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CXCR4 is a chemokine receptor used by some strains of HIV-1 as an entry coreceptor in association with cell
surface CD4 on human cells. In human immunodeficiency virus type 1 (HIV-1)-infected individuals, the
appearance of viral isolates with a tropism for CXCR4 (T tropic) has been correlated with late disease
progression. The presumed natural ligands for CXCR4 are SDF-1a and SDF-1b, which are proposed to play
a role in blocking T-tropic HIV-1 cell entry. Here, we demonstrate that addition of an N-terminal methionine
residue to SDF-1b (Met-SDF-1b) results in a dramatically enhanced functional activity compared to that of
native SDF-1b. Equivalent concentrations of Met-SDF-1b are markedly more inhibitory for T-tropic HIV-1
replication than SDF-1b. A comparison of the biological activities of these two forms of SDF-1b reveals that
Met-SDF-1b induces a more pronounced intracellular calcium flux yet binds with slightly lower affinity to
CXCR4 than SDF-1b. Down-modulation of CXCR4 is similar after exposure of cells to either chemokine form
for 2 h. However, after a 48-h incubation, the surface expression of CXCR4 is much lower for cells treated with
Met-SDF-1b. The enhanced blocking of T-tropic HIV-1 by Met-SDF-1b appears to be related to prolonged
CXCR4 down-modulation.

CXCR4 (CXC chemokine receptor 4; also called fusin or
LESTR) was the first chemokine receptor identified as a nec-
essary coreceptor for human immunodeficiency virus type 1
(HIV-1) cell entry (15). T-cell line-tropic (T-tropic) strains of
HIV-1 were found to require CXCR4 in addition to CD4 to
bind and enter target cells. The observations that monocyte-
tropic (M-tropic) virus strain entry could be blocked by the
chemokines macrophage inflammatory protein (MIP)-1a,
MIP-1b, and RANTES (regulated an activation normal T cell
expressed and secreted) (8) rapidly led to the identification of
CCR5 (CC chemokine receptor 5) as another important core-
ceptor (1, 10, 14, 37). The ability of these CCR5 ligands to
block M-tropic HIV-1 prompted a search for analogous
CXCR4 ligands that can block T-tropic HIV-1. Stromal-cell-
derived factor 1a and 1b (SDF-1a and -1b), which are splice
variants of the same gene (31, 43, 47) differing by four addi-
tional amino acids at the C terminus of SDF-1b, were found to
bind and signal through CXCR4 and block T-tropic virus entry
(5, 32).

The precise mechanism(s) by which SDF-1 interferes with
T-tropic HIV-1 cell entry is not known. Recent work has ex-
amined the biological activity of SDF-1, including chemotaxis,
receptor binding, calcium mobilization, and down-modulation
of CXCR4 (2, 9, 17, 18, 44). Several reports have shown that
small molecules can block T-tropic strains in vitro (12, 19, 30,
40). Inhibition by SDF-1 or small molecules is thought to
involve competitive binding to CXCR4, blocking binding of
viral gp120 (12); the role of downstream events, such as recep-
tor down-modulation or postreceptor signaling, remains to be

fully elucidated. Two groups have reported that C-terminal-
truncated CXCR4 supports T-tropic HIV-1 entry but is not
down-modulated following exposure to SDF-1; without che-
mokine-mediated receptor down-modulation, SDF-1 does not
efficiently block viral replication as measured by HIV-1 p24
protein production (2, 44). These results imply that down-
modulation of CXCR4 or postreceptor signaling plays a crucial
role in the antiviral activity of SDF-1.

In the present study we examine the activities of two forms
of SDF-1: SDF-1b, beginning with the amino-terminal amino
acid lysine, which is believed to represent the native amino-
terminal sequence (6), and Met-SDF-1b, which has an added
N-terminal methionine. We find significant functional differ-
ences between these two molecules. Our results indicate that
receptor down-modulation is a crucial component in the inhi-
bition of HIV-1 infection by SDF-1b.

