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To determine whether human immunodeficiency virus type 1 (HIV-1) coreceptors besides CXCR4 and CCR5
are involved in HIV-1 infection of the thymus, we focused on CCR8, a receptor for the chemokine I-309, because
of its high expression in the thymus. Similar levels of CCR8 mRNA were detected in immature and mature
primary human thymocytes. Consistent with this, [125I]I-309 was shown to bind specifically and with similar
affinity to the surface of immature and mature human thymocytes. Fusion of human thymocytes with cells
expressing HIV-1 X4 or X4R5 envelope glycoprotein was inhibited by I-309 in a dose-dependent manner. In
addition, I-309 partially inhibited productive infection of human thymocytes by X4, R5, and X4R5 HIV-1
strains. Our data provide the first evidence that CCR8 functions as an HIV-1 coreceptor on primary human
cells and suggest that CCR8 may contribute to HIV-1-induced thymic pathogenesis.

As a primary site for T-cell differentiation, maturation, and
selection, the thymus plays a crucial role in early childhood.
Infection with human immunodeficiency virus (HIV) induces
severe thymic involution in pediatric patients and results in the
depletion of mature and immature thymocytes (13, 24, 29).
HIV type 1 (HIV-1)-induced thymic dysfunction is associated
with a fast progression to AIDS in pediatric patients (22).

CCR5-using (R5) viruses have been shown to infect mature
thymocytes as well as thymic stromal cells, including macro-
phages, in vitro and in vivo in the SCID-hu mouse model (2,
14, 18, 35, 37). In contrast, in most cases CXCR4-using (X4)
viruses have been shown to infect immature thymocytes and
thymocyte precursors in vitro and to induce fast thymocyte
depletion, with subsequent interruption of thymopoiesis, in
vivo in SCID-hu mouse models (18, 31, 34, 35, 37, 38). Recent
studies from our laboratory (42) and others (3, 17, 25, 44) have
demonstrated that thymocytes express high levels of CXCR4
and low levels of CCR5 and that these receptors are involved
in thymocyte infection with T-cell line-tropic and macrophage-
tropic viruses, respectively (25, 42). Expression of chemokine
receptor CCR8 and orphan receptors STRL33 and GPR15 has
been detected in the thymus at the mRNA level (9, 20); how-
ever, whether these “minor” HIV-1 coreceptors are used in
vivo for the infection of primary thymocytes or any other cell
type is uncertain.

CCR8 is a human receptor for the CC chemokine I-309 (28,
36). In addition to the thymus, CCR8 mRNA is expressed in
human monocytes and Th2 lymphocytes (36, 47). CCR8 has
been shown to support infection by diverse HIV-1 strains,
including dualtropic viruses, in CCR8-transfected cell lines
(15, 30, 45). Here, we address the role of CCR8 in primary
human thymocytes.

MATERIALS AND METHODS

Cell purification and culture. Fresh thymus fragments were obtained during
cardiac surgery from children (ages 1 month to 3 years) with congenital valvular
malformations. The tissue was minced, large aggregates were removed by pas-
sage through a nylon mesh, and thymocytes were separated by centrifugation on
a Ficoll-Paque gradient (Pharmacia Biotech, Uppsala, Sweden).

In some experiments, thymocytes were separated into CD42 CD82 double-
negative (DN), CD41 CD81 double-positive (DP), CD81 CD42 single-positive
(CD8 SP), and CD41 CD82 single-positive (CD4 SP) subsets using the CD4
MultiSort kit (Miltenyi Biotec Inc., Auburn, Calif.) according to the manufac-
turer’s instructions. The separated thymocyte subsets were $98% pure, as ver-
ified by flow cytometry.

