-13 10/15 0 0 10 11; Table 2
R50-13 15/15 0 0 15 9; Table 2
R90-13 15/15 0 0 15 9; Table 2
MT-4 C-13 15/15 0 0 15 11; Table 2
MT-4 R90-13 14/14 0 0 14 11; Table 2

“R50 and R90 are SF162 variants isolated from PBMC cultured with
RANTES increased every second weekly passage from 0.5 nM at passage 1 to
240 nM at passage 10 or from 50 nM at passage 1 to 2,400 nM at passage 10,
respectively. The concentration of RANTES was kept constant from passages 10
to 13. C, control variants selected in parallel but without RANTES. Numbers
indicate at what passage the viruses were isolated.

®ND, only sequence data for C2-V3-C3 (Table 2).

¢ DEM, Donald E. Mosier; LBM, Leonid B. Margolis.

have one additional unique mutation that impacts replication
capacity and sensitivity to coreceptor inhibitors (e.g., the 1269V
change in gp41 in D-10 [Fig. 1]).

In the second set of experiments we selected SF162 variants
by infecting 20 million phytohemagglutinin-activated PBMC
with 10* 50% tissue culture infective doses of uncloned virus
and applying selective pressure by increasing RANTES con-
centrations weekly. The amount of RANTES was increased
every second weekly passage either from 0.5 nM at passage 1 to
240 nM at passage 10 or from 50 nM at passage 1 to 2,400 nM
at passage 10. The concentration of RANTES was kept con-
stant from passages 10 to 13. Variants isolated under these two
protocols were designated as R50 and R90, respectively, and
control variants selected in parallel without RANTES were
designated as C, followed by the passage number at isolation.

J. VIROL.

Virus samples from passages 2 to 7 and 13 were collected,
and multiple independent Env clones were sequenced (Table
1). No mutations in SF162 Env were detected at R50-2, R90-2,
or C-2, even though a minor population (8/73 clones, 11%) of
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FIG. 1. Replication and coreceptor inhibitor sensitivity of SF162 enve-
lope mutants. A. Mean replication of SF162 and mutated variants A, B, C,
and D after 5 or 10 weeks of selection (Table 1 shows sequence changes)
assayed on U87-CD4-CCRS target cells (RS p24) or U87-CD4-CXCR4 tar-
get cells (X4 p24) measured by capsid p24 antigen enzyme-linked immu-
nosorbent assay. Data are means + standard errors of the means for triplicate
assays. The stock SF162 gave <10 pg/ml p24 on CXCR4 target cells. B.
Inhibition of virus replication on U87-CD4-CCRS target cells by the CCRS
inhibitor PSC-RANTES. C. Inhibition of virus replication on U87-CD4-
CXCRA4 cells by the CXCR4 inhibitor AMD3100.
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TABLE 2. Sequence changes in SF162 gp120 and gp41 before and
after selection

No. of mutated Env clones/total no. of clones for virus“:

Protein,
region, and . 3
mutation  pe 07k C13 RSO3 Roo-13 WIS MU
gpl120
C1
K46R 0/7 0/10 0/9 0/9 1/9 19
Vi
R151K 3/7 4/10 0/9 0/9 5/9 0/9
G152K 0/7 0/10 0/9 0/9 0/9 2/9
V2
1165V 2/7 0/10 0/9 0/9 0/9 0/9
Y177H 0/7 6/10 7/9 7/9 5/9 9/9
C2
N197K 0/7 0/10 0/9 0/9 2/9 0/9
D230N 0/16 3/19 0/18 0/18 4/18 0/18
V3
1309R 8/73 10/15 1515 1515 15/15 14/14
A316V 1/73 10/15 1515  15/15 15/15 14/14
20-21
Q428K 0/15 0/15  11/15 0/15 0/15 0/15
E429K 0/15 1/15 0/15 0/11 0/15 0/15
M434K 0/15 3/15  14/17  10/11 9/17 18/18
gp4l
C5
1494V 7/9 10/10 8/8 3/5 6/8 9/9
FP
Al14T 2/9 3/10 0/9 0/9 0/9 2/9
HRI1
R46K 4/9 1/10 0/9 0/9 0/9 0/9
HR2
N129S 19/19 18/18  15/16  13/13  18/18  18/18
E137K 1/18 0/10 4/10 5/8 0/10 5/8
™
V1821 3/9 4/10 4/10 5/8 4/10 0/8
TI189A 9/9 10/10  10/10 8/8 10/10 8/8
CpP
R196K 0/9 0/10 0/10 5/8 0/10 4/8
1L.274Q 6/9 10/10  10/10 8/8 10/10 8/8

“ Bold roman numbers indicate an increase in mutation frequencies (positive
selection) relative to SF162 stock sequence, and bold italicized numbers indicate
a decrease in mutation frequencies (negative selection).