MATERIALS AND METHODS

Cells. The immortalized CD41 cell lines T1 (38) and U937 (46) were used in
these studies. Each of these lines is permissive for infection by HIV-1 IIIB, a
strain which utilizes CXCR4 for entry (13). These cell lines were maintained in
RPMI 1640 (Sigma, St. Louis, Mo.) supplemented with 20% heat-inactivated
fetal calf serum (FCS), 10 mM HEPES, 2 mM glutamine, 100 U of penicillin/ml,
and 10 mg of streptomycin/ml. In addition, primary CD41 lymphocytes from
HIV-1-seronegative donors were generated as previously described (49). In brief,
freshly Ficoll-Hypaque gradient-purified peripheral blood mononuclear cells
were stimulated with a CD3-CD8 bispecific monoclonal antibody (51), leading to
stimulation of CD31CD41 cells and inhibition of CD31CD81 cells. After ap-
proximately 7 days, .98% of these cells coexpressed CD3 and CD4 (data not
shown), at which time they were infected with HIV-1 or used for calcium flux
experiments. These cells were grown and maintained in RPMI containing 10%
FCS supplemented with 2 mM glutamine, 100 U of penicillin/ml, 10 mg of
streptomycin/ml, and 50 U of interleukin 2/ml.

Preparation of Met-SDF-1b and SDF-1b proteins. PCR was used with human
SDF-1b cDNA as a template to construct two expression vectors for SDF-1b
proteins. For Met-SDF-1b, DNA encoding the mature SDF-1b protein, begin-
ning with the N-terminal lysine, was inserted into the Escherichia coli expression
vector pAL781 (23), downstream of and in-frame with a vector-provided trans-
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lation initiation codon, ATG. For SDF-1b, the expression and purification ac-
cessory sequence GroHEK was inserted between the initiation codon, ATG, and
the mature SDF-1b sequence. GroHEK consists of a short N-terminal segment
of E. coli GroE followed by a six-His sequence, a spacer, and an enterokinase
recognition site (NH2-AAKDVKHHHHHHGSGSDDDDK) and has been
shown to increase the expression yield in E. coli of several recombinant proteins
(11a). The GroHEK enterokinase site was used for generating SDF-1b protein
postpurification with the native amino terminus. All PCR-generated sequences
were verified by DNA sequencing. Protein expression was carried out in the E.
coli strain GI934 as described by Lu et al. (26). Following the induction period,
polypeptide inclusion bodies containing either SDF-1b species were harvested
from cell lysates by centrifugation, washed sequentially with buffers containing 1
M NaCl and 0.5% Triton X-100, solubilized in 6 M guanidine-HCl, and refolded
by dialysis against pH 6.5 (Met-SDF-1b) or pH 5.5 (GroHEK-SDF-1b) buffers
containing 15 mM sodium acetate, 15 mM sodium phosphate, 1 mM phenyl-
methylsulfonyl fluoride, and 1 mM para-aminobenzamidine. Refolded SDF-1b
proteins were further purified from the clarified dialysate by ion-exchange chro-
matography on SP-650 and QAE-550 resins. Enterokinase cleavage (24) of
GroHEK-SDF-1b was performed after the purified protein was dialyzed against
phosphate-buffered saline (10 mM sodium phosphate, pH 7.3, and 150 mM
NaCl).

Edman degradation performed on refolded Met-SDF-1b protein indicated
that the N-terminal residue was indeed methionine, which is consistent with the
known inefficiency of removal of N-terminal methionine residues by E. coli
methionyl aminopeptidase when the penultimate N-terminal residue carries a
bulky side chain (20). SDF-1b, with an N-terminal lysine, was generated after the
removal of the 21-amino-acid tag, GroHEK, by enterokinase. Protein concen-
trations for purified proteins were determined by amino acid analysis and by their
extinction coefficients at 280 nm: Met-SDF-1b, 9.0 3 103 liters/mol-cm, and
SDF-1b, 8.7 3 103 liters/mol-cm. The endotoxin levels of the purified proteins
were determined by Limulus amoebocyte lysate assay, and all purified protein
was #20 endotoxin units/ml of protein. Wild-type human SDF-1a (with N-
terminal lysine [data not shown]) was obtained from Peprotech (Rocky Hill,
N.J.).

Viral inhibition assays. (i) HIV-1 stocks. HIV-1 IIIB (T-tropic) was produced
by fresh infection of T1 cells, and supernatant was harvested 4 to 5 days after
infection. HIV-1 JR-CSF (M-tropic) (22) was produced by fresh infection of
peripheral blood mononuclear cells after 3 days of phytohemagglutinin (PHA)
stimulation (PHA blasts), followed by supernatant harvest 7 or 8 days after
infection. Aliquots of virus stocks were cryopreserved at 280°C and thawed
immediately before use. Viral titers were determined as previously described by
limiting-dilution infection of C8166 cells (IIIB) (21) or PHA blasts (JR-CSF)
(16).

