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The presence or absence of the receptor CD4 and the coreceptors CCR5 and CXCR4 restrict the cell tropism
of human immunodeficiency virus type 1 (HIV-1). Despite the importance of thymic infection by HIV-1,
conflicting reports regarding the expression of HIV-1 coreceptors on human thymocytes have not been resolved.
We assayed the expression and function of the major HIV-1 coreceptors, CCR5 and CXCR4, as well as CCR4
and CCR7 as controls, on human thymocytes. We detected CCR5 on 2.5% of thymocytes, CXCR4 on 53% of the
cells, and CCR4 on 16% and CCR7 on 11% of human thymocytes. Moreover, infection by R5 HIV-1 did not
significantly induce expression of CCR5. We found that two widely used anti-CCR5 monoclonal antibodies
cross-reacted with CCR8, which may account for discrepancies among published reports of CCR5 expression
on primary cells. This cross-reactivity could be eliminated by deletion of amino acids 2 through 4 of CCR8.
Chemotaxis assays showed that SDF-1, which binds CXCR4; MDC, which binds CCR4; and ELC, which binds
CCR7, mediated significant chemotaxis of thymocytes. In contrast, MIP-1b, whose receptor is CCR5, did not
induce significant chemotaxis. Our results indicate that CXCR4, CCR4, CCR7, and their chemokine ligands
may be involved in thymocyte migration during development in the thymus. CCR5 and its ligands, however, are
likely not involved in these processes. Furthermore, the pattern of CCR5 and CXCR4 expression that we found
may explain the greater susceptibility of human thymocytes to infection by HIV-1 isolates capable of using
CXCR4 in cell entry compared to those that use only CCR5.

Certain chemokines and their receptors play an important
role in the biology of human immunodeficiency virus type 1
(HIV-1). Chemokines are 70- to 100-amino-acid polypeptides
that stimulate leukocyte migration and are involved in devel-
opment, inflammation, and infectious diseases (reviewed in
references 20 and 27). Chemokines are classified based on the
arrangement and number of their amino-terminal cysteines as
C, CC, CXC, or CX3C chemokines. The majority of known
chemokines are in the CC or CXC category. All chemokines
have structurally similar G protein-coupled receptors, which
have seven a-helical transmembrane domains. In addition to
their roles in inflammation and development, a number of
chemokine receptors have been shown to be coreceptors for
HIV-1, HIV-2, and simian immunodeficiency virus (SIV).
HIV-1 requires a coreceptor in addition to its primary recep-
tor, CD4, for productive infection. Ten human chemokine
receptors or related molecules can perform this function in
vitro. The most important HIV-1 coreceptors in infected indi-
viduals, however, are CCR5 and CXCR4 (reviewed in refer-
ence 20).

Nearly all HIV-1 isolates derived from newly infected pa-
tients or during the first few years following infection are ex-
clusively CCR5 tropic (R5 HIV-1). The selective pressures
which favor R5 HIV-1 isolates following transmission and early

in the course of infection have not been well characterized but
may relate to their greater ability to infect resting memory T
cells (18, 34). During later stages of infection in a significant
proportion of individuals, HIV-1 isolates evolve which gain the
ability to use CXCR4 in addition to or instead of CCR5 (R5X4
or X4 HIV-1 [6, 31]). HIV-1 interaction with CCR5 may be a
rate-limiting step in viral replication in infected individuals,
since individuals who are heterozygous for a nonfunctional
allele of CCR5 (CCR5D32) progress more slowly to AIDS (8,
9, 15, 22, 26). Furthermore, viral evolution to the R5X4 or X4
phenotype is associated with rapid replication in tissue culture
and with high viral load and rapid progression to disease in
infected individuals (6, 32). We and others have shown that
R5X4 or X4 HIV-1 isolates are also more cytopathic and
replicate to higher levels than R5 isolates in severe combined
immune deficient (SCID) mice bearing human thymus-liver
grafts (SCID-hu mice) (4, 16, 17, 30). Similarly, in SCID mice
injected with human peripheral blood mononuclear cells
(PBMC) and in spleen or tonsil culture, R5X4 and X4 isolates
are more cytopathic than R5 HIV-1 isolates (12, 25, 28). These
results may be explained by the more frequent expression of
CXCR4 than of CCR5 by primary CD41 thymocytes and ma-
ture T cells reported in several studies (3, 19, 23, 24). Other
reports, however, do not show significant differences in the
fraction of thymocytes bearing these two important HIV-1
coreceptors (2, 7, 38).

