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SDF-1� Is a Potent Inducer
of HIV-1-Specific CD8� T-Cell Chemotaxis,

But Migration of CD8� T Cells
Is Impaired at High Viral Loads
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Abstract

Multiple impairments in HIV-1-specific cytotoxic T cells (CTL) have been reported, but derangements in HIV-
1-specific CD8� T-cell chemotaxis have not been described previously. We assessed migration to SDF-1� (stro-
mal cell-derived factor 1-alpha) and CX3CL1 in vitro and expression of cognate receptors, CXCR4 and CX3CR1,
by flow cytometry in peripheral blood and lymph node CD8� T cells from HIV-1-seropositive and -seronega-
tive individuals. Compared with seronegative individuals, percentages of CXCR4�CD8� T cells were reduced
(median, 26% versus 74%, p � 0.001) and percentages of CX3CR1�CD8� T cells were increased (median, 33%
versus 15%, p � 0.03) in seropositive individuals. Robust migration of peripheral blood mononuclear cell
(PBMC) CD8� T cells to SDF-1� (1 �g/ml) was observed in both HIV-1-seropositive (median chemotactic in-
dex [CI] 4.9) and -seronegative (median CI 2.8) subjects (p � 0.46). CI to SDF-1� was not significantly related
to percentage of CXCR4�CD8� T cells or density of CXCR4, but correlated inversely with plasma HIV-1 RNA
concentration (r � �0.82, p � 0.03). Little chemotaxis was observed in response to CX3CL1 and it was unre-
lated to CX3CR1 expression. Lymph node CD8� T-cell chemotaxis to SDF-1� and CX3CL1 in four subjects dem-
onstrated the same patterns observed in PBMC. HIV-1-specific tetramer-staining CD8� T cells exhibited chemo-
taxis of similar magnitude as PBMC CD8� T cells in a subset of subjects. These data suggest that SDF-1� is a
potent chemoattractant for HIV-1-specific CTL, but that impairments in migration of HIV-1-specific CTL may
exist at high viral loads. Improved understanding of the determinants of CTL localization may provide insight
into novel therapies to enhance delivery of CTL to sites of HIV-1 replication.
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Introduction

IT IS WIDELY ACCEPTED that CD8� cytotoxic T cells (CTL) are
critical to the control of HIV-1 replication. After primary

infection with HIV-1, the development of HIV-1 specific CTL
coincides with a decline in plasma HIV-1 RNA concentra-
tions.1 Removal of CD8� T cells from simian immunodefi-
ciency virus (SIV)--infected macaques results in heightened
virus replication, which declines subsequently after CD8� T
cells are replenished.2 Despite vigorous CTL responses early
in disease, HIV-1 replication continues inexorably, resulting
in disease progression and ultimately in death in the absence
of antiretroviral therapy. Multiple impairments in HIV-1-
specific CTL effector function have been described in HIV-
1-seropositive individuals and hypothesized to contribute to
ongoing HIV-1 replication.3–6 To date, however, derange-

ments in HIV-1-specific CD8� T-cell chemotaxis have not
been described.

The majority of HIV-1 replication occurs in lymphoid tis-
sues.7–9 Recruitment of lymphocytes to lymph nodes is crit-
ical to the immunopathogenesis of HIV-1, providing not only
a supply of target CD4� T lymphocytes but also potential
control of HIV-1 replication by recruitment of CTL.10

Chemokines are a group of small, structurally related cyto-
kines that act on leukocyte subsets through G-protein-cou-
pled transmembrane receptors. These proteins are central to
efficient leukocyte recirculation, appropriate structuring of
lymphoid tissue, and cell recruitment to lymphoid and ex-
tralymphoid sites.11 SDF-1� (stromal cell-derived factor 1-al-
pha) is known to be one of the most potent chemokines for
both CD4� and CD8� lymphocytes,12 attracting 10 times
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more lymphocytes than other chemokines such as monocyte
chemoattractant protein-1 (MCP-1), macrophage inflamma-
tory protein 1-alpha (MIP-1�), (IL)-8, and regulated upon ac-
tivation, normal T-cell expressed and secreted (RANTES).12,13