» LBM, Leonid B. Margolis.

the starting stock harbored the I309R substitution, and 1/73
clones had both the I309R and A316V mutations. This appar-
ent loss (which was soon reversed) of the I309R mutation may
be related to lower replication fitness in cell lines (Fig. 1).
However, by week 3 of culture, 40% of control Env clones had
the I309R mutation, and 33% of Env clones of R50 variants
had both the I309R and the A316V mutations. These trends
continued during weeks 4 to 7 of selection, and by 13 weeks,
both the I309R and A316V mutations were found in all Env
clones except for one out of seven sequences in C-13. Further
culture of these variants in MT-4 cells selected for both V3
mutations without exception whether or not they were growing
under the pressure of RANTES.

The rare presence of Env variants in the SF162 stock har-
boring both V3 mutations led us to examine the entire gp160
(gp120 + gp41) sequence of the starting SF162 stock and the
passage 13 isolates (Table 2). We found up to 10 variable sites
in gpl20 and gp4l in the SF162 stock, with two invariant
changes in gp41 that had previously been observed in SF162
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obtained from the same source (3). In addition to the two V3
mutations, RANTES selection appeared to select for the
M434K change in the bridging sheet of gp120 and E137K in
HR2 of gp41 (Table 2), changes that may impact the kinetics of
virus entry (33).

To investigate whether the mutations evolving in SF162 pas-
saged in PBMC reflected biological properties of the mutated
viruses, we evaluated viral replication in MT-4 cells (CXCR4 ™"
CCR57) aswell as in PBMC and in explants of human tonsillar
tissue (16) in the presence of CXCR4 ligand JM-2987 (func-
tionally equivalent hydrobromide salt of AMD3100). Mutants
isolated at different passages along with control SF162 were
inoculated into MT-4 cells (2.5 ng p24 per 10° cells), and viral
replication was monitored for 5 days (Fig. 2). Parental SF162
as well as R90-2 and C-2 variants replicated in these cells to a
very low level. SF162 variants isolated from later passages,
R90-4, R90-7, and R90-13 as well as C-4, C-7, and C-13, rep-
licated in MT-4 much more efficiently and in a passage-depen-
dent manner. MT-4 cells infected with the R90-13 isolate pro-
duced >50,000 times more p24 than cells infected with the
R90-2 isolate, and >10 times more than with the C-13 isolate
(Fig. 2). A similar pattern of infection was observed for R50
variants. The ability of SF162 isolates to infect MT-4 cells
strongly correlated with the level of I309R/A316V quasispecies
(R = 0.99), although a role for other mutations cannot be
excluded.

Replication of the parental stock of SF162 in PBMC was
almost completely inhibited by RANTES, whereas infection of
PBMC by the C-13 isolate was only partially inhibited and
infection by the R90-13 isolate was RANTES insensitive. By
contrast, R90-13 replication in PBMC was almost completely
(by 98.3% = 0.3%) inhibited by 100 nM JM-2987, whereas,
under similar conditions, R90-2 was inhibited by only 7.2% *
1.6%. Furthermore, in tonsillar explants (16) inoculated with
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FIG. 2. Replication in MT-4 cell line of SF162 variants propagated
in PBMC with and without RANTES. SF162 was propagated in PBMC
in the presence of escalating concentrations of RANTES and passaged
as described in the text. R, R90 variants isolated from PBMC in the
presence of RANTES; C, control variants isolated from PBMC. Num-
bers indicate the passages at which viruses have been isolated (Table
1). Presented are average cumulative amounts (* standard errors of
the means) of HIV-1 p24 capsid antigen released by infected MT-4
cells over 5 days of infection.
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R90-13 or R50-13, viral replication was consistently inhibited
by 100 to 1,000 nM JM-2987 (data not shown).

These results suggest that under all tested conditions SF162
has a single pathway of V3 mutations leading to CXCR4 use
and that prolonged replication in activated PBMC is sufficient
to select for these two recurring mutations. The presence of
CCRS5-binding chemokines accelerates this selection, but the
SF162 evolutionary pathway remains the same. The unique
pathway of SF162 evolution may be related to its site of isola-
tion (9). We speculate that when the precursor of SF162
spread from plasma to the brain, it lost the I309R + A316V
mutations and reverted from R5X4 to RS HIV-1. We observed
the same codon changes in all V3 mutations, which appears to
reflect the codon bias imposed by the A-rich HIV-1 genome
(2) and may facilitate forward or reverse mutation of these two
sites. Our results suggest that, for HIV-1 variants with an
intrinsic tendency to mutate towards CXCR4 usage or that
already have acquired important mutations on this pathway,
the high level of CC chemokines in HIV-infected patients or
the use of CCRS inhibitors may accelerate the pace of HIV
evolution from a less-pathogenic RS towards more-pathogenic
(5, 12) R5X4 or X4 variants.

Nucleotide sequence accession numbers. The Env sequences
reported here have been deposited with GenBank under ac-
cession numbers EF208071 through EF208086.
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