(ii) HIV-1 inhibition assays. CD41 cells in log phase were resuspended in
fresh medium, RPMI-20% FCS (T1 and U937) or RPMI-10% FCS with 50 U of
interleukin 2 (primary CD41 cells), at approximately 106/ml, and the appropriate
chemokines were added to their final test concentrations for a 2-h incubation at
37°C. HIV-1 was then added at a multiplicity of infection (MOI; 50% tissue
culture infectious doses per cell [TC1050]) of 1022 for a 4-h incubation at 37°C.
The cells were washed twice and plated in 24-well plates at 5 3 105/well in 2 ml
of medium containing the appropriate chemokines at the indicated final concen-
trations. At 2- to 4-day intervals, 1 ml of supernatant was removed from each well
for HIV-1 p24 antigen quantitation by enzyme-linked immunosorbent assay
(DuPont, Boston, Mass.) and replaced with 1 ml of fresh medium supplemented
with chemokines at the initial concentrations.

Calcium mobilization measurement. Anti-CD3-activated human CD41 cells
or cells of the human monocyte-like line U937 were harvested from cultures in
log phase, washed once in serum-free medium, and resuspended in loading
medium at pH 7.1 (RPMI 1640 supplemented with 0.02% bovine serum albumin
[BSA], 15 mM HEPES). T. 107 cells per ml was added 3 ml of a 1-mg/ml solution
of the calcium dye Fluo-3 (Molecular Probes Inc., Eugene, Oreg.) dissolved in
dimethyl sulfoxide (Sigma). The cells were mixed and cultured at 24°C for 20 to
30 min followed by two washes in loading medium and resuspended in phenol
red-free RPMI 1640 supplemented with 0.02% BSA and penicillin-streptomycin.
The cells were kept on ice until they were analyzed, at which time an aliquot was
brought to room temperature. After a 40- to 60-s background reading, chemo-
kine was added and the fluorescence cytometric data acquisition continued, using
a FACScan flow cytometer (Becton Dickinson, San Jose, Calif.). The calcium
mobilization data are expressed as flow cytometric histograms representing the
fluorescence recorded during 40-s interval gates. Calcium studies on primary
CD41 lymphocytes and on the U937 cell line were repeated three times or more.

Chemokine receptor binding–125I-SDF-1a competition assays. Because of the
high level of nonspecific binding by some cell lines, we used cell line U937, which
had the lowest background binding and gave the most reproducible binding data
(data not shown). 125I-labeled SDF-1a (lactoperoxidase catalyzed iodine label-
ing) was supplied by DuPont, NEN (Boston, Mass.). The two forms of SDF-1b
were compared for the ability to inhibit 125I-SDF-1a binding to U937 cells. The
cells (5 3 105) in RPMI 1640 containing 1% BSA, 25 mM HEPES, and 0.1%
sodium azide were added in the absence or presence of nonlabeled Met-SDF-1b
or SDF-1b to 1-ml polypropylene tubes (Bio-Rad, Richmond, Calif.) along with
125I-SDF-1a. The samples (replicates of two to four) were placed on a shaker at
4°C for 120 min. The cell-associated 125I-SDF-1a was isolated by centrifugation

of an aliquot of cells through 140 ml of 10% sucrose in RPMI 1640 with 25 mM
HEPES. After the tubes were frozen in a dry ice-acetone bath, the tube tips were
removed and the isotope concentration was determined with a gamma counter.
Nonspecific binding was determined by the addition of 2 mM unlabeled SDF-1b.
The data were analyzed, and Ki values were calculated using GraphPad Prism
(GraphPad Software, Inc., San Diego, Calif.). The Kd values were determined
with the Radlig program (Biosoft, Ferguson, Mo.) for nonlinear curve fitting of
cold ligand inhibition.

Receptor-staining and down-modulation assays. Cells from log-phase cultures
(24 to 48 h after addition of fresh medium) were counted and adjusted to 1 3 105