Chemokine binding assay. The binding assay was performed in triplicate using
106 thymocytes per 100 ml of binding solution (1% bovine serum albumin and
0.1% sodium azide in Hanks’ balanced salt solution) containing 0.2 nM [125I]
I-309 and unlabeled chemokine at the concentrations indicated in the text.
Following incubation at room temperature for 1 h, the cells were diluted with 1
ml of binding solution containing 0.5 M NaCl and microcentrifuged for 5 min.
The supernatants were removed by aspiration, the tips of the tubes containing
the pellets were excised, and radioactivity was counted in a gamma counter. The
iodinated I-309 was purchased from New England Nuclear (Boston, Mass.), with
a specific activity of 2,200 Ci/mmol. Unlabeled recombinant human chemokines
RANTES, MIP-1a, MIP-1b, interleukin-8 (IL-8), MCP1, MCP2, MCP3, MCP4,
eotaxin, lymphotactin, fractalkine, IP-10, ENA78, and TARC were purchased
from Peprotech Inc. (Rocky Hill, N.J.), and I-309 was from R & D Systems
(Minneapolis, Minn.). Binding data were analyzed using the program Ligand.

Flow cytometry. The following mouse monoclonal antibodies (MAbs) against
human markers were used: fluorescein isothiocyanate (FITC)-labeled anti-CD8
(Becton Dickinson, San Jose, Calif.) and Cy chrome-labeled anti-CD4 and phy-
coerythrin (PE)-labeled anti-CXCR4 MAbs (PharMingen, San Diego, Calif.).
Cells isolated from the thymus were incubated with 5 ml of each MAb for 1 h at
4°C, washed, and analyzed on a FACScan (Becton Dickinson). Thirty thousand
cells were collected per sample and analyzed with Cell Quest Software using the
FL-1 (for FITC), FL-2 (for PE), and FL-3 (for Cy chrome) channels. Spectral
overlap between cells stained with specific antibodies and those incubated with
PE-, Cy chrome-, and FITC-conjugated isotype controls was electronically com-
pensated for by analogue subtraction. The delta mean fluorescent channel
(DMFC) is presented as a mean channel number derived from staining with the
anti-CXCR4 MAb after subtraction of background staining with the mouse
isotype control.

In some experiments, 5 3 106 thymocytes were treated with 2 mg of SDF-1a
or I-309 per ml at 37°C in a CO2 incubator for 2 h before staining with anti-
CXCR4 MAb.

HIV Env-dependent cell fusion assay. 12E1 T cells, which are CD42, were
infected with recombinant vaccinia viruses encoding the envelope protein (Env)
from strain RF (T tropic), SF2 (T tropic), or 89.6 (dualtropic) at 10 PFU/cell.
Thymocytes were mixed with either effector TF228 cells stably transfected with
the IIIB/B10 envelope gene (16) or effector 12E1 cells infected with recombinant
vaccinia viruses expressing T-tropic (SF2 and RF) or dualtropic (89.6) envelopes
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at a 1:1 ratio (105 cells each) in triplicate. Cell fusion activity was quantified after
3 to 5 h by counting syncytia. Where indicated, the chemokine SDF-1a, I-309,
MIP-1b, or RANTES was added to the thymocytes for 30 to 60 min (37°C) prior
to mixing with the Env-expressing effector cells.

Thymocyte infectivity assay. CD4 SP thymocytes were inoculated with HIV-
1NL4-3, HIV-1Ba-L, or the HIV-1DH125 clone of the HIV-1DH12 viral strain (32) at
a multiplicity of infection (MOI) of 0.01 for 1 h, washed extensively, and cultured
in the presence of IL-2 (100 U/ml) and phytohemagglutinin (1 mg/ml; Sigma) for
7 days. To determine coreceptor usage, thymocytes were incubated with MIP-1b,
SDF-1a, I-309, or MCP3 (at various concentrations) for 1 to 2 h prior to infection
and during the culture. Aliquots of supernatants from infected cells were col-
lected on multiple days postinfection and analyzed for p24 by enzyme-linked
immunosorbent assay (ELISA) (DuPont, Wilmington, Del.).