Fractalkine (CX3CL1), a 373 amino acid protein, is known to
induce chemotaxis of a variety of cell types in healthy indi-
viduals including lymphocytes,14 and it has been hypothe-
sized that it may be a key chemoattractant for HIV-1-specific
CTL.15 Both CXCR4 and CX3CR1 have been identified as HIV-
1 coreceptors.13,16 Interestingly, the expression of both of these
receptors is altered on CD8� T cells in individuals with HIV-
1. Decreased CXCR417,18 and increased CX3CR1 expression15

has been reported on CD8� T cells in HIV-1-seropositive as
compared to -seronegative individuals. We hypothesized that
impaired migration of CD8� T cells including HIV-1-specific
CD8� T cells might contribute to ongoing HIV-1-replication
in vivo. To evaluate this, we assessed CD8� T-cell chemotaxis
to SDF-1� and CX3CL1 as well as expression of their cognate
receptors in peripheral blood and lymph node of HIV-1
seropositive individuals.

Materials and Methods

Human subjects

Informed consent was obtained from all participants in ac-
cordance with the Colorado Multiple Institutional Review
Board. HIV-1-infected individuals who were not receiving
antiretroviral therapy and who had CD4� T cells �300/mm3

were recruited to donate peripheral blood. A subset of HIV-
1-infected subjects also donated inguinal lymph nodes. None
of these subjects had an active opportunistic infection or ma-
lignancy or a sexually transmitted disease other than HIV-1.
Inguinal lymph node excisional biopsies were performed un-
der local anesthesia, and portions of the lymph nodes were
snap frozen in OCT compound (VWR, Denver, CO) and
stored at �70°C, as previously described.19 The remaining
lymph node tissue was minced in phosphate-buffered saline
(Life Technologies, Grand Island, NY) and either used di-
rectly in chemotaxis assays or cryopreserved immediately
and stored in liquid nitrogen. Individuals who were at low
risk or seronegative for HIV-1 infection were recruited to do-
nate peripheral blood only. Peripheral blood was prepared
for antibody staining by lysing the red blood cells using
FACS™ lysing solution (BD Biosciences, San Jose, CA). Pe-
ripheral blood mononuclear cells (PBMC) were isolated by
density centrifugation using lymphocyte separation media
(Mediatech, Herndon, VA) according to the manufacturer’s
instructions.

Plasma virus measurements

HIV-1 RNA was measured in plasma using the HIV-1
Monitor Assay (Roche Diagnostics, Indianapolis, IN) ac-
cording to the manufacturer’s instructions.

Chemokine receptor staining of CD8� T cells

Cells were treated with 1% normal goat serum in phos-
phate-buffered saline (PBS) to block nonspecific staining,
then incubated with CD3-FITC (BD Biosciences, San Jose,
CA), CD8-APC (BD Biosciences, San Jose, CA), and CXCR4-
PE (BD Biosciences, San Jose, CA) or CX3CR1-PE (MBL In-
ternational, Woburn, MA) antibodies for 30 min at room tem-

perature. Cells were washed with 1% bovine serum albumin
in PBS, fixed in 2% paraformaldehyde, and analyzed on a
FACS Caliber flow cytometer using Cell Quest software (Bec-
ton Dickinson, Immunocytometry). Samples were gated on
CD3�CD8� lymphocytes, and then histograms were gener-
ated to evaluate CX3CR1 or CXCR4 expression. Approxi-
mately 100,000 events were acquired in each analysis. For
quantitative determination of the mean number of CX3CR1
or CXCR4 molecules at the surface of each CD3�CD8� cell,
the QuantiBRITE™ system (BD Biosciences, San Diego, CA)
was used. Standardized beads conjugated to four known lev-
els of PE were used to generate a linear regression curve of
the log10 of PE molecules per bead against the log10 of fluo-
rescence, allowing for calculation of the number of fluo-
rophores bound per cell.