to 2 3 105/ml by centrifugation and resuspension in the conditioned culture
supernatant (i.e., fresh medium with fresh FCS was not added). Chemokine was
added to the cells, followed by incubation at 37°C for the indicated periods of
time. Controls included cells kept on ice with 0.1% sodium azide and cells
cultured for 37°C in the absence of SDF-1b or other chemokine. For pulsing
experiments, the cells were cultured with either form of SDF-1b or with medium
for 6 or 12 h, centrifuged, either stained or washed again, resuspended in fresh
medium, and returned to culture for the indicated time. At the end of the culture
period, the cells were centrifuged and resuspended in Dulbecco’s phosphate-
buffered saline (Gibco) containing 0.1% BSA, 0.1% sodium azide, and 10%
aggregated rabbit serum (Biodesign, Kennebunk, Maine). The cells were divided
into equal portions and incubated with isotype control antibody (immunoglob-
ulin IgG2a or IgG2b) or with anti-CXCR4 monoclonal antibody (MAb), fol-
lowed by washing and secondary incubation with phycoerythrin-conjugated goat
anti-mouse F(ab9)2 (SouthernBiotechnology Associates, Birmingham, Ala.). For
most experiments the anti-CXCR4 MAb 12G5 (PharMingen, San Diego, Calif.)
was used; where indicated, we also used other anti-CXCR4 MAbs (R&D Sys-
tems, Minneapolis, Minn.). Samples were analyzed using a FACScan flow cy-
tometer (Becton Dickinson). Fluorescence signals were collected by using loga-
rithmic scales and are presented as the cytometric histogram or as the median
fluorscence intensity (MFI) of the histogram using Cell Quest software (Becton
Dickinson). With these values the DMFI is calculated where DMFI 5 anti-
CXCR4 MFI 2 isotype control MFI. The percent decrease in MFI and percent
decrease in CXCR4 were calculated identically as ([DMFI for cells cultured with
chemokine]/[DMFI for cells cultured under control conditions] 3 100).

RESULTS

Met-SDF-1b is a more potent inhibitor of HIV-1 than wild-
type SDF-1b. SDF-1a (and SDF-1b) has been shown to block
T-tropic HIV-1 infection (2, 5, 9, 32, 44), and we confirmed
these findings. Pretreatment and culture of acutely HIV-1
IIIB-infected CD41 T1 cells with 1 mg of SDF-1b/ml or 1 mg of
SDF-1a/ml resulted in approximately 90% inhibition at early
time points and about 50% inhibition at the peak of infection
(Fig. 1). Pretreatment and culture of acutely HIV-1 IIIB-in-

FIG. 1. Blocking of HIV-1 replication by SDF-1. T1 CD41 cells were pre-
treated for 2 h with 1 mg of the indicated chemokine/ml, acutely infected with
HIV-1 IIIB at an MOI of 1022, and cultured in 2 ml of medium as described in
the text. At 2- to 4-day intervals, 1 ml of medium was removed for quantitative
HIV-1 p24 antigen determination and replaced with fresh medium containing 1
mg of the appropriate chemokine/ml. HIV-1 p24 antigen concentrations were
determined at the indicated days of culture.
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fected transformed or primary CD41 cell lines with 1 mg of
SDF-1b/ml resulted in approximately 50% inhibition at the
peak level of infection for all cell types tested (Fig. 2). Com-
mercially available SDF-1a (Peprotech), which also begins
with an N-terminal lysine, was tested and yielded similar levels
of viral suppression (Fig. 1 and 2A), which is consistent with
published results (5, 32). By contrast, Met-SDF-1b was mark-
edly more inhibitory in the same culture system. At peak levels
of viral infection Met-SDF-1b also gave much stronger inhibi-
tion for all cell types examined (Fig. 2A to C). Following
pretreatment and culture with Met-SDF-1b, viral replication
was consistently reduced by 100- to 1,000-fold in both trans-
formed and primary CD41 cells (Fig. 1 to 3). The inhibitory
effects of both forms of SDF-1b were limited to T-tropic
HIV-1; neither form of SDF-1b suppressed M-tropic HIV-1
replication in primary CD41 cells (Fig. 2D). The functional
difference between modified and unmodified SDF-1b was not
due to cellular toxicity, as cell counts in cultures exposed to
these chemokines were higher than those in untreated cultures
(data not shown), indicating a protective effect. Titration of the
two different forms of SDF-1b on primary CD41 cells (Fig. 3)
demonstrated that virus inhibition was dose-dependent and
that Met-SDF-1b was more potent than SDF-1b over a broad
range of concentrations. Of note, nearly complete virus sup-
pression at 2,000 ng/ml was achieved with Met-SDF-1b,
whereas SDF-1b was not fully suppressive even at 5,000 ng/ml.
The data are representative of at least three experiments with
primary CD41 cells, comparing virus inhibition for the two

forms of SDF-1b at different concentrations. As with other cell
types, the inhibition at different time points was always greater
with Met-SDF-1b than with SDF-1b.