AIDS-associated R5 HIV-1 isolates replicate to higher levels
and are more cytopathic than pre-AIDS R5 isolates in tissue
culture and in SCID-hu mice (29, 33). Nevertheless, no R5
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isolate studied to date is as cytopathic for human thymocytes as
R5X4 patient isolates or the X4 molecular clone NL4-3 (4, 29).
To more fully understand the mechanism(s) of R5 and X4
HIV-1 pathogenesis in the human thymus, we sought to rec-
oncile the discrepant published results regarding the fraction
of human thymocytes that express CCR5 (2, 7, 19, 24, 38). We
assayed the expression of CCR5 on human thymocytes by flow
cytometry with five different anti-CCR5 monoclonal antibodies
(MAb). We also assayed the chemotaxis of thymocytes to
CCR5 ligands, since we reasoned that low levels of CCR5,
below the limit of detection by flow cytometry, might be de-
tected by the chemotaxis assay. Moreover, such low levels of
CCR5 expression might be sufficient to allow HIV-1 entry.
Concurrently, we assayed the expression and function in che-
motaxis assays of CCR4, CCR7, and CXCR4. CXCR4 was
chosen because it is the other major coreceptor for HIV-1.
CCR4 and CCR7 were chosen as controls for these experi-
ments because EBI1 ligand chemokine (ELC) elicited abun-
dant thymocyte chemotaxis and macrophage-derived chemo-
kine (MDC) elicited moderate chemotaxis.

MATERIALS AND METHODS

Antibodies and chemokines. The anti-CCR4 MAb 328B was provided by Carol
Raport, David Chantry, and Patrick Gray of ICOS Corporation (Seattle, Wash.).
Anti-CCR5 MAb 5C7 and 3A9 (unconjugated) have been described previously
(36, 37). Anti-CCR5 MAb 2D7-APC, 2D7-fluorescein isothiocyanate (FITC),
and 3A9-phycoerythrin (PE) were form Pharmingen (San Diego, Calif.). Anti-
CCR5 MAb 182-biotin and 183-FITC were from R&D Systems (Minneapolis,
Minn.). Hitoshi Hasegawa, Ehime University, Ehime, Japan, provided the anti-
CCR7 MAb CCR7.6B3 (13). The anti-CXCR4 MAb 12G5-PE was from Bio-
source International (Camarillo, Calif.). CD3, CD4, CD8, and isotype control
MAb, goat anti-mouse immunoglobulin G (IgG)-PE and streptavidin-PE were
all purchased from Caltag Laboratories (Burlingame, Calif.). Recombinant hu-
man chemokines MDC, macrophage inflammatory protein 1b (MIP-1b), stromal
cell-derived factor 1 (SDF-1), and ELC were provided by David Chantry and
Patrick Gray of ICOS Corporation or obtained from R&D Systems.

Preparation and titration of HIV-1 stocks. HIV-1 biological clones were ob-
tained from Hanneke Schuitemaker of the Central Laboratory of The Nether-
lands Red Cross Blood Transfusion Service, Amsterdam, The Netherlands. Virus
stocks were amplified by infection of 2-day phytohemagglutinin (PHA)- and
interleukin-2 (IL-2)-stimulated healthy donor PBMC. One half of each virus-
containing supernatant was removed every 2 days and replaced with fresh me-
dium containing IL-2. Fresh stimulated PBMC were added 7 days postinfection
if viral titers of the collected supernatants had not peaked. Virus-containing
supernatants were aliquotted and frozen at 280°C until needed. The titer of virus
in each supernatant was measured by limiting dilution infection of 2-day PHA-
and IL-2-stimulated healthy donor PBMC.

Preparation and HIV-1 infection of SCID-hu mice. SCID-hu thymus/liver mice
were created by implantation of human fetal thymus and liver fragments under
the kidney capsule of C.B-17 SCID mice as originally described by McCune and
colleagues (21). SCID and SCID-hu mice were maintained in microisolator cages
on racks with HEPA-filtered air blown into each cage (Allentown Caging, Allen-
town, Pa.). The mice were implanted with 1-mm3 pieces of human fetal thymus
and liver when they were 6 to 8 weeks old. Sixteen- to twenty-four-week gesta-
tional age tissue was obtained from Advanced Bioscience Resources (Alameda,
Calif.). One piece of fetal thymus and two of fetal liver were inserted under the
left kidney capsule of each mouse using a 16-gauge cancer implant needle set
(Popper and Sons, New Hyde Park, N.Y.). The grafts were left undisturbed for
4 to 6 months prior to infection with HIV-1. Mice were anesthetized with
ketamine and xylazine (8 and 0.8 mg per g of body weight, respectively) injected
intraperitoneally prior to all surgical procedures. Methoxyflurane was used if
additional anesthesia was necessary, and buprenone or bupivacaine was admin-
istered to minimize postoperative discomfort for all surgical procedures. Thy-
mus-liver grafts were exteriorized and measured with a caliper. Only grafts larger
than or equal to 0.5 cm in diameter were infected with HIV-1. Freshly titered
HIV-1 stocks were diluted in Iscove’s medium with 2% fetal calf serum, and
2,000 50% tissue culture infective doses (TCID50) were injected directly into the
thymus-liver grafts in a volume of 50 ml. SCID-hu mice were biopsied at 3, 6, 9,

and 12 weeks postinfection. For each biopsy, the grafts were again exteriorized,
and one quarter to one half of the tissue, depending on the size of the graft, was
removed.