Tetramer staining of PBMC

Using PBMC from subjects with known tetramer-positive
CD8� T cells, cells were incubated with PE-labeled tetramer
for an A2-restricted gag epitope (SLYNTVATL) (Beckman-
Coulter, Miami, FL) or APC-labeled tetramer B8-restricted
nef epitope (FLKEKGGL) (provided by the NIAID MHC
Tetramer Core Facility, Atlanta, Georgia) for 30 min at room
temperature. Cells were washed and then stained with CD8-
FITC (BD Biosciences, San Jose, CA), incubated for 30 min
at room temperature, and washed again. Samples were an-
alyzed on FACS Caliber Flow cytometer with Cell Quest soft-
ware (Becton Dickinson, Immunocytometry). Between
200,000 and 300,000 events were acquired in each analysis.
Results were expressed as the percentage of tetramer-stain-
ing cells in the CD8� population.

Chemotaxis assays

Costar Transwell Plates (Corning Incorporated, Corning,
NY) that had inserts composed of polycarbonate with 5-�m
pore size were utilized in experiments. Serial 10-fold dilu-
tions of SDF-1� or CX3CL1 (Peprotech Inc., Rocky Hill, NJ)
were placed in the bottom well ranging from 1 pg/ml to 106

pg/ml in Hank’s balanced salt solution with 0.1% bovine
serum albumin, 1 mM CaCl2, and 1 mM MgCl2 (media). In-
serts were placed in wells and 500,000 freshly isolated PBMC
or lymph node cells in 100 �l of media were added to the
upper chamber and incubated for 4 h at 37°C. All assays were
performed in duplicate and included wells with media alone.
After incubation, inserts were removed and the contents of
the lower well were stained with CD3-FITC and CD8-PE an-
tibodies. The number of CD8� T cells that migrated in each
well was determined by flow cytometry using a fixed unit
of time (1 min), as previously described.20,21 This method of
counting cells was further validated in our laboratory, and
results from flow cytometry and manual counting using a
hemocytometer and fluorescent microscope were highly cor-
related (r � 0.9847, p � 0.001). Chemotactic index (CI) was
calculated by convention20,21 as the mean number of
CD3�CD8� cells that migrated in the presence of chemokine
divided by the mean number of CD3�CD8� cells that mi-
grated in the absence of chemokine.

In four HIV-1-seropositive subjects, assays evaluating
chemotaxis of tetramer-staining cells were performed simi-
larly to above methods, except more wells were set up to as-
sess migration of the lower-frequency tetramer� CD8� cells
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and wells were combined for analysis by flow cytometry. For
the tetramer chemotaxis experiments, 24 wells were set up
for media alone, 12 wells with SDF-1� at 105 pg/ml, and 12
wells with fractalkine at 104 pg/ml. Due to the large quan-
tities of SDF-1� required for this experiment, the cost of SDF-
1�, and the observation that majority of individuals demon-
strated significant CI at SDF-1� concentration 105 pg/ml, this
lower concentration of SDF-1� was utilized for these exper-
iments.

Statistical methods

All statistical analyses assumed a two-sided significance
level of 0.05. Wilcoxon two-sample t-tests were used for both
within-groups and between-group comparisons. Spearman
� was used to describe correlations.

Results

Demographic and clinical characteristics of study subjects

Eighteen HIV-1-infected individuals and 10 HIV-1-
seronegative individuals were recuited to this study. Clini-
cal characteristics are shown in Table 1.22,23 Approximately
half of the subjects in both the HIV-1-seropositve and 
-seronegative groups were women. The median age of HIV-

1-seropositive subjects was 37 (range, 25–48) years and was
similar to the median age of 40 (range, 25–53) years in the
HIV-1-seronegative group. All of the HIV-1-infected subjects
had been infected for at least 6 months, and most had been
infected for more than 1 year. All but three HIV-1-infected
subjects were antiretroviral naïve, and those subjects who
had previously taken antiretroviral therapy had in all in-
stances discontinued medications at least 6 months before
participating in the study. Among HIV-1-seropositive sub-
jects, the median CD4� T-cell count was 644 (range,
305–1,103) cells/mm3, and the median plasma HIV-1 RNA
concentration was 4.06 (range, 1.7–5.26) log10 copies/ml. All
of the HIV-1-infected males reported a history of sex with
men, and the majority of HIV-1-infected females reported
heterosexual exposure (70%) as their risk factor for HIV-1 in-
fection.