Met-SDF-1b has a lower binding affinity than SDF-1b for
CXCR4. To investigate the role of receptor binding in the
differential HIV-1 inhibition by the two forms of SDF-1b, we
compared their affinities for CXCR4. Unlabeled SDF-1b and
Met-SDF-1b were each tested for the ability to inhibit binding
of 125I-SDF-1a to U937 cells. Using a Kd of 3 nM for 125I-
SDF-1a (9), the calculated Ki for SDF-1b was 4 nM (34 ng/ml)
and the Ki for Met-SDF-1b was 15 nM (129 ng/ml) (Fig. 4).
Using an updated EBDA program (28), the Kd for SDF-1b was
found to be 2.8 nM while the binding for Met-SDF-1b was
found to be 12.4 nM (not shown). These data indicate that the
greater inhibition by Met-SDF-1b was not due to enhanced
affinity for the CXCR4 receptor.

Met-SDF-1b is more potent at inducing calcium mobiliza-
tion than SDF-1b. The abilities of both forms of SDF-1b to
signal via CXCR4 were evaluated in calcium mobilization as-
says. U937 cells exposed to Met-SDF-1b exhibited a much
higher level of calcium mobilization than SDF-1b (Fig. 5).
Furthermore, the response to Met-SDF-1b appeared to yield a

FIG. 2. Blocking of HIV-1 replication by SDF-1. CD41 cells were pretreated
for 2 h with 1 mg of the indicated chemokine/ml, acutely infected with HIV-1 IIIB
or JR-CSF at an MOI of 1022 TCID50/cell, and cultured in 2 ml of medium as
described in the text. At 2- to 4-day intervals, 1 ml of medium was removed for
quantitative HIV-1 p24 antigen determination and replaced with fresh medium
containing 1 mg of the appropriate chemokine/ml. The peak levels of p24 are
shown, approximately 7 to 10 days after infection, for each cell type examined.
The relationship between inhibition by SDF-1 and Met-SDF-1 was seen at all
time points. The asterisk denotes commercially acquired SDF-1a (Peprotech).
The data are representative of three or more experiments for each cell type.

FIG. 3. Titration of HIV-1 inhibition by Met-SDF-1b versus wild-type SDF-
1b. Primary CD41 cells were pretreated for 2 h with the indicated concentrations
of each form of SDF-1b, infected with HIV-1 IIIB, and cultured with the
indicated concentration of chemokine as for Fig. 1. HIV-1 p24 antigen concen-
trations were done at 3-day intervals; values for day 6 are shown.

FIG. 4. Competitive binding assay of Met-SDF-1b versus wild-type SDF-1b.
Binding of 125I-SDF-1a, added at 0.3 nM, to U937 cells was determined in the
presence of serial concentrations of unlabeled SDF-1b or Met SDF-1b, as de-
scribed in Materials and Methods. After a 2-h incubation, the cell-bound 125I-
SDF-1 was isolated and counted. The plot shows the percentage of 125I-SDF-1a
bound as a function of cold SDF-1b or Met-SDF-1b added.
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higher level of cytoplasmic calcium for a longer time. Cells
treated with SDF-1b returned to baseline fluorescence within
60 s after the addition of chemokine, whereas cells treated with
Met-SDF-1b still showed significant fluorescence 100 s after
chemokine was added. A similar difference in calcium mobili-
zation was seen for primary CD41 cells, where Met-SDF-1b
also induced a prolonged calcium mobilization (data not
shown). The highest level of calcium mobilization was found
with levels of SDF-1b added at 1 to 2 mg/ml for both primary
CD41 cells and the U937 cell line (data not shown).

Down-modulation of CXCR4 expression by Met-SDF-1b is
prolonged. To evaluate the role of CXCR4 down-modulation,
we studied the density of CXCR4 expression after exposure of
cells to either form of SDF-1b. Both forms induced a dramatic
decrease in cell surface CXCR4 after a short-term incubation
(Fig. 6A and B). The down-modulations of CXCR4 following
a 2-h culture were similar for Met-SDF-1b and unmodified
SDF-1b, and this was observed in both immortalized (Fig. 6A
and data not shown) and primary (Fig. 6B) CD41 cells over a
broad range of concentrations. Significant receptor down-mod-
ulation was noted even at low concentrations (1 to 10 ng/ml),
reaching a maximum effect at 100 to 1,000 ng/ml (12 to 120
nM).