Immunohistochemistry. Thymus-liver tissue derived from SCID-hu mice was
frozen in optimal-cutting-temperature compound (Miles Inc., Elkhart, Ind.) on
dry ice. Thin sections (5 mm) were cut with a Leica CM3050 S cryostat mic-
rotome, deposited onto polylysine-coated slides, and then immediately fixed in
cold acetone. Frozen sections on slides were stored at 275°C until needed for
immunohistochemical staining. Sections were treated with an avidin-biotin
blocking kit (Vector Labs, Burlingame, Calif.) and then incubated with isotype
control MAb or with anti-CCR5 or anti-CXCR4 MAb. The staining was devel-
oped with a Vectastain Elite ABC kit with 3-amino-9-ethylcarbazole substrate
(Vector Labs). Sections were counterstained with hematoxylin and mounted with
Crystal/Mount (both from Biomeda Corp., Foster City, Calif.). Slides were
viewed with an Olympus BHS microscope, and digital photographs were taken
with a Dage-MTI DC-330 camera. The digital images were captured with a Scion
7 video capturing board and processed with Adobe PhotoShop.

Cell preparation. Thymocytes were prepared from SCID-hu mice bearing
human thymus-liver grafts or from pediatric thymus tissue obtained from pa-
tients undergoing cardiac surgery. A single-cell suspension was made by mincing
the tissue in Iscove’s modified Dulbecco’s medium (IMDM; Life Technologies,
Rockville, Md.), with 0.5% bovine serum albumin (BSA; Intergen, Purchase,
N.Y.). Cells were strained through nylon mesh, washed twice in phosphate-
buffered saline (PBS), and resuspended in IMDM with 0.5% BSA for chemotaxis
assay or in PBS with 0.02% NaN3 (PBSA) with 2% fetal bovine serum for flow
cytometry. GHOST cells were obtained from the NIH AIDS Research and
Reference Reagent Program. L1.2 cells expressing CCR4, CCR5, CCR7, and
CXCR4, used as controls in the chemotaxis assays, were provided by D. Chantry
and P. Gray of ICOS Corporation and grown in RPMI 1640 with 10% fetal
bovine serum and 0.4 mg of geneticin (Life Technologies) per ml. L1.2 cells and
L1.2 cells expressing CCR5, CCR8, and CCR8D2–4, used for flow cytometric
analyses of anti-CCR5 MAb reactivity, were derived and maintained as previ-
ously described (35, 37).

Chemotaxis assays. Thymocytes (100 ml, 107/ml) or L1.2 cells expressing
chemokine receptors (100 ml, 106/ml) were placed into 3- or 5-mm-pore-size
membrane inserts of 24-well Transwell cell culture chambers (Costar, Cam-
bridge, Mass.). Chemokines in chemotaxis assay medium (600 ml; 0.1 ng/ml to 1
mg/ml) were added to six lower wells of each Transwell plate. Chambers were
incubated at 37°C for 1.5 h. The contents of the lower wells were pooled, washed
twice with PBS, resuspended in 100 ml of PBSA with 2% fetal bovine serum, and
stained with appropriate antibodies. Cell migration was quantified by counting
cells gated by low angle and 90° light scatter on a FACSCalibur flow cytometer
(Becton Dickinson Immunocytometry Systems, San Jose, Calif.).

Flow cytometry. Flow cytometry was used to characterize cell surface expres-
sion of CD4, CD8, CCR4, CCR5, CCR7, and CXCR4 on thymocytes derived
from pediatric cardiac surgical patients or SCID-hu mice and on GHOST and
L1.2 cells. Cells were incubated with MAb for 30 to 60 min on ice and then
washed twice with PBSA. Where appropriate, cells were incubated with goat
anti-mouse IgG-PE or streptavidin-PE on ice for an additional 30 to 60 min and
washed twice with PBSA. Cells were then spun down and resuspended in PBS
with 2% formaldehyde. Cells were analyzed using a FACSCalibur flow cytometer
and Cellquest software (BDIS). Cell populations analyzed were defined based on
their low-angle and 90° light-scattering properties or on low-angle light scatter
and exclusion of 7-amino-actinomycin D. Isotype control MAb were used to set
markers defining positive reactivity.

RESULTS

Expression of chemokine receptors on human thymocytes.
Human thymocytes derived from SCID-hu mice were stained
with MAb directed to the chemokine receptors CCR4, CCR5,
CCR7, and CXCR4. These experiments were repeated 6 to 21
times, depending on the antibody, using SCID-hu mice created
with tissue from nine different donors. Nonthymocytes were
excluded from these analyses by stringent gating based on the
low angle and 90° light scatter of the cells. Gated cells were
greater than 99% CD7-positive thymocytes. An average of
16% of light scatter-gated thymocytes expressed CCR4, while
only 2.5% expressed CCR5 detected by MAb 2D7 (Table 1).
Similarly, 11% of the cells expressed CCR7, but expression of
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this receptor exhibited greater variability than that of the other
chemokine receptors assayed. In contrast, 53% of human thy-
mocytes derived from SCID-hu mice expressed CXCR4. A
representative set of results is shown in Fig. 1A, while the
average, standard deviation, and range of all assays are shown
in Table 1. Because of the widely divergent reports of CCR5
expression on human thymocytes, we used four additional anti-
CCR5 MAb to measure the cell surface expression of CCR5
(2, 7, 19, 24, 38). For each MAb, substantial agreement in the
percent and intensity of positively staining cells was observed
with the results obtained with MAb 2D7. This was true for
MAb 3A9, which stained 3.4% of the thymocytes; MAb 5C7,
which stained 4.2% of the cells; MAb 182, which reacted with
2.1%; and MAb 183, which identified 1.7% of human thymo-
cytes as CCR5 positive (Table 1).

When the major developmental subsets of thymocytes de-
fined by expression of CD4 and CD8 were analyzed, different
patterns of expression were seen for CCR5 and CXCR4 (Fig.
1B). CCR5 was consistently expressed on an equal or slightly
greater percentage of mature thymocytes, singly positive for
CD4 (SP4) or CD8 (SP8), compared to the predominant im-
mature thymocytes, which are doubly positive for both CD4
and CD8 (DP). In contrast, CXCR4 was detected on the sur-
face of a significantly greater percentage of DP cells than
either SP4 or SP8 thymocytes.

Immunohistochemical analyses of 5-mm frozen sections of
human thymus-liver grafts derived from SCID-hu mice gave
results that were consistent with our flow cytometric analyses
(Fig. 2). We observed positive staining with the anti-CXCR4
MAb 12G5 on a large fraction of thymus-liver graft cells in
both the thymic cortex and medulla (Fig. 2A). At higher mag-
nification, CXCR4 was evident on thymocyte processes as well
as cell bodies (Fig. 2D). In contrast, CCR5, which was detected
with MAb 2D7, was present on few cells in the medulla and
fewer still in the cortex of the thymus-liver grafts (Fig. 2B and
2E). Staining with an isotype control MAb yielded very little
reactivity, confirming that the CCR5 and CXCR4 reactivity we
observed was specific (Fig. 2C and 2F).

HIV-1 infection does not induce CCR5 expression on human
thymocytes in SCID-hu mice. To test the possibility that CCR5
expression might be induced by infection with HIV-1, we in-
fected SCID-hu thymus-liver grafts with two biological clones
of HIV-1 derived from patient ACH142, who never developed
X4 HIV-1 yet progressed rapidly to AIDS and death. We used
2,000 TCID50 of the pre-AIDS R5 HIV-1 clone ACH142-32D2
or the cytopathic, AIDS-associated R5 clone ACH142-pE11

FIG. 1. Chemokine receptor expression on human thymocytes. (A)
Anti-CCR4 MAb 328B, anti-CCR5 MAb 2D7-APC, anti-CCR7 MAb
6B3, anti-CXCR4 MAb 12G5-PE, and isotype control MAb were
incubated with freshly isolated cells derived from SCID-hu mice. Cells
were washed and resuspended in PBS plus 2% formaldehyde (CCR5
and CXCR4 stains) or incubated with goat anti-mouse IgG-FITC
(CCR4 and CCR7 stains) prior to washing and fixation with PBS–2%
formaldehyde. Data were collected and analyzed with a FACSCalibur
flow cytometer and CellQuest software. Thymocytes were analyzed by
excluding other cells based on their low angle and 90° light scatter.
Isotype control MAb were used to define the marker denoting positive
staining. (B) SCID-hu thymus-liver graft cells were isolated and incu-
bated with CD4-peridinin chlorophyll protein, CD8-FITC, anti-CCR5-
APC, anti-CXCR4-PE, or isotype control MAb conjugated to each of
the same fluorochromes. The cells were prepared, run, and analyzed as
for panel A except that the CD4 and CD8 stains were used to differ-
entiate the anti-CCR5 and anti-CXCR4 immunofluorescence of the
major thymocyte subsets.