CXCR4 and CX3CR1 expression is altered on CD8�

T cells of HIV-1-infected individuals

To determine whether expression of chemokine receptors
on CD8� T cells was related to HIV-1 infection, the percent
of CD8� T cells that expressed CXCR4 and CX3CR1 as well
as the receptor density on CD8� T cells was evaluated in
HIV-1-seropositive and -seronegative individuals’ periph-
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TABLE 1. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF STUDY SUBJECTS

CD4� T
Subject Risk Cell count HIV-1 Viral load
ID Sex Age Race factora (cells/mm3) (log10 copies/mL)

HIV-1 Seropositive Subjects
M13 Male 29 caucasian MSM 680 4.78
M14 Male 29 caucasian MSM 540 3.85
32 Female 48 caucasian H 775 3.71
62 Male 32 caucasian MSM 305 4.35
64 Female 25 caucasian Ndl stk 467 3.44
67 Female 45 caucasian H 406 4.37
70 Male 27 caucasian MSM 968 4.17
71 Female 30 hispanic H 447 3.20
73 Female 43 black H 635 4.20
74 Female 52 hispanic IVDA 895 1.70
77 Male 40 caucasian MSM 913 5.26
78 Male 26 caucasian MSM 1103 3.82
79 Female 42 caucasian IVDA 653 4.74
80 Male 43 caucasian MSM 628 3.94
81 Male 29 hispanic MSM 697 4.23
82 Female 43 black H 835 3.57
84 Female 39 hispanic H 358 3.83
90 Female 34 black H 332 4.86
HIV-1 Seronegative Subjects
72 Female 53 caucasian
99653 Male 45 caucasian
99657 Male 44 black
99665 Female 36 caucasian
99667 Female 46 caucasian
99676 Male 53 caucasian
99695 Female 25 caucasian
99697 Female 31 caucasian
99700 Male 25 caucasian
99701 Female 34 caucasian

*Heterosexual sex (H); male to male sex (MSM); needle stick (Ndl Stk); intravenous drug use (IVDU).



eral blood (Fig. 1). The percentage of CD8� T cells that ex-
pressed CXCR4 was substantially reduced in HIV-1-seropos-
itive individuals (median, 26%; n � 15) compared with HIV-
1-seronegative individuals (median, 74%; n � 9; p � 0.001;
Fig. 1A). In contrast, the percentage of CD8� T cells that ex-
pressed CX3CR1 was significantly increased in HIV-1-
seropositive individuals (median, 33%; n � 7) compared
with HIV-1 seronegative individuals (median, 15%; n � 7;
p � 0.03; Fig. 1B). Interestingly, the density of CXCR4 or
CX3CR1 was not significantly different between HIV-1-
seropositive and -seronegative individuals (Figs. 1C and 1D).
Furthermore, density of CXCR4 or CX3CR1 expression was
not related to percentage of cells that expressed the respec-
tive receptor (r � 0.00, p � 1.00; r � 0.31, p � 0.27, respec-
tively). Among HIV-1-seropositive subjects, there was no sig-
nificant relationship between either CD4� T-cell count or
plasma HIV-1 RNA concentration and either the percentage
of cells that expressed the chemokine receptor or the density
of the chemokine receptor. Receptor expression on CD8� T
cells in peripheral blood and PBMC isolated by Ficoll-Hy-
paque density centrifugation was evaluated in the subset of
HIV-1-seronegative and -seropositive subjects whose sam-
ples were utilized for chemotaxis assays and had available
data as Ficoll-Hypaque density centrifugation has previously
been demonstrated to alter expression of chemokine recep-
tors, most notably the CCR5 receptor.15,24 On CD8� T cells,

CXCR4 density declined with Ficoll-Hypaque density cen-
trifugation by 20% (n � 11; median � 5,462 versus 4,321 
molecules/cell; p � 0.02), and CX3CR1 density remained un-
changed (n � 14; median � 2,472 versus 2,486 molecules/
cell; p � 0.25). The percentage of CD8� T cells with receptor
expression minimally decreased after Ficoll-Hypaque den-
sity centrifugation for both CXCR4 (median, 43–41%; p �
0.02) and CX3CR1 (median, 21–18%; p � 0.03).