In contrast, there was a marked difference between the two
forms of SDF-1b after a 48-h incubation. T1 cells demon-
strated a complete recovery of CXCR4 expression with expo-
sure to 1 to 100 ng of SDF-1b/ml (Fig. 6C). Although the
primary CD41 cells were more sensitive to the chemokine-
induced down-modulatory effects, near-complete recovery was
seen at 1 to 10 ng of SDF-1b/ml (Fig. 6D). For cells treated
with Met-SDF-1b, however, reexpression of surface CXCR4
was far more impaired. At the higher concentrations of Met-
SDF-1b, CXCR4 down-modulation remained nearly complete
after 48 h (Fig. 6C and D). Even at lower concentrations of
Met-SDF-1b, CXCR4 expression remained depressed, partic-
ularly in primary CD4 cells (Fig. 6D). At all concentrations
tested, at 48 h, cell surface CXCR4 levels were much lower
after Met-SDF-1b treatment than after SDF-1b treatment.

These differences were not explained by altered detection of
CXCR4. Cells treated with either form of SDF-1b in the pres-
ence of 0.1% sodium azide at 4°C demonstrated equivalent
anti-CXCR4 antibody staining (not shown), in agreement with
a previously published report (44).

To determine if the level of down-modulation was depen-
dent upon the continuous presence of SDF-1b in culture, we
incubated primary CD41 cells in the absence or presence of
either form of chemokine at 1 mg/ml for 12 h, washed the cells
twice, and returned them to culture without added chemokine
for an additional 72 h. Staining these cells clearly demon-
strated that the surface expression of CXCR4 was markedly
reduced compared to that of the control following the initial
12-h pulse with either SDF-1b or Met-SDF-1b (Fig. 7). How-
ever, following the 72-h chase without added chemokine, the
level of CXCR4 returned to control levels for cells pulsed with

FIG. 5. Calcium mobilization induced by Met-SDF-1b versus wild-type SDF-1b. U937 cells were loaded with Fluo-3, and calcium mobilization was determined by
flow cytometry. Gates, each 40 s in duration, were drawn starting at zero time (R1; dashed line), 60 s (R2; thin solid line), and 100 s (R3; thick solid line). The
chemokines SDF-1b (final concentration, 2 mg/ml) and Met-SDF-1b (final concentration, 1 mg/ml) were added at approximately 45 s. The data are representative of
three or more experiments for U937 and primary CD41 T lymphocytes.

FIG. 6. CXCR4 expression following culture with Met-SDF-1b versus wild-
type SDF-1b. T1 cells (A and C) and primary CD41 lymphocytes (B and D) were
incubated with the indicated concentrations of Met-SDF-1b (}), SDF-1b (■), or
medium without added chemokine. The expression level of CXCR4 was deter-
mined with anti-CXCR4 MAb (12G5) and flow cytometry following 2 h (A and
B) or 48 h (C and D) of culture. The percent decrease of CXCR4 was calculated
as (DMFI for cells cultured with chemokine)/(DMFI for control cells) 3 100, as
described in Materials and Methods. Similar results were obtained in multiple
experiments (n . 3).
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SDF-1b (Fig. 7). In contrast, cells exposed to Met-SDF-1b
demonstrated continued down-modulation of CXCR4 (;80%)
after the 72-h chase (Fig. 7). Similar receptor recovery data
was observed with a 6-h pulse and a 48-h chase (data not
shown). In summary, reexpression of CXCR4 following treat-
ment with Met-SDF-1b is significantly delayed compared to
that after treatment with the wild-type SDF-1b.

DISCUSSION

The discovery that chemokine receptors are required for
HIV-1 envelope (gp120) to mediate infection of CD41 cells (1,
4, 5, 7, 8, 11, 14, 15, 32, 48, 53) has ushered in a new era of
investigation of HIV-1 pathogenesis. The pathogenic impor-
tance of these receptors has been demonstrated clearly in
observations of individuals with a deletion mutation in CCR5;
HIV-1-infected individuals heterozygous for the D32-CCR5
mutation appear to have delayed disease progression, and in-
dividuals homozygous for the mutation are relatively resistant
to infection (10, 25, 36, 39). The finding that the chemokine
ligands of CCR5 and CXCR4 are capable of blocking the use
of these receptors by HIV-1 in vitro has suggested a possible
role for chemokines as inhibitors of viral replication in vivo.
Indirect evidence includes the observation that CD81 cells
from some HIV-1-infected individuals who are asymptomatic
for an extended period produce higher levels of RANTES,

MIP-1a, and MIP-1b (54) than noninfected controls. In addi-
tion, a mutation has been identified in the gene for SDF-1b
which appears to delay disease progression (50).