I-309 reverse transcriptase PCR (RT-PCR). Total RNA was isolated from
DN, DP, CD8 SP, and CD4 SP thymocyte subsets using RNAzol B solution
(TelTest Inc., Friendswood, Tex.). cDNA was prepared from total RNA using
oligo(dT) primers (Perkin-Elmer Cetus Inc.) and Moloney murine leukemia
virus reverse transcriptase (RT) enzyme (Gibco-BRL, Gaithersburg, Md.) ac-
cording to the manufacturer’s instructions. Aliquots of cDNA were amplified by
PCR using Taq polymerase (Perkin-Elmer Cetus, Norwalk, Conn.) and primer
pairs specific for I-309 and b-actin. The CCR8 mRNA-specific primers were
designed using the previously published sequence (GenBank accession no.
U45983): upstream, 59-TGG CCC TGT CTG ACC TGC TTT; downstream,
59-GGC AGA AGT CAG CTG TTG GCT. Amplification was performed for 35
cycles with annealing temperature of 59°C for 45 s and extension at 72°C for 1
min. The amplified product had a predicted size of 599 bp. The b-actin mRNA-
specific primers and PCR conditions were reported previously (43).

RESULTS

CCR8 mRNA and protein expression in thymocyte subpopu-
lations. Since CCR8 mRNA was previously detected in total
thymic tissue (36), it was of interest to determine the pattern of
CCR8 mRNA expression in subpopulations of thymocytes.
Total human thymocytes were separated into DN, DP, SP
CD8, and SP CD4 thymocytes. RNA was extracted from each
subset and subjected to RT-PCR using CCR8-specific primers.
Similar levels of CCR8 mRNA were detected in all four thy-
mocyte subsets (Fig. 1). In the absence of the RT during cDNA
preparation, no signal was detected, confirming that the signal
was not due to residual DNA.

To determine whether CCR8 protein is expressed on
mRNA-positive thymocytes, we carried out [125I]I-309 compe-
tition binding experiments (Fig. 2). Iodinated I-309 bound to
both DP and CD4 SP thymocytes, in agreement with the pat-
tern of mRNA expression. Binding was specific, since I-309 but
not SDF-1, RANTES, MIP-1a, MIP-1b, IL-8, MCP1, MCP2,
MCP3, MCP4, eotaxin, lymphotactin, fractalkine, IP-10,
ENA78, and TARC could compete for labeling of the cells.
Scatchard analysis of the competition curves for DP and CD4
SP cells revealed similar levels (;10,000 sites per cell) and
affinity (mean 6 standard error of the mean [SEM]: Kd 5
4.70 6 1.18 nM for DP and 4.63 6 0.35 nM for CD4 SP). The

specificity and affinity agreed with CCR8 expressed in trans-
fected 4DE4 cells, a mouse pre-B-cell lymphoma cell line
(H. L. Tiffany and P. M. Murphy, unpublished data). These
data are consistent with expression of CCR8 on both DP and
CD4 SP thymocytes. Similar binding was also observed on DN
cells (data not shown). Though CCR8 was detected on all
thymocyte subsets, no Ca21 mobilization or chemotaxis of thy-
mocytes in response to I-309 was detected, although I-309
induced Ca21 mobilization in CCR8-transfected cells in the
same experiment. Ca21 flux was detected in thymocytes in
response to SDF-1 but not MIP-1b (42) (data not shown).
Thus, the biological function of CCR8 in the thymus remains
unknown.

I-309-mediated inhibition of thymocyte fusion with X4 and
X4R5 envelope-expressing cells. Since CCR8 has been shown
to support infection of transfected cells by diverse HIV-1
strains (15, 30, 45), it was important to determine whether
CCR8 could function as an HIV-1 coreceptor in primary hu-
man thymocytes. No fusion of thymocytes with R5 envelope-
expressing cells was detected, as previously described (42). In
contrast, thymocytes formed many syncytia with TF228 cells
expressing the envelope from the prototypic X4 virus IIIB and
with 12E1 expressing other X4 envelopes (Tables 1 and 2). The
CXCR4 ligand SDF-1 and the CCR8 ligand I-309 inhibited
fusion of primary thymocytes with X4 envelopes in a dose-
dependent manner, while no inhibition by MIP-1b was ob-
served at any dose tested (Table 1). Similar levels of fusion
inhibition were observed when SDF-1 or I-309 was added to
thymocyte fusion assays with other X4 envelopes (RF or SF2)
and with the X4R5 envelope 89.6 (Table 2). A further increase
in fusion inhibition with X4 envelopes (RF, SF2, and IIIB) was
observed when both SDF-1 and I-309 were added at equal
concentrations, although the additive effects never reached
100% inhibition. No inhibition was observed with the X4R5
envelope 89.6 in the presence of the b-chemokine RANTES,
indicating that fusion of thymocytes with 89.6 does not involve