Chemotaxis of PBMC CD8� T cells to SDF-1�
and CX3CL1

To evaluate whether migration by PBMC CD8� T cells
from HIV-1-infected individuals is impaired, chemotaxis as-
says were performed in parallel using serial dilutions of SDF-
1� or CX3CL1 in seven HIV-1-seropositive and six HIV-1-
seronegative individuals (Fig. 2). In both HIV-1-infected and
-uninfected subjects, PBMC CD8� T cells demonstrated
dose-dependent migration to SDF-1�, with most manifest-
ing a CI �1.5 at 105 pg/ml and all at 106 pg/ml (Figs. 2A
and 2B). The median CI to SDF-1� at 106 pg/ml was 4.9 in
HIV-1-seropositive individuals and was not significantly dif-
ferent from the median CI of 2.8 in the HIV-1-seronegative
subjects (p � 0.46). The CI of CD8� T cells to SDF-1� (106

pg/ml) was not significantly related to either CXCR4 per-
cent expression (r � 0.21, r � 0.43) or density of CXCR4 (r �
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FIG. 1. Percent and density of cell surface CXCR4 and CX3CR1 on CD8� T cells from HIV-1-seronegative (closed squares)
and -seropositive (open circles) individuals. In HIV-1-seropositive subjects, the percent of CXCR4�CD8� T cells was sig-
nificantly lower (A) and the percent of CX3CR1�CD8� T cells was significantly higher (B) than in HIV-1-seronegative in-
dividuals. CXCR4 (C) and CX3CR1 (D) density was similar in HIV-1-seropositive and -seronegative subjects. Horizontal
lines indicate medians.



�0.03, r � �0.03). Interestingly, HIV-1 viral load was in-
versely correlated with CD8� T cell CI to SDF-1� (106 pg/ml)
in HIV-1-seropositive subjects (r � �0.82, p � 0.03; Fig. 3).
In contrast, no consistent relationship was seen between any
dose of fractalkine and CD8� T-cell migration in either HIV-

1-seropositive or -seronegative subjects (Figs. 2C and 2D). In
addition, no relationship was seen between either the per-
centage or density of CX3CR1 receptor expression and CD8�

T-cell chemotaxis at any concentration of CX3CL1.

Chemotaxis of CD8� T cells derived from lymphoid tissue

To determine whether chemotaxis in peripheral blood is
reflective of that in lymphoid tissues where the majority of
HIV-1 replication occurs, chemotaxis of CD8� T cells was as-
sessed in disaggregated lymph node cells in parallel with
PBMC from four HIV-1-seropositive subjects. Lymph node
CD8� T-cell chemotaxis to SDF-1� and CX3CL1 (Fig. 4) dem-
onstrated the same pattern as that observed in PBMC (Fig.
2), with vigorous, dose-dependent migration to SDF-1� and
only weak, non-dose-dependent migration to CX3CL1. The
median CIs to SDF-1� (106 pg/ml) in CD8� T cells derived
from PBMC and lymph node were 4.7 and 5.4, respectively
(p � NS). The median CIs to CX3CL1 (103 pg/ml) in PBMC
and lymph node were also quite similar at 1.2 and 1.3, re-
spectively (p � NS).

Expression of chemokine receptors and chemotaxis of
HIV-1-specific CD8� T cells

To determine whether migration of peripheral blood
CD8� T cells was reflective of migration by HIV-1-specific
CD8� T cells, chemotaxis assays were performed using
PBMC from four HIV-1-infected individuals known to har-
bor HIV-1-specific CD8� T cells as detected by staining with
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FIG. 2. Chemotaxis of PBMC CD8� T cells to varying concentrations of SDF-1� and CX3CL1. Dose-dependent CD8� T-
cell migration to SDF-1� was demonstrated in both HIV-1-seropositive (A) and seronegative (B) individuals. No consistent
relationship between CD8� T-cell chemotaxis and concentration of CX3CL1 was demonstrated in either serogroup (C, D).

FIG. 3. Chemotaxis of PBMC CD8� T cells to SDF-1� (106

pg/ml) correlated inversely with HIV-1 RNA concentration
(r � �0.82; p � 0.03). Subjects 32, 64, 67, 70, 73, 78, and M14
are included in this graph. *All data points have two repli-
cates; some data point error bars are not visible as replicates
are so close in value.