The molecular mechanism for blocking by SDF-1 of T-tropic
HIV-1 infection was initially thought to involve simple compe-
tition between chemokine and virus for binding to chemokine
receptors. Peptide (30) and small-molecule (12, 40) antago-
nists of CXCR4 were found to inhibit viral replication selec-
tively without measurable signaling through CXCR4, suggest-
ing that binding alone was sufficient. In addition, Crump et al.
studied N-terminal-truncated forms of SDF-1 and found a
correlation between chemokine affinity for CXCR4 and HIV-1
inhibitory activity (9). These studies were interpreted to indi-
cate that competition for binding to CXCR4 was the key factor
in blocking of viral infection by receptor agonists or antago-
nists.

In contrast, our data strongly suggest that down-modulation
of chemokine receptors is required for efficient inhibition of
cell entry by CXCR4-utilizing strains of HIV-1. Although Met-
SDF-1b binds CXCR4 with lower affinity on the U937 cell line
than the naturally-occurring form of SDF-1b, we find that the
modified SDF-1b molecule is orders of magnitude more po-
tent in suppressing viral replication for U937 and T-lympho-
cyte targets (Fig. 1 to 3). Amara et al. used a C-terminal-
truncated CXCR4, which supported HIV-1 entry but did not
signal or down-modulate in response to SDF-1. Blocking of

FIG. 7. CXCR4 expression following a 12-h incubation and a 72-h chase; comparison of culture with Met-SDF-1b versus wild-type SDF-1b. Primary CD41

lymphocytes were incubated with 1 mg of SDF-1b/ml, 1 mg of Met-SDF-1b/ml, or medium without added chemokine. The CXCR4 receptor level was determined for
these three experimental groups following the first 12 h of culture (A) and following a 12-h culture, a wash, and a further 72-h culture in the absence of additional
chemokine (B). Cells were stained with the anti-CXCR4 MAb 12G5 (see Materials and Methods for details), and the data were expressed as the DMFI, bar graph,
and the percentage decrease in MFI compared to control cells shown as the % DMFI to the right of each bar graph. The histograms for the 12-h pulse (top) and the
72-h chase (bottom) are shown to the right of the corresponding bar graph. Isotype Control, cells cultured with medium only or chemokine and stained with isotype
control; Media Control, cells cultured with medium only and stained with 12G5; SDF-1b, cells cultured with 1 mg of SDF-1b/ml and stained with 12G5; Met-SDF-1b,
cells cultured with 1 mg of Met-SDF-1b/ml and stained with 12G5. Log fluorescense is shown on the x axis, and the cell number is shown on the y axis.
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HIV-1 by SDF-1 was impaired in this system, suggesting that
competition between the chemokine and gp120 for binding to
the chemokine receptor gives only weak or partial inhibition
(2). Signoret et al. further verified endocytosis-mediated down-
modulation of CXCR4 as important in the antiviral activity of
SDF-1 (44). It is possible that the two forms of SDF-1b used in
this study bind to CD41 lymphocytes with the same affinity.
However, the high nonspecific binding of SDF-1 to most cell
lines (9) would also preclude a direct binding measurement for
the primary CD41 T lymphocytes used in this study.

Met-SDF-1b was also found to induce a more profound and
prolonged intracellular calcium mobilization than SDF-1b.
The relationship of this effect to viral inhibition is unclear, but
signaling has been found by others to be required for virus
entry or chemokine blocking. We found that neither Met-
SDF-1b nor SDF-1b affected replication of an M-tropic strain
of HIV-1, suggesting that the differential inhibitory effects of
these chemokines are exerted at the level of virus entry.

Following a 48-h culture, we observed a sustained decrease
in CXCR4 expression for cells cultured with less than 1 mg of
Met-SDF-1b/ml, while cells cultured with less than 1 mg of
SDF-1b/ml either fully regained receptor expression or exhib-
ited only a slight decrease in receptor expression. The 48-h
culture with 1 mg of Met-SDF-1b/ml gave the largest decrease
in CXCR4 expression, with levels at or approaching those with
isotype control staining. The majority of receptor staining was
also lost for cells cultured with 1 mg of SDF-1b/ml, resulting in
a decrease for receptor staining to 25 to 30% of that found for
control cells (Fig. 5). This small difference in receptor staining
was found to correlate with a near-total HIV-1 inhibition for
cells cultured with 1 mg of Met-SDF-1b/ml, while 2 to 3 log
units less inhibition was found for cells cultured with the un-
modified form of SDF-1b (Fig. 1 to 3).