FIG. 1. Expression of CCR8 mRNA in thymocyte subsets. Total human
thymocytes were separated into DN, DP, CD4 SP, and CD8 SP subsets. RNA
was extracted from each subset and subjected to RT-PCR in the absence and
presence of RT enzyme. Lane MW, size markers.

FIG. 2. Displacement of radiolabeled I-309 binding to immature and mature
thymocytes by unlabeled I-309. Thymocytes were separated into immature DP
(A) and mature CD4 SP (B) subsets and incubated with [125I]I-309 in the
presence of increased concentrations of unlabeled I-309. Scatchard analysis re-
vealed Kds (mean 6 SEM, n 5 3) of 4.70 6 1.18 nM for DP and 4.63 6 0.35 nM
for CD4 SP thymocytes. The results shown are representative of three separate
experiments.
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CCR5. In control cultures, fusion between IIIB envelope-ex-
pressing cells and PM1 cells, which express CXCR4 but not
CCR8, was $90% inhibited by SDF-1 but unaffected by I-309,
confirming the specificity of the chemokine inhibition (Table
2).

Role of CCR8 in productive infection of mature thymocytes
with X4, R5, and X4R5 HIV-1. To determine whether CCR8
supported the productive infection of thymocytes, CD4 SP
thymocytes were incubated with chemokines for 1 to 2 h prior
to HIV-1NL4-3 adsorption, and during the course of infection.
I-309 and SDF-1a, but not MCP3, inhibited p24 production by
NL4-3-infected thymocytes (Table 3). Both chemokines inhib-
ited NL4-3 infection of mature thymocytes in a dose-depen-
dent manner; however, SDF-1a inhibited infection more effi-
ciently than I-309. Importantly, when SDF-1a and I-309 were
mixed together, an additive inhibitory effect was observed, in
agreement with the results from our thymocyte fusion assay
(Tables 2 and 3).

In a similar set of experiments, the CD4 SP thymocytes were
infected with the HIV-1 R5 viral strain Ba-L in the absence or
presence of chemokines. In agreement with data reported from
our laboratory (42), the productive infection of mature thymo-
cytes with Ba-L was inhibited by MIP-1b (99% inhibition) but
not by SDF-1a (Table 4). In addition, it was found that I-309
partially inhibited p24 production by Ba-L-infected thymocytes
(27 to 57%). When the inhibitory activities of MIP-1b and
I-309 were compared side by side using thymocytes from the
same donor, MIP-1b was found to be a more effective inhibitor
than I-309 when the chemokines were used at 1.0 or 0.1 mg/ml
(Table 4). The data suggested that CCR5 is the preferred
coreceptor for macrophage-tropic strains during infection of
SP thymocytes.

To determine whether CCR8 plays a role in the infection of
thymocytes with X4R5 viruses, the CD4 SP thymocytes were
infected with the DH125 viral strain. Production of p24 was
detected in thymocytes infected with DH125, and p24 produc-
tion by infected thymocytes was inhibited at low levels by I-309
and SDF-1 but not by MIP-1b (Table 5). No further increase
in the inhibition of infection was observed when SDF-1 and
I-309 were added together (data not shown).