MHC-tetrameric complexes. Subjects 62 and 64 had HIV-1-
specific CD8� T cells directed against an A*0201-restricted
gag epitope (SLYNTVATL) and subjects 81 and 90 had HIV-
1-specific CD8� T cells directed against a B8-restricted nef
epitope (FLKEKGGL). Tetramer-positive CD8� T cells con-
stituted 2.0% to 5.5% of total CD8� T cells in these subjects.
A median of 22% of tetramer-staining cells expressed
CXCR4, similar to the median percentage of CD8� T cells
that expressed CXCR4 in these subjects (25%). All four sub-
jects demonstrated chemotaxis of HIV-1-specific CD8� T
cells (median CI � 2.5) to SDF-1� (105 pg/ml) with a CI that
was similar if not slightly higher than that of their PBMC
CD8� T cells (median CI � 1.9, p � 0.1; Fig. 5).

A median of 34% of tetramer-staining cells expressed
CX3CR1, similar to the median of 28% of CD8� T cells that
expressed CX3CR1 in these subjects. HIV-1-specific CD8� T-
cell migration to CX3CL1 could not be assessed in two sub-
jects because too few cells migrated in response to CX3CL1
to evaluate for chemotaxis. In the other two (subjects 81 and
90), the CI of HIV-1-specific CD8� T cells was 0.9 and 1.2
and was quite similar to the CIs of 1.1 and 1.3 seen in PBMC
CD8� T cells from these subjects, respectively.

Discussion

To assess the hypothesis that impaired migration of HIV-
1-specific CD8� cells might contribute to ongoing HIV-1
replication in vivo, we evaluated chemotaxis of CD8� T cells
to two known lymphocyte chemoattractants, SDF-1� and
CX3CL1. To our knowledge, this is the first study to sys-
tematically examine chemotaxis of CD8� T cells in periph-
eral blood and lymphoid tissues of HIV-1-infected individ-
uals, as well as the first to evaluate chemotaxis of

HIV-1-specific CD8� T cells to these chemokines. Similar to
previous studies, we observed that expression of the recep-
tors for these chemoattractants was altered in HIV-1 infec-
tion. Specifically, CXCR4 was expressed on a lower25 and
CX3CL1 was expressed on a higher15 percentage of CD8� T
cells in HIV-1-infected individuals as compared with healthy
individuals at low risk for HIV-1 infection. Nevertheless, de-
spite upregulation of CX3CR1 on CD8� T cells from HIV-1-
seropositive individuals, there was little chemotaxis of these
cells in response to CX3CL1 in either HIV-1-seropositive or
-seronegative individuals. Conversely, despite diminished
expression of CXCR4 on peripheral blood and lymph node
CD8� T cells, as well as peripheral blood HIV-1-specific
CD8� T cells from HIV-1-seropositive subjects, robust mi-
gration of these cells in response to SDF-1� was observed.
Although overall there was no significant difference between
seropositive and seronegative individuals in the ability of
their CD8� T cells to migrate toward SDF-1�, plasma HIV-
1 RNA concentration was inversely correlated with CI to
SDF-1�, suggesting that impaired CD8� T-cell migration is
associated with higher viral loads. Migration of HIV-1-spe-
cific CD8� T cells to SDF-1� paralleled that demonstrated by
CD8� T cells in four subjects in whom this was analyzed.
These data suggest that impaired migration of HIV-1-spe-
cific CD8� T cells exists at high viral loads and may con-
tribute to ongoing HIV-1 replication in vivo.

Since the identification of CXCR4 as an HIV-1 corecep-
tor,13,26 multiple studies have evaluated its expression on pe-
ripheral blood lymphocytes.17,25 Similar to previous studies,
we observed that the percentage of cells that expressed
CXCR4 in HIV-1-seropositive individuals was less than half
that seen in HIV-1-seronegative individuals. CXCR4 is pri-
marily expressed on naïve and central memory CD8� T cells,
and the receptor is downregulated as cells mature to an ef-
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FIG. 4. Lymph node CD8 � T-cell chemotaxis to varying
concentrations of SDF-1� (black lines) and CX3CL1 (gray
lines) in four HIV-1-seropositive individuals. Lymph node
CD8� T-cell migration to SDF-1� was dose dependent and
maximal at 106 pg/ml, although migration to CX3CL1 was
relatively lower and not consistently related to any specific
concentration of CX3CL1.