Fluorescence staining of cells gives a relative measurement,
and although there is general agreement that 700 to 1,000
receptors per cell are required for detection by fluorescence
staining (41), a direct correlation between the decrease in MFI
and cell surface density is not possible under the conditions
used here (41). Recent work has demonstrated that at normal
lymphocyte-like levels of CD4, only about 2,000 CCR5 recep-
tors are required for maximal infection by HIV-1 and infection
will still occur even with as few as 700 receptors (34). These
results, along with the work described here, indicate that cel-
lular infection requires only a small number of receptors; to
achieve complete inhibition in the presence of high levels of
CD4 requires complete or near-complete down-modulation of
CXCR4. Thus, the percent change in receptor expression is not
important; rather, the number of receptors that remain on the
cell surface will most likely determine the level of inhibition (or
infection) for HIV-1.

The decreases in CXCR4 immunofluorescence staining fol-
lowing short-term cultures of 2 h with either form of SDF-1b
were similar, with each approaching 100% at the 1-mg/ml con-
centration. After a 48-h exposure to chemokines, down-mod-
ulation was significantly greater for Met-SDF-1b-exposed cells.
This difference was noted even when the cells were cultured
briefly with chemokine followed by removal and a further
3-day culture without chemokine (Fig. 7). The functional prop-
erty of Met-SDF-1b that correlates with increased HIV-1 in-
hibition appears to be its ability to cause prolonged receptor
down-modulation even following removal of the chemokine
from the culture.

The central role of chemokine receptor down-modulation in
achieving the most effective antiviral effect is also supported by
recent studies of modified forms of RANTES and their inter-
actions with CCR5. An N-terminal-modified RANTES ana-

logue, Met-RANTES, was found to retain M-tropic HIV-1-
inhibitory activity while not inducing a signal through CCR5
(3), suggesting that postreceptor signaling is not required to
block infection. An analogue similar to Met-RANTES, with an
aminooxypentane (AOP) moiety added to the N terminus of
RANTES (AOP-RANTES), was found to have enhanced
HIV-1-blocking activity (45). AOP-RANTES had higher affin-
ity for CCR5 while lacking signaling capability, indicating that
it might be a better competitive inhibitor for viral binding than
wild-type RANTES. A follow-up study clarified the mecha-
nism, however, by demonstrating that AOP-RANTES down-
modulates CCR5 and interferes with the recycling of this re-
ceptor (27). Primary lymphocytes exposed to this chemokine
analogue were found to have prolonged down-modulation of
CCR5 due to retention of receptor in endosomes. This impair-
ment of cell surface CCR5 reexpression was suggested to be
the mechanism for the enhanced antiviral activity of AOP-
RANTES.

Natural modification by CD26, a dipeptidyl peptidase, may
play a role in inactivating chemokines able to inhibit HIV-1.
CD26 can remove two amino acids from the N terminus of
proteins with a proline or alanine at the penultimate position
(29), and it has been shown to cleave RANTES, SDF-1, and
certain other chemokines (33, 35, 42). Whereas truncation of
RANTES by CD26 does not reduce its ability to block M-
tropic HIV-1 infection (33, 35), CD26 cleavage of SDF-1 ab-
rogates its HIV-1-inhibitory activity (42), in agreement with
previous studies examining N-terminal-truncated SDF-1 (9).
The dependence of CD26 activity on a penultimate proline or
alanine suggests that Met-SDF-1b would not be a substrate, as
shown for other XXP peptides (peptides with proline in the
third position) (52). The cell lines used in our study readily
stained with anti-CD26-specific antibodies (data not shown);
however, comparison of our data with that of Shioda et al. (42)
suggests that the enhanced HIV-1 inhibition by Met-SDF-1b is
not due solely to its resistance to degradation by CD26. In the
study by Shioda et al. (42), addition of a CD26 inhibitor gave
only a modest increase in HIV-1 inhibition by SDF-1a, dissim-
ilar to the striking enhancement of HIV-1 inhibition observed
in the current study with Met-SDF-1b.

In summary, we show for the first time that a modified form
of SDF-1, Met-SDF-1b, is a markedly more efficient inhibitor
of T-tropic HIV-1 than wild-type SDF-1b. Compared to SDF-
1b, Met-SDF-1b has lower affinity for CXCR4, triggers a more
potent calcium mobilization, and causes prolonged down-mod-
ulation of its receptor, CXCR4. As detailed above, the binding
and signaling properties are different from those of similar
N-terminal-modified RANTES analogues. The data presented
here demonstrate a near-total inhibition of T-tropic HIV-1
replication by an SDF-1 analogue. This inhibition correlates
with an enhanced level of CXCR4 down-modulation, suggest-
ing a near-complete inhibition of virus entry.
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