TABLE 1. Chemokine receptor detection by MAb on human
thymocytes derived from SCID-hu mice

Antigen Antibody
% Positive cells

Avg SD Range n

CCR4 328B 16 4 11–23 8
CCR5 2D7 2.5 1.3 0.5–4.3 21
CCR5 3A9 3.4 2.2 0.4–8 12
CCR5 5C7 4.2 2.3 1.7–8 8
CCR5 182 2.1 0.8 1.4–3 3
CCR5 183 1.7 0.2 1.6–1.9 3
CCR7 6B3 11 8 3–28 11
CXCR4 12G5 53 8 46–68 6

8754 TAYLOR ET AL. J. VIROL.



(29). Control grafts were mock infected. Six weeks postinfec-
tion, grafts were biopsied, incubated with CD4, CD8, and anti-
CCR5 MAb, and analyzed by flow cytometry. Both the mock-
infected and 32D2-infected grafts had normal SP4, SP8, and
DP thymocyte subsets; 75 to 80% of the cells were DP for CD4
and CD8, while the ratio of SP4 to SP8 cells was between 2 and
3 (Fig. 3, upper and lower left panels). These values are within
the normal range which we have previously observed for un-
infected grafts and also for thymus-liver grafts infected with
HIV-1 patient isolates from the early stages of infection (29).
In contrast, infection by the R5 AIDS virus pE11 caused sig-
nificant cytopathic effects on DP and SP4 cells in human thy-
mus-liver grafts. The percentage of DP cells was significantly
lower, as was the SP4 to SP8 cell ratio (Fig. 3, middle left
panel). Our previous work with pE11 showed that significant
depletion of CD41 thymocytes was always accompanied by
viral replication to greater than 1 copy of HIV-1 DNA for
every 8 cells (29). Nevertheless, CCR5 levels were not signifi-
cantly affected by infection with either HIV-1 clone 32D2 or
pE11 compared to mock-infected grafts. In each case we de-
tected CCR5 with MAb 2D7 on between 1 and 3.5% of the
light scatter-gated thymocytes, which is within the normal
range (Fig. 3, right panels).

Cross-reaction of anti-CCR5 MAb with CCR8. In contrast to
the consistent staining of human thymocytes with five anti-
CCR5 MAb (2D7, 3A9, 5C7, 182, and 183), we found that on

some occasions MAb 3A9 and 5C7 reacted with a much higher
percentage of human PBMC than MAb 2D7 (data not shown).
To investigate this further, we tested the reactivity of MAb
2D7, 3A9, and 5C7 on a panel of L1.2 cell lines stably express-
ing CCR4, CCR5, CCR7, CCR8, Bonzo, BOB, or LYGPR. As
expected, all three MAb reacted strongly with L1.2-CCR5 cells
but not with L1.2 cells expressing CCR4, CCR7, Bonzo, BOB,
or LYGPR (not shown). MAb 3A9 and 5C7, but not 2D7,
however, reacted strongly with L1.2-CCR8 cells (Fig. 4A).
These two MAb reacted with L1.2-CCR8 cells just as strongly
as with L1.2-CCR5 cells but did not bind the parental cell line
L1.2. Inspection of the predicted amino acid sequences of
CCR5 and CCR8 showed that the two receptors have signifi-
cant homology in their extracellular amino-terminal domains,
including the same first three amino acid residues (Fig. 4B).
The CCR5 epitopes recognized by 3A9 and 5C7 but not 2D7
have previously been mapped to the amino-terminal domain
(36).

To further characterize the cross-reactivity of MAb 3A9 and
5C7 with CCR8, we deleted amino acids 2 through 4 of CCR8
to create CCR8D2–4. DNA encoding this mutant form of
CCR8 was then introduced into L1.2 cells by stable transfec-
tion as previously described (35, 37). The resulting L1.2-
CCR8D2–4 cells were 1.5-fold more active in chemotaxis to
I-309, the unique chemokine ligand of CCR8, than L1.2 cells
expressing wild-type CCR8 (Fig. 4C). Moreover, maximal che-

FIG. 2. Immunohistochemical analysis of thymus-liver graft sections. Thin sections (5 mm) were incubated with anti-CXCR4 MAb 12G5 (A and
D) or anti-CCR5 MAb 2D7 (B and C) or without primary MAb (C and F). The staining was developed with a Vectastain Elite ABC kit with
3-amino-9-ethylcarbazole substrate. Sections were counterstained with hematoxylin and viewed with an Olympus BHS microscope, and digital
photographs were taken with a Dage-MTI DC-330 camera. The overall magnification was X100 for panels A to C and X400 for panels D to F.
The digital images were captured with a Scion 7 video capturing board and processed with Adobe PhotoShop.
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motaxis of the L1.2-CCR8D2–4 cells was observed at a 10-fold-
lower concentration of I-309 than for L1.2-CCR8 cells. These
results suggest that the L1.2-CCR8D2–4 cells expressed an
equivalent or slightly greater number of CCR8D2–4 molecules
on their surface compared to the number of wild-type CCR8
molecules expressed by the L1.2-CCR8 cells. Furthermore,
these data show that the CCR8D2–4 molecule is a functional
chemotactic receptor for I-309. Nevertheless, neither MAb
3A9 nor 5C7 reacted with L1.2-CCR8D2–4 cells despite their
strong reactivity with L1.2-CCR8 cells (Fig. 4D). Taken to-
gether, the data presented in Fig. 4C and 4D show that amino
acids 2 through 4 of CCR8, DYT, are necessary for binding by
MAb 3A9 and 5C7 but not for binding of the chemokine I-309
or for chemotactic signaling of the receptor.

Chemotaxis of human thymocytes. Late-stage, AIDS-asso-
ciated R5 HIV-1 clones (R5-AIDS HIV-1), unlike earlier pre-
AIDS R5 HIV-1 isolates from the same patients, replicate to
high titer in PHA-stimulated PBMC and in SCID-hu mice (29,
33). Furthermore, R5 AIDS HIV-1 clones are capable of de-
pleting nearly all the CD41 thymocytes from infected human
thymus-liver grafts in SCID-hu mice (29). It is therefore par-
adoxical that fewer than 5% of thymocytes, on average, reacted
with any of the five anti-CCR5 MAb that we used. To explain
this apparent paradox, we hypothesized that SCID-hu thymo-
cytes might express low levels of CCR5, below the limit of
detection by flow cytometry. To address this hypothesis, we
performed chemotaxis assays with SCID-hu-derived thymus-
liver graft cells using a variety of chemokines, including MIP-
1b, which interacts specifically with CCR5.

We first determined the optimal concentration of each che-
mokine in chemotaxis assays with SCID-hu-derived human
thymocytes using a range of concentrations of each chemokine.
For MIP-1b, RANTES, ELC, and SDF-1, 1 mg/ml gave max-

FIG. 3. R5 HIV-1 infection does not alter CCR5 expression in
SCID-hu thymus-liver grafts. Human thymus-liver grafts in SCID mice
were injected with 2,000 TCID50 of the R5-AIDS HIV-1 clone pE11 or
the R5 pre-AIDS clone 32D2 or mock infected. Six weeks later, the
grafts were biopsied, incubated with CD4-PE, CD8-PerCP, and anti-
CCR5 (2D7)-APC, and analyzed by flow cytometry as described in the
legend to Fig. 1.

FIG. 4. Cross-reaction of MAb 3A9 and 5C7 with CCR8. (A) L1.2
cells and L1.2 cells stably transfected with either CCR5 or CCR8 were
stained with anti-CCR5 MAb. Anti-CCR5 clones 2D7, 3A9, and 5C7
and isotype control MAb were incubated with the three cell lines.
Subsequently the cells were washed and incubated with goat anti-
mouse IgG-FITC, washed, and analyzed by flow cytometry as de-
scribed in the legend to Fig. 1. (B) Alignment of the predicted amino-
terminal domains of CCR5 and CCR8. (C) Chemotaxis of L1.2-CCR8
and L1.2-CCR8D2–4 cells towards I-309 at the indicated concentra-
tions. The assay was performed as described in Materials and Methods.
Error bars indicate standard errors of the mean of duplicate wells. (D)
L1.2-CCR8 and L1.2-CCR8D2–4 cells were stained with anti-CCR5
MAb 2D7, 3A9, and 5C7 and isotype control MAb. Subsequently the
cells were washed and incubated with goat anti-mouse IgG-FITC,
washed,and analyzed by flow cytometry as described in the legend to
Fig. 1.
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imal thymocyte chemotaxis, while for MDC, 0.1 mg/ml elicited
the greatest migration (data not shown). These concentrations
were used in subsequent experiments to maximize the sensi-
tivity of the assay and to obtain a sufficient number of migrat-
ing cells for flow cytometric analysis. The results of a repre-
sentative chemotaxis assay are shown in Fig. 5A. Significant
migration of human thymocytes was seen towards SDF-1 and
ELC but not in response to MIP-1b (or RANTES; data not
shown). Following chemotaxis, cells were pooled from the bot-
tom chambers of six wells of a 24-well plate, incubated with
CD4 and CD8 MAb, and analyzed by flow cytometry. Flow

cytometric analysis of the cells pre- and postmigration indi-
cated that mature SP4 and SP8 cells were inherently more
mobile than immature CD4-CD8 DP cells (Fig. 5B). This was
accentuated by the addition of ELC. In contrast, cells that
migrated towards SDF-1 included a greater fraction of imma-
ture DP thymocytes than those that migrated towards ELC.

We performed 20 chemotaxis assays with one or more of the
chemokines MIP-1b, SDF-1, MDC, and ELC using thymocytes
derived from SCID-hu mice created with tissue from nine
donors. Figure 6A shows the average fold increase in the num-
ber of cells that migrated towards each chemokine compared
to cells incubated with medium alone. We saw significant che-
motaxis to SDF-1 (P , 0.008), ELC (P , 0.02), and MDC (P ,
0.03) but not to MIP-1b (P , 0.4). Concurrent L1.2-CCR5 cell
chemotaxis assays with MIP-1b showed positive chemotaxis,
indicating that the MIP-1b we used was active and that CCR5
could mediate chemotaxis under the assay conditions used
(Fig. 6B). On average, ELC gave the greatest increase in che-
motaxis compared to medium alone despite the fact that more
thymocytes express CXCR4 than CCR7. In several assays,
however, more thymocytes exhibited chemotaxis towards
SDF-1 than towards ELC.

To test the generality of the data that we obtained with
thymocytes derived from SCID mice bearing human thymus-
liver grafts, we repeated several of the assays described above
with thymus tissue obtained from pediatric patients undergo-
ing cardiac surgery at the University of Virginia Medical Cen-
ter. We found that pediatric thymocytes behaved very similarly
in chemotaxis assays with SDF-1, ELC, and MIP-1b (Fig. 7A).
Furthermore, the pediatric thymocytes exhibited nearly iden-
tical surface expression of CD4, CD8, CCR5, and CXCR4 as

FIG. 5. (A) Results of a representative chemotaxis assay per-
formed in duplicate with SCID-hu thymus-liver graft cells and the
indicated chemokines or medium control. The number of cells which
migrated to the bottom chamber of the Transwells is shown. Six sep-
arate wells were combined for each group and incubated with CD4-
FITC and CD8-PerCP, and the light scatter-gated cells were quantified
by flow cytometry. Error bars indicate standard errors of the mean of
duplicate groups of six wells. The ELC assay shown is for a single
group of six wells due to a technical problem. (B) Two-color dot plots
of CD4 and CD8 expression on the cells quantified in panel A which
migrated to the indicated chemokines. Prechemotaxis cells were kept
on ice and stained at the same time as the cells subjected to the
chemotaxis assay.

FIG. 6. (A) Average fold increase in migrated SCID-hu thymus-
liver graft cells observed in chemotaxis assays with the listed chemo-
kine compared to medium alone. The number of cells that migrated
towards each chemokine in each experiment was compared to the
number of cells that migrated in the presence of medium alone. The
number of chemotaxis assays performed with each chemokine is indi-
cated. Error bars designate the standard error of the mean, and aster-
isks designate statistically significant results (SDF-1, P , 0.008; ELC,
P , 0.02; and MDC, P , 0.03). (B) Fold increase in migrated L1.2-
CCR5 cells observed in a chemotaxis assay done in parallel with one of
the thymocyte chemotaxis assays shown in A. The number of cells that
migrated towards MIP-1b was compared to the number of cells that
migrated in the presence of medium alone.
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SCID-hu mouse-derived thymocytes (Fig. 7B). Moreover, the
distribution of CCR5 and CXCR4 expression on the major
subsets of thymocytes defined by CD4 and CD8 expression was
nearly identical. These results validate our work with SCID-
hu-derived thymocytes by showing that they accurately repli-
cate data obtained with pediatric thymocytes.

DISCUSSION

Our results show that the chemokine receptors CCR5,
CCR4, CCR7, and CXCR4 are expressed on various fractions
of human thymocytes. We found that fewer than 5% of the
cells expressed CCR5, based on staining with five anti-CCR5
MAb. Furthermore, we did not see evidence for the induction
of CCR5 expression by R5 HIV-1 infection. A moderate frac-
tion of SCID-hu-derived human thymocytes expressed CCR4
(16%) and CCR7 (11%), while a large fraction expressed
CXCR4 (53%). The fraction of cells expressing CCR7 was the
most variable among the receptors tested, ranging from 3 to
28%. Immunohistochemical analysis of frozen thymus-liver
graft sections using anti-CCR5 MAb 2D7 and anti-CXCR4
MAb 12G5 gave results which were consistent with the per-
centage of positive cells that we measured by flow cytometry.

We found that two widely used CCR5 MAb, 3A9 and 5C7,
cross-react with CCR8. This may explain discrepancies among
previous reports regarding the fraction of thymocytes that ex-
pressed CCR5. In a recent report, CCR8 mRNA was detected
nonquantitatively in all thymocyte subsets delineated by CD4
and CD8, while CCR8 protein was detected by the binding of
[125I]-I-309 on DP, SP4, and doubly negative cells (20). More-
over, we showed that amino acids 2 to 4 of CCR8 were nec-
essary for binding 3A9 and 5C7. We found, however, that the
five anti-CCR5 MAb tested (2D7, 3A9, 5C7, 182, and 183)
gave consistent results in assays on thymus-liver grafts derived
from multiple donors. Nevertheless, we occasionally found that
3A9 and 5C7 reacted with a much greater proportion of PBMC
than did 2D7. This may be explained by variable sulfation of
the amino termini of CCR5 and CCR8, which has been de-
scribed (10). Both 3A9 and 5C7 consistently reacted with
CCR5 and CCR8 on transfected cells. Hill and colleagues have
previously reported similar discrepancies between the reactiv-
ity of several anti-CCR5 MAb on primary and transfected cells
(14). Taken together, these results suggest that reactivity with
the anti-CCR5 MAb 2D7 is the most reliable indicator of
CCR5 expression on primary cells. Furthermore, these data
suggest that the reactivity of MAb directed to the amino-
terminal domain of CCR5 may be an unreliable indicator of
CCR5 expression on primary cells for two reasons: they may

FIG. 7. (A) Results of a representative chemotaxis assay per-
formed in duplicate with cells derived from pediatric thymus tissue and
the indicated chemokines or medium control. The number of cells that

migrated to the bottom chamber of the Transwells is shown. The
contents of six separate wells were combined for each group and
incubated with CD4-FITC and CD8-PerCP, and the light scatter-gated
cells were quantified by flow cytometry. Error bars indicate standard
errors of the mean of duplicate groups of six cells. (B) Two-color dot
plots of CD4 and CD8 expression and single-color histograms of CCR5
and CXCR4 expression on the cells used in the chemotaxis assay
shown in A. The CD4 and CD8 stains were used to differentiate the
anti-CCR5 and anti-CXCR4 immunofluorescence of the major thymo-
cyte subsets as in Fig. 1. Staining was performed with cells not used in
the chemotaxis assay.
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cross-react with CCR8, and their reaction with both CCR5 and
CCR8 may be affected by sulfation of tyrosine residues in the
amino-terminal domains of both proteins.

Overall, migration of thymocytes to the chemokines that we
tested correlated with detection of the corresponding chemo-
kine receptor by flow cytometry. Thymocytes were responsive
to SDF-1, MDC, and ELC but not to MIP-1b in chemotaxis
assays. Moreover, these results are consistent with other re-
ports in the literature of thymocyte chemotaxis in response to
SDF-1, MDC, and ELC and their lack of statistically significant
chemotaxis to MIP-1b (1, 5, 39). Our results, however, are not
consistent with one report of significant thymocyte chemotaxis
towards MIP-1b (7). The explanation for this discrepancy is
not obvious; however, many factors may be involved, including
the thymocyte isolation procedure used. This group used CD14
MAb and paramagnetic beads to remove monocytes-macro-
phages and multiple Ficoll-Hypaque step gradient centrifuga-
tions to remove erythrocytes. One or both of these steps, which
were not used by us or other groups, may have contributed to
thymocyte activation, which in turn may have potentiated MIP-
1b-mediated chemotaxis.

CCR5, which is the only known MIP-1b receptor, was de-
tected on far fewer thymocytes than receptors for the other
chemokines (11). The fraction of cells expressing CXCR4,
CCR4, and CCR7, the unique receptors for SDF-1, MDC, and
ELC, respectively, however, did not correlate strictly with the
extent of the thymocyte chemotactic response to each chemo-
kine. This indicates that other factors, such as the nature of the
signals transmitted by each receptor, may contribute to che-
motaxis. Mature SP thymocytes were more mobile than imma-
ture DP thymocytes in these assays, with or without added
chemokine. We conclude that CCR5 is likely expressed on
fewer than 5% of human thymocytes and is not likely to be
involved in the migration of a large subpopulation of thymo-
cytes. In contrast, the chemokine receptors CXCR4, CCR4,
and CCR7 are expressed on larger subsets of thymocytes and
can mediate significant chemotaxis. These receptors and their
corresponding chemokine ligands may therefore be involved in
the movement of thymocytes during their development.

Our data do not, however, readily explain our previous find-
ing that R5-AIDS HIV-1 clones are capable of depleting
nearly all CD41 thymocytes from infected SCID-hu thymus-
liver grafts (30). These results could be reconciled if the cyto-
pathic effects of R5 HIV-1 infection in the thymus resulted
from indirect killing of CCR52 cells following infection of
CCR51 cells. Alternatively, the restriction of R5-AIDS HIV-1
clones to infect only cells expressing CCR5 documented in
tissue culture may not be absolute in thymus-liver graft tissue.
Finally, it is possible that all thymocytes go through a stage of
development during which they express CCR5. If this were
true, then all thymocytes would be susceptible to the cytopathic
effects of R5-AIDS HIV-1 clones despite the fact that at any
given time fewer than 5% of human thymocytes express CCR5.
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