FIG. 5. Chemotaxis to SDF-1� (105 pg/ml) was similar for
CD8� T cells and HIV-1 tetramer-staining CD8� T cells from
PBMC in four HIV-1-seropositive subjects (p � 0.1). Each line
represents a paired experiment from one subject with adja-
cent numbers indicating subject ID number.



fector memory phenotype.18 It seems likely that heightened
immune activation and expansion of memory CD8� T cells,
which is seen in both PBMC and lymph node cells of HIV-
1-seropositive individuals,27 is one potential cause of di-
minished expression of CXCR4. In addition, increased li-
gand-induced endocytosis28 through upregulation of SDF-1�
in HIV-1 infection29 may decrease CXCR4 cell surface ex-
pression in HIV-1-infected individuals. HIV-1 Nef protein
has been shown to downmodulate CXCR4 expression on the
surface of lymphocytes as well.30 Thus, multiple factors
could contribute to diminished expression of CXCR4 in HIV-
1-infected individuals.

SDF-1� is a highly potent chemokine, attracting 80% of
resting T cells as compared with other chemokines such as
MCP-1, MIP-1�, IL-8, and RANTES, which only attract
1–10% of resting T cells in healthy individuals.12,13 In addi-
tion, high SDF-1� concentrations (1 �g/ml) can also cause
CD8� T-cell fugetaxis,31 or movement away from the
chemokine. The present study demonstrated that SDF-1� is
a potent chemoattractant for both peripheral blood and
lymph node CD8� T cells in HIV-1-infected individuals. In
addition, it demonstrated for the first time that SDF-1� is a
potent chemoattractant for HIV-1-specific CD8� T cells iden-
tified by MHC class I tetrameric complexes. It is possible that
this study even underestimates the magnitude of chemoat-
traction induced by SDF-1� in vivo, because Ficoll-Hypaque
density centrifugation induced a 20% decrease in CXCR4
density on CD8� T cells.

HIV-1 RNA concentration was inversely related to chemo-
taxis to SDF-1�, and impairments in chemotaxis were par-
ticularly evident at viral loads above 10,000 copies HIV-1
RNA/ml. Although overall no significant differences in
CD8� T-cell chemotaxis to SDF-1� were observed between
HIV-1-seropositive and -seronegative individuals, it is con-
ceivable that differences might be observed if larger num-
bers of subjects were studied. Additional studies are needed
as well to determine whether impairments in migration that
are seen at high viral loads occur in all CD8� T-cell subsets,
including naïve and memory subsets, as well as HIV-1-spe-
cific and other antigen-specific subsets.

No relationship was seen between the magnitude of mi-
gration of CD8� T cells to SDF-1� and either the percentage
of CD8� T cells that expressed CXCR4 or the density of
CXCR4 expression in HIV-1-seropositive or -seronegative in-
dividuals whether they were analyzed separately or collec-
tively. These data underscore the fact that caution must be
used in inferring chemotactic potential from chemokine re-
ceptor expression. These data suggest as well that the im-
pairments of CD8� T-cell chemotaxis seen in HIV-1-infected
individuals with high viral loads are not directly mediated
by downregulation of CXCR4. One possible mechanism is
desensitization of CXCR4 to ligand-induced stimulation,
which can occur through multiple mechanisms (reviewed in
Busillo and Benovic32). Interestingly, germinal center CD4�

T cells have been reported to be refractory to SDF-1� despite
high levels of CXCR4 expression, and expression of the reg-
ulator of G-protein signaling (RGS) proteins RGS13 and
RGS16 is correlated with this unresponsiveness.33 It is un-
clear, however, whether RGS13 and RGS16 are upregulated
in HIV-1 infection and whether they affect CD8� T cells in
a similar manner. T-cell receptor stimulation induces protein
kinase C phosphorylation of CXCR4, resulting in impaired

signaling through the receptor and diminished chemotaxis
of murine CD4� T cells as well as downregulation of
CXCR4.34 In addition, HIV-1 Nef has been reported to im-
pair downstream signaling via CXCR4 resulting in impaired
chemotaxis of human CD4� lymphocytes to SDF-1�.35

Whether these or other mechanisms explain the impaired
SDF-1� responses of CD8� T cells from individuals with high
HIV-1 RNA concentrations remains to be determined.