SDF-1 but not I-309 induces downregulation of CXCR4 ex-
pression on human thymocytes. Since I-309 inhibited infection
of human thymocytes with X4 viruses, it was possible that this
inhibitory effect is mediated by cross-down regulation of
CXCR4 induced by I-309 via CCR8. To test this hypothesis,

TABLE 1. I-309 and SDF-1a inhibit fusion of thymocytes with
X4 envelope in a dose-dependent mannera

Chemokine Dose
(mg/ml)

Mean no. of
syncytia 6 SEM % Inhibition

None 234 6 26

SDF-1 2.0 137 6 6 42
1.0 150 6 19 37
0.1 177 6 2 25

I-309 2.0 91 6 7 61
1.0 130 6 2 45
0.1 174 6 8 26

MIP-1b 2.0 259 6 7 0
0.1 246 6 9 0

a Total human thymocytes were incubated with the indicated chemokines.
After 1 h of incubation, thymocytes were mixed at a 1:1 ratio with effector cells,
which were TF228 cells expressing IIIB envelope. Syncytia were counted after 4
to 5 h. Percentages of inhibition were calculated using the formula (b 2 a)/b 3
100, where a is the number of syncytia in the presence and b is the number of
syncytia in the absence of chemokines. Data represent three experiments.

TABLE 2. I-309 and SDF-1a inhibit fusion of human thymocytes
with X4 and X4R5 envelope-expressing cellsa

Cells Envelope Chemokine Dose
(mg/ml)

Mean no. of
syncytia 6

SEM

%
Inhibition

Thymocytes IIIB None 271 6 12
SDF-1 2 137 6 25 50
I-309 2 172 6 26 38
SDF-1 1 1-309 2 1 2 73 6 2 74
RANTES 2 261 6 2 5

RF None 331 6 15
SDF-1 2 135 6 15 59
I-309 2 200 6 32 40
SDF-1 1 I-309 2 1 2 30 6 3 91
RANTES 2 338 6 22 0

SF2 None 110 6 7
SDF-1 2 59 6 12 47
I-309 2 79 6 11 28
SDF-1 1 I-309 2 1 2 28 6 7 75
RANTES 2 104 6 4 0

89.6 None 82 6 1
SDF-1 2 35 6 1 68
I-309 2 60 6 12 27
SDF-1 1 I-309 2 1 2 23 6 3 72
RANTES 2 84 6 16 0

PM1 IIIB None 387 6 41
SDF-1 1 36 6 17 91
I-309 1 449 6 43 0

a Thymocytes or PM1 cells were incubated with chemokines at the indicated
concentrations at 37°C. After 1 h of incubation, cells were mixed (at a 1:1 ratio)
with effector cells infected with recombinant vaccinia viruses expressing IIIB, RF,
SF2, or 89.6 envelopes. Syncytia were scored after 4 to 5 h. Percent reduction in
syncytium formation was calculated as described in Table 1, footnote a. Data
represent two experiments.

TABLE 3. I-309 and SDF-1a inhibit infection of thymocytes
with HIV-1NL4-3 in a dose-dependent mannera

Day after
infection Chemokine Dose

(mg/ml)

Mean p24
concn (pg/ml)

6 SEM

%
Inhibition

5 None 1,038.7 6 18.7
I-309 2.0 629.8 6 16.7 40

0.2 770.3 6 2.8 26
SDF-1a 2.0 287.9 6 1.1 72

0.2 529.8 6 27 49
I-309 1 SDF-1a 1.0 1 1.0 76.9 6 20.8 93
MCP3 2.0 1,421 6 133.1 0

7 None 9,847.5 6 627.6
I-309 2.0 4,541.2 6 53.0 54

0.2 8,578.7 6 141.4 13
SDF-1a 2.0 1,841.2 6 0 81

0.2 6,185 6 97.2 37
I-309 1 SDF-1a 1.0 1 1.0 241.2 6 229.7 98

a All chemokines were added to CD4 SP thymocytes 1 to 2 h prior to infection
and then maintained at the indicated concentrations during culture. Thymocytes
were infected with HIV-1NL4-3 at an MOI of 0.01; supernatants were harvested
at the indicated times and analyzed for p24 by ELISA. Chemokine-mediated
inhibition of p24 production was calculated by comparison with control cultures
without chemokines.
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human thymocytes were left untreated or incubated with
SDF-1 or I-309 at 37°C for 2 h and subjected to three-color
immunofluorescence analysis. Mature CD4 SP thymocytes and
immature DP thymocytes expressed significant levels of
CXCR4 (DMFC 133 and 198, respectively) (Fig. 3). Pretreat-
ment of thymocytes with 2 mg of SDF-1 per ml induced a
reduction in CXCR4 expression on both CD4 SP and DP
thymocytes (DMFC 36 and 68, respectively). In contrast, I-309
(and MIP-1b; data not shown) used at the same concentration
did not affect CXCR4 expression on thymocytes (DMFC, 148
and 193 on CD4 SP and DP thymocytes, respectively). Thus,
no evidence for down modulation of surface CXCR4 following
I-309 treatment of thymocytes was found.

DISCUSSION

Here we have demonstrated that CCR8 mRNA is expressed
at similar levels in immature and mature human thymocytes, in
contrast to the pattern of CCR8 distribution in the murine
thymus, where CCR8 mRNA expression was shown to be as-
sociated with cells of the CD41 lineage (47). Consistent with
mRNA expression, similar levels of I-309 binding to DP and
CD4 SP thymocyte subsets were detected. No signaling in
response to I-309 was observed (data not shown), suggesting
that CCR8 may not be involved in the migration of thymocytes.
However, our data have demonstrated that CCR8 on thymo-
cytes can be used as a coreceptor by some X4, R5, and X4R5
HIV-1 strains. This conclusion was supported by two types of
experiments: I-309-mediated inhibition of thymocyte fusion
with cells expressing X4 or X4R5 envelopes, and I-309-medi-
ated inhibition of p24 production by thymocytes infected with
X4, R5, and X4R5 viral strains. Our interpretation rests on the
monospecificity of I-309 for CCR8, which is strongly suggested
from studies of binding to primary cells and other known
chemokine receptors.

More than 90% of thymocytes express CD4, and all thymo-
cytes express CXCR4, rendering thymocytes vulnerable to in-
fection by X4 viruses (17, 25). In our current study, we have

demonstrated that productive infection of mature thymocytes
by a laboratory-adapted X4 virus, NL4-3, is sensitive to both
SDF-1 and I-309 inhibition. These findings suggest that both
coreceptors, CXCR4 and CCR8, could be used by X4 viruses
in vivo. The mechanism of I-309-mediated inhibition of X4
viral infection could not be attributed to an indirect CXCR4
down regulation, since only SDF-1 induced a reduction in the
level of CXCR4 expression on thymocytes.

In the SCID-hu model, it was demonstrated that the HIV-
1NL4-3 strain induces depletion of thymocytes both in the cor-
tex and in the medulla, indicating that immature and mature
thymocytes in vivo are susceptible to NL4-3 infection (2). The
infection of thymocytes with R5 HIV-1 in vitro and in vivo was
shown to exhibit a different pattern of pathogenesis than in-
fection with X4 viruses (14, 18, 35, 37). In most reports, R5
infection was more restricted to mature thymocytes, macro-
phages, and dendritic cells (2, 6, 25). In the current study, we
have confirmed the earlier findings that infection of thymo-
cytes with R5 viruses is mediated by CCR5 (25, 42). In addi-
tion, we now demonstrate that CCR8 may also support R5
viral infection of mature thymocytes, in agreement with earlier
findings that CCR8 can support HIV-1 X4- and R5-mediated
infection of CCR8-transfected cells (15). When I-309 and
MIP-1b were used side by side to inhibit Ba-L-mediated in-
fection of thymocytes, MIP-1b was found to be more effective
than I-309. These data suggested that R5 viruses may prefer to
use CCR5 over CCR8 on SP thymocytes. However, our data do
not exclude the possibility that some R5 viruses may use CCR8
to establish infection in SP or DP thymocytes in vivo.

In addition to X4 and R5 viruses, we tested the usage of
CXCR4, CCR5, and CCR8 by the dualtropic viruses 89.6 and
HIV-1DH125 (11, 30, 32). The ability of both dualtropic viruses
to use CCR8 for infection of human thymocytes observed in
our experiments is in agreement with the previously published
observation that 89.6 and HIV-1DH123 can use CCR8 in trans-
fected cell lines (30, 45). In addition, DH12 and its clones
(DH123 and DH125) were shown to use CCR5 and CXCR4
(11, 19, 45). However, in our experiments, infection of thymo-
cytes with DH125 was moderately inhibited (10 to 30%) by
I-309 and SDF-1 but not by MIP-1b. These findings suggest
that infection of thymocytes by DH125 is supported by CCR8
and CXCR4 but not by CCR5, although all three receptors are
expressed on mature CD4 SP thymocytes. The low sensitivity
of thymocyte infection with DH125 to inhibition with MIP-1b
observed in our experiments is in agreement with a previously
published observation on the low sensitivity of DH12-infected
peripheral blood mononuclear cells to inhibition with b-che-
mokines (7). Similarly, the dualtropic virus 89.6 was shown to
use CXCR4 and CCR5 for fusion in vitro; however, only
CXCR4 was shown to support infection by 89.6 of tonsillar
tissue in ex vivo culture (12). Thus, our data further support

TABLE 4. MIP-1b and I-309 but not SDF-1a inhibit infection
of human thymocytes with HIV-1Ba-L

a

Expt. Chemokine Dose
(mg/ml)

Mean p24
concn (ng/ml)

%
Inhibition

I None 29.4 6 1.1
MIP-1b 0.1 1.8 6 0.2 99
I-309 0.1 14.3 6 0.6 40
SDF-1a 0.1 27.2 6 1.5 0

II None 187.8 6 20.0
MIP-1b 1.0 12.4 6 1.1 93

0.1 22.6 6 2.2 88
I-309 1.0 136.0 6 8.3 27

0.1 192.0 6 12.5 0
SDF-1 1.0 223.4 6 18.6 0

III None 612.7 6 21.7
MIP-1b 0.1 18.2 6 3.3 97
I-309 0.1 387.3 6 22.3 57
MIP-1b 1 I-309 0.1 1 0.1 38.7 6 2.0 94
MIP-1b 0.01 415.2 6 34.7 32
I-309 0.01 265.1 6 18.9 37
MIP-1b 1 I-309 0.01 1 0.01 246.2 6 18.9 60

a CD4 SP thymocytes were infected with HIV-1Ba-L (MOI, 0.01). Supernatants
were harvested on day 6 for experiments 1 and 2 and on day 7 for experiment 3.
Chemokine treatment and p24 analyses were performed as described in Table 3,
footnote a.

TABLE 5. Thymocyte infection with DH125 dualtropic HIV-1 is
partially inhibited by I-309 and SDF-1a but not by MIP-1ba

Chemokine Mean p24 concn (ng/ml) 6 SEM % Inhibition

None 79.0 6 0.78
I-309 64.5 6 2.3 18
SDF-1a 55.6 6 0.78 29
I-309 1 SDF-1a 61.2 6 0.78 22
MIP-1b 74.0 6 3.1 6

a CD4 SP thymocytes were infected with HIV-1DH125 at an MOI of 0.01.
Chemokines were used at 2 mg/ml. Supernatants were harvested on day 10.
Chemokine treatment and p24 analyses were performed as described in Table 3,
footnote a.
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the notion that the results obtained with transfected cell lines
in vitro may differ from those obtained with primary cells and
that, on primary cells, dualtropic viruses may preferentially use
certain coreceptors. For example, it was reported that some
primary dualtropic isolates use CXCR4 on macrophages re-
gardless of whether CCR5 is present (41). The dualtropic 89.6
strain used CCR5 for fusion with macrophages derived from
normal individuals (41) and CXCR4 on macrophages derived
from CCR5D32 homozygous individuals who lack functional
CCR5 (40). These data suggest that coreceptor usage by
HIV-1 strains with various tropisms may also depend on the
microenvironment, i.e., the pattern of multiple coreceptors
expressed by the same target cell.

It is interesting to note that in our thymocyte experiments,
the sensitivity of the fusion or infection observed with the
dualtropic viruses 89.6 and DH125 to chemokine-mediated
inhibition was different from the sensitivity of X4 or R5 viruses.
In the thymocyte fusion assay with X4 viral envelopes and in
the productive infection of thymocytes with HIV-1NL4-3, an
additive effect was observed in the presence of both SDF-1 and
I-309. In contrast, no increase in the inhibition of thymocyte
fusion with 89.6 envelope or in the thymocyte infection with
DH125 was detected with both SDF-1 and I-309. The reasons

for the differences in the inhibitory patterns of SDF-1 and
I-309 on the fusion or infection of X4 versus X4R5 viruses with
thymocytes are not understood. X4 and X4R5 viruses were
shown to use different epitopes on CXCR4 (4, 21, 27), and
epitopes on the chemokine receptors recognized by gp120 and
by chemokines are only partially overlapping (10, 23). There-
fore, it is possible that the dualtropic envelopes may interact
with the epitopes within the coreceptor that are not completely
masked by the chemokines. In this scenario, envelope binding
to the coreceptor may proceed in spite of a previously bound
chemokine molecule, albeit at a lower rate. In addition, the
2-mg/ml dose of I-309 used to inhibit HIV-1 infection of thy-
mocytes was 1,000-fold higher than is required to saturate all
CCR8 receptors expressed on the 106 thymocytes used for the
infection. Thus, even at saturation, no complete inhibition was
achieved, suggesting that chemokine-mediated inhibition may
also depend on envelope binding affinity, cooperativity, and
potentially other effects independent of the direct ligand-re-
ceptor interaction.

The potential of the immune system to regenerate in HIV-
1-infected infants and young adults is largely dependent on the
ability to control HIV-1 replication within the thymus. Anti-
retroviral therapy was shown to suppress virus replication only

FIG. 3. CXCR4 expression on human thymocytes treated with SDF-1 or I-309. Three-color immunofluorescence analysis was performed for CD4/CD8 and CXCR4
markers on total human thymocytes. Cells were stained with Cy chrome-conjugated anti-CD4 and FITC-conjugated anti-CD8 MAbs. CD4 SP or DP thymocytes were
gated and analyzed for CXCR4 expression using the PE-12G5 MAb in untreated thymocytes (thick lines) or thymocytes pretreated with SDF-1 (thin lines) or I-309
(dotted lines). Control cells were stained with PE-conjugated mouse isotype control immunoglobulin G (IgG) (broken lines).
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transiently in human thymic implants (1). However, effective
inhibition of viral replication was achieved when multidrug
therapy was initiated immediately after infection of the thymic
implant (26). Since the thymic microenvironment preserves its
ability to support endogenous progenitor cell differentiation
following exposure to HIV-1 (39), it is important to identify
which coreceptors within the thymus should be targeted by
inhibitors in combination with multidrug therapy to ensure
control of viral replication. Although multiple coreceptors
have been shown to support HIV-1 infection of transfected cell
lines in vitro, it was suggested that in vivo only CXCR4 and
CCR5 should be targeted by inhibitors (46). In this regard, it is
important to note that differential distribution of viral variants
may occur among different body compartments in a single
individual, resulting in the accumulation of specific and per-
haps unique HIV-1 variants in some tissues, such as lungs and
thymus (5, 33). Since a higher degree of V3 loop heterogeneity
was reported for thymus-derived versus blood-derived HIV-1
isolates (5), it is possible that in addition to CXCR4 and
CCR5, other coreceptors such as CCR8 play an important role
in the infection of primary thymocytes.

Up to now, only 3 of the 15 or so HIV coreceptors have
passed the important test of in vivo relevance (CCR5, CXCR4,
and to a lesser degree CCR3). Our data provide direct evi-
dence that CCR8 also can be used by HIV strains for infection
of primary cells. Thus, CCR8 should be considered a target for
antiretroviral drug development.
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