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Abstract
Ligands of CCR5, the major coreceptor of HIV-1, costimulate T lymphocyte activation. However,
the full impact of CCR5 expression on T cell responses remains unknown. Here, we show that
compared with CCR5+/+, T cells from CCR5−/− mice secrete lower amounts of IL-2, and a similar
phenotype is observed in humans who lack CCR5 expression (CCR5-Δ32/Δ32 homozygotes) as well
as after Ab-mediated blockade of CCR5 in human T cells genetically intact for CCR5 expression.
Conversely, overexpression of CCR5 in human T cells results in enhanced IL-2 production. CCR5
surface levels correlate positively with IL-2 protein and mRNA abundance, suggesting that CCR5
affects IL-2 gene regulation. Signaling via CCR5 resulted in NFAT transactivation in T cells that
was blocked by Abs against CCR5 agonists, suggesting a link between CCR5 and downstream
pathways that influence IL-2 expression. Furthermore, murine T cells lacking CCR5 had reduced
levels of intranuclear NFAT following activation. Accordingly, CCR5 expression also promoted
IL-2-dependent events, including CD25 expression, STAT5 phosphorylation, and T cell
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proliferation. We therefore suggest that by influencing a NFAT-mediated pathway that regulates
IL-2 production and IL-2-dependent events, CCR5 may play a critical role in T cell responses. In
accord with our prior inferences from genetic-epidemiologic studies, such CCR5-dependent
responses might constitute a viral entry-independent mechanism by which CCR5 may influence HIV-
AIDS pathogenesis.

During adaptive immune responses, T lymphocytes encounter chemokine gradients as they
migrate into lymph nodes and inflamed tissues. Consequently, T lymphocytes are exposed to
chemokines before they encounter APCs (1). Binding of CC chemokines to their cognate CCRs
on the surface of T cells influences the type of lymphocyte response that occurs during
subsequent antigenic stimulation (2). In this respect, previous reports indicate that in addition
to their well-described effects on leukocyte migration (3–5), CC chemokines have the ability
to costimulate activation of T lymphocytes (2,6–9). However, the specific set of CCRs through
which this effect is mediated by has not been completely elucidated. CCR5, the major
coreceptor for the cell entry of HIV-1, constitutes a potential candidate, as it is known to be
sequestered at the immunological synapse, and signals mediated via CCR5 might enhance T
cell activation by stabilizing T cell-APC interactions (9). Furthermore, in addition to its role
in immunological synapse formation (9), there is substantial evidence suggesting that the
CCR5-CCR5 ligand axis might be involved in modulating other facets of T cell responses
(6–16), including T lymphocyte differentiation (11), survival (10), and polarization (12–16).
Additionally, CCR5 expression is closely tied to the type of effector function acquired during
T cell activation, that is, Th1 response (17).

Previous reports have also highlighted a link between CCR5 and the IL-2 system. For example,
IL-2 up-regulates CCR5 expression both in vitro and in vivo (18–20). Accordingly, rapamycin,
a drug that disrupts IL-2 receptor signaling, reduces CCR5 surface expression on T cells (21).
These observations are also consistent with the prominent influence of IL-2 on the
responsiveness of T lymphocytes to CCR5 ligands, and in turn the recruitment of Ag-activated
T cells into inflammatory tissues where immune responses occur (22). However, the converse
is unknown, that is, whether CCR5 expression affects adaptive immunity by influencing IL-2
production. An improved understanding of this possibility is of importance, as novel
therapeutic agents to block CCR5 are currently being used for the treatment of HIV infection
(23) and are also being evaluated for their therapeutic efficacy in other diseases (e.g.,
rheumatoid arthritis). The impetus to develop CCR5 antagonists was based on the observation
that individuals homozygous for the gene inactivating 32-bp deletion in the coding region of
CCR5 (CCR5-Δ32) are profoundly resistant to HIV-1 infection (24–26). Although it has been
traditionally assumed that CCR5 deficiency in humans is harmless (24–26), the frequency of
individuals with the CCR5-Δ32/Δ32 genotype is very low and restricted to individuals of
European descent (24–26), precluding a rigorous evaluation of this assumption. The
immunologic consequences of natural genetic-based deficiency of CCR5 as well as blockade
of CCR5 remain unknown but are important to evaluate, as we found recently that healthy
individuals with the CCR5-Δ32/Δ32 genotype have reduced cell-mediated immune responses
(27), and others have shown that this genotype might be associated with increased susceptibility
to viral infections other than HIV (28). Furthermore, the CCR5 antagonist maraviroc (29) is
associated with a higher incidence of viral infections
(www.pfizerpro.com/product_info/selzentry_pi_warnings.jsp).