Similar to CXCR4, CX3CR1 serves as a coreceptor for HIV-
1, albeit a minor one.15,36 Polymorphisms in CX3CR1 have
been reported to alter HIV-1 disease progression.37,38 al-
though these data were not confirmed in another study39 and
the putative mechanism for the influence of CX3CR1 on HIV-
1 disease progression is unclear. Consistent with a previous
study, we found that the percentage of CD8� T cells that ex-
pressed CX3CR1 was significantly higher in HIV-1-seropos-
itive compared with HIV-1-seronegative individuals.15

CX3CR1 is expressed on almost all effector CD8� T cells in
both HIV-1-seronegative40 and HIV-1-seropositive15 indi-
viduals, and the increased expression in HIV-1 infection is
likely due to the expansion of effector CD8� T cells in HIV-
1-infected individuals.

The natural ligand of CX3CR1, CX3CL1, elicits very mod-
est lymphocyte migration in healthy donors.40,41 Although
Combadiere et al.15 reported that CD8� T-cell migration to
CX3CL1 was greater in PBMC from three HIV-1-seroposi-
tive (10% of CD8� T cells seeded) as compared to two HIV-
1-seronegative subjects (1% of CD8� T cells seeded), we were
unable to confirm this observation. A limitation of the pres-
ent study was the lack of a strong positive control for mi-
gration to fractalkine. Nevertheless, the source of fractalkine
in our study was the same as that for the study by Com-
badiere et al., and the manufacturer confirmed that the prod-
uct elicited lymphocyte migration in vitro but acknowledged
donor variability. Although our experimental conditions
were identical to those in the study performed by Com-
badiere et al., possible reasons for the discrepancy include
the way that migration was quantified, as their method did
not account for potential differences in nonspecific cellular
migration, or other immeasurable differences in technique.
Interestingly, the magnitude of CD8� T-cell migration to
SDF-1� in their study15 at 10% of CD8� T cells seeded was
substantially lower than the average 50% migration reported
in other studies.12,13 Finally, a major limitation of any in vitro
study of lymphocyte migration is that it does not necessar-
ily recapitulate the factors that may influence cell movements
in vivo. Specifically, fractalkine may play a more significant
role in lymphocyte migration in conjunction with other
chemokines such as MIP-1� and MCP-1, as demonstrated by
Nishimura et al.40 Although the present study did not con-
firm that soluble fractalkine is a major chemoattractant for
CD8� T cells from HIV-1-infected individuals, it does not ex-
clude a role for this chemokine in HIV-1-specific CD8� T-
cell localization in vivo.

The reasons for the failure of virus-specific CD8� T cells
to fully suppress HIV-1 replication are unclear. Because the
majority of HIV-1 replication occurs in lymphoid tissues, it
is critical to understand the determinants of lymphocyte mi-
gration at those sites. In the present study we demonstrated
that SDF-1� is a potent chemoattractant for CD8� T cells
from PBMC and lymph node as well as for HIV-1-specific
CTL. Furthermore, the present study demonstrated that
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CD8� T-cell migration to SDF-1� is impaired at high levels
of plasma HIV-1 RNA concentration. Whether the impair-
ment of CD8� T-cell migration that exists at high viral loads
is the cause or the consequence of ongoing virus replication
and the mechanisms underlying this impairment merit fur-
ther investigation. Studies of the impact of potent antiretro-
viral therapy on the ability of CD8� T cells to migrate in re-
sponse to SDF-1� would help to clarify this issue. We and
others have demonstrated a high concentration of HIV-1-
specific CTL within lymphoid tissues in chronic HIV-1 in-
fection,10,19,42,43 and we recently reported that HIV-1-specific
CTL do not localize at sites of HIV-1 replication in these tis-
sues.23 A better understanding of the key determinants of
CTL migration within lymphoid tissues of individuals with
HIV-1 infection could provide critical insights into the im-
munopathogenesis of HIV-1 infection and ultimately lead to
immunotherapeutic interventions to enhance delivery of
CTL to sites of HIV-1 replication.
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