To address the aforementioned gaps in knowledge, we used complementary analytical models
(e.g., cell lines, knockout mice, and primary human T cells) to investigate the role of CCR5 in
T lymphocyte responses. We demonstrate that functional expression of CCR5 but not CCR1
or CCR2 regulates IL-2 production as well as IL-2-dependent events such as expression of the
α-chain of the IL-2 receptor (IL-2Rα; also known as CD25), transactivation of the NFAT,
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phosphorylation of STAT5, and cell proliferation during T cell activation. These findings
indicate that there is an intimate cross-talk between CCR5 and IL-2, which in turn constitutes
a biological network that might have a significant impact on adaptive immune responses.

Materials and Methods
Study subjects

Peripheral blood samples were obtained from adult healthy subjects who provided written
consent. All studies in humans were approved by the Institutional Review Board at the
University of Texas Health Science Center at San Antonio (UTHSCSA).

Mice
Ccr5−/− mice in C57BL/6J background were generated as described previously (30,31).
Ccr1−/− and Ccr2−/− were purchased from Taconic Farms. Wild type (WT)4 mice were
purchased from The Jackson Laboratory. At time of examination, mice were between 8 and
12 wk old and on the C57BL/6J background unless stated otherwise. All animal studies were
approved by the UTHSCSA Institutional Animal Care and Use Committee.

Cell preparation
Human PBMC were isolated by Histopaque gradient separation. For experiments that used
murine leukocytes, mice were sacrificed and the spleen was dissected along with the lymph
nodes (cervical, axillary, brachial, and inguinal). In some experiments the mouse intestines
were carefully removed by excising connective and fat tissues, and the Peyer’s patches (PP)
were collected from the terminal ileum. Single-cell suspensions from either splenocytes and
lymph nodes or PP were prepared by mechanically homogenizing the tissues using the frosted
ends of glass slides. Cells were filtered with a 70-µm nylon cell strainer (BD Falcon). Cell
count and viability were determined by trypan blue stain (Invitrogen). T cells from human
PBMC or mice splenocytes and lymph node cell suspensions were isolated using a magnetic
separation method (autoMACS) following instructions of the manufacturer (Miltenyi Biotec).
Cell purity was consistently >95% as estimated by FACS in all experiments. Jurkat cell line
was obtained from the American Type Culture Collection. MOLT-4 clone 8 (from Dr. Ronald
Desrosiers) and MOLT-4/CCR5 (32) (from Drs. Masanori Baba, Hiroshi Miyake, and Yuji
Iizawa) cell lines (Fig. 1) were obtained through the AIDS Research and Reference Reagent
Program (National Institute of Allergy and Infectious Diseases, National Institutes of Health).
Overexpression of full-length CCR5 (Fig. 1) in human primary T cells (designated as
CCR5high) as well as Jurkat cells (designated Jurkat/CCR5) was achieved by using a lentiviral
vector system described previously (33). CC chemokine-induced down-regulation of surface
CCR5 demonstrated that CCR5 in these overexpressing cells was functional.

Cell culture and T cell stimulation
Primary cells from humans or mice were resuspended in RPMI 1640 supplemented with heat-
inactivated FBS (10%), penicillin/streptomycin, and L-glutamine and cultured at 37°C in a 5%
CO2 incubator. Cell lines were cultured in the same media without antibiotics. Culture media
for MOLT-4/CCR5 cells also contained G418 to maintain stable surface expression of CCR5.
Mice T cells and human PBMC (1 × 106 cells/ml) were stimulated with soluble anti-CD3 (2.5
µg/ml) and anti-CD28 (1.25 µg/ml; BD Pharmingen). Human T cells were stimulated by using
CD3-coated beads (bead-to-cell ratio 1:2; Miltenyi Biotec) or plate-bound anti-CD3 (1 µg/ml)
and soluble anti-CD28 (0.5–1 µg/ml) Abs. CCR5 blockade was achieved by preincubating
cells with anti-CCR5 Ab clone 2D7 (50 µg/ml; BD Pharmingen) or maraviroc (0.001 nM to

4Abbreviations used in this paper: WT, wild type; PP, Peyer’s patches.
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100 µM; Selzentry; Pfizer) for 1 h at room temperature or 37°C, respectively. In some
experiments, 25 µg/ml (unless stated otherwise) of neutralizing Ab against CCL3/CCL3L1
(clone MAB670) and/or CCL5 (clone MAB2781; R&D Systems) were added to the culture.
Prevention of CC chemokine-induced down-regulation of surface CCR5 by anti-CCR5 Ab or
maraviroc was used as a functional readout in experiments conducted to demonstrate that
blockade of CCR5 was optimal. Blockade of CCL3 and CCL3L1-induced down-regulation of
surface CCR5 by MAB670 Ab was also used to confirm the specificity of this clone for both
CCL3 and CCL3L1. Lymphoid cell lines were stimulated with PMA (50 ng/ml; Sigma-
Aldrich) and ionomycin (1 µg/ml; Fisher Scientific).

FACS
Expression of surface markers was assessed using standard protocols (34). For intracellular
cytokine staining, cells were incubated with GolgiStop containing monensin (0.7 µl/ml; BD
Pharmingen) and brefeldin A (1 µl/ml; Sigma-Aldrich) for 5–6 h in the presence of anti-CD3/
CD28 Abs at 37°C, 5% CO2. Cells were fixed with BD Cytofix/Cytoperm (BD Pharmingen)
for 20 min at 4°C and stained with anti-IL-2 FITC for 30 min at 4°C. In some experiments,
anti-CCR5-allophycocyanin was also added at this point. Cells were washed with 0.2% saponin
between incubations. Phosho-protein staining was performed using standard protocols (35,
36). rIL-2 (0.1 µg/ml; R&D Systems) for 15 min was used to induce STAT5 phosphorylation.
Cells were stained with anti-CD3-PE or anti-CD25-PE and anti-phosphoSTAT5 Alexa-647
Abs for 30 min at room temperature, washed, and resuspended before FACS analysis. Fc
blocking reagent and appropriate isotype controls were included in all assays. Samples were
analyzed with a FACSCalibur flow cytometer using CellQuest Pro software (BD Pharmingen).
Dead cells were excluded based on forward and side scatter properties. At least 10,000 gated
events were collected for each sample. All Abs were obtained from BD Pharmingen. Cell
proliferation was measured by using CFSE dilution assay (CFDA SE Cell Tracer kit; Molecular
Probes).

Quantitative RT-PCR
After 4–6 h of stimulation, total mRNA was isolated (Ambion) and cDNA synthesized
(Invitrogen) using standard protocols. IL2 gene expression was measured by using TaqMan
gene expression assays from Applied Biosystems.

Transient transfections and luciferase assays
A NFAT luciferase vector that contains a multimerized NFAT binding site cloned upstream
of the firefly luciferase gene was kindly provided by Dr. Anjana Rao (Harvard Medical School,
Boston, MA). Human T cell lines were transfected with a NFAT reporter construct and a
Renilla luciferase plasmid as described previously (34). One hour posttransfection, cells were
stimulated with PMA and ionomycin or left untreated. Luciferase activity was measured 24 h
posttransfection with the Dual-Luciferase assay kit (Promega). The relative luciferase activity
was calculated as described previously (37,38). Data were normalized for transfection
efficiency by dividing firefly luciferase activity with that of corresponding Renilla luciferase,
and expressed as fold increase over the promoterless vector. Assays were conducted in triplicate
and at least three separate experiments were performed. Nucleofection of mouse T cells with
NFAT reporter vector and a Renilla luciferase plasmid was performed using the mouse T cell
Nucleofector kit following instructions of the manufacturer (Amaxa Biosystems). After an
overnight incubation with the plasmids, mouse T cells were stimulated with CCL5 (200 ng/
ml; PeproTech) for 4 h. At this time, luciferase activity was determined as above.
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ELISA
IL-2 levels were measured in cell culture supernatants following instructions of the
manufacturer (eBioscience and BD Pharmingen for mouse (sensitivity of 2 pg/ml) and human
(sensitivity of 7 pg/ml) IL-2, respectively).

NFAT2 detection
T cells were separated from WT and Ccr5−/− mice using the Pan T cell isolation kit (Miltenyi
Biotec) following the manufacturer’s instructions using the autoMACS (Miltenyi Biotec). By
FACS, >80% of the cells stained positive for CD3. T cell stimulation was performed as
described previously by Srinivasan and Frauwirth (39). In brief, T cells were incubated with
murine anti-CD3 and anti-CD28 Abs (10 µg/ml; BD Biosciences) in complete RPMI 1640 on
ice for 30 min. Cells were then stimulated with goat anti-hamster secondary cross-linking Ab
(10 µg/ml; Pierce Biotechnology) for 10 min at 37°C. Stimulation was stopped by the addition
of ice-cold PBS. Nuclear protein extraction and NFAT2 detection were performed according
to the manufacturer’s protocol (TransAM NFATc1 kit; Active Motif).

Multianalyte profile
Supernatants from purified mouse T cells from WT and Ccr5−/− mice after 48 h of stimulation
with anti-CD3/CD28 Abs were analyzed by a rodent multianalyte profile (Rules-Based
Medicine, Austin, TX). The sensitivity of this bioassay is comparable to that from ELISA.
Notably, we and others have used this approach previously to establish critical murine
phenotypes at the protein level (30,40–42). A total of three mice per group were analyzed. The
complete list of parameters assessed by this assay is shown in supplemental Table I.5

Genotyping
CCR5-Δ32 mutation was genotyped as previously described (43,44). Wild type (CCR5-WT)
refers to subjects who do not have this mutation.

Statistical analysis
Statistical analyses were performed using Stata 8.2 program. Mann-Whitney two-sample rank
sum test and two-tailed paired Student’s t tests were used when appropriate. A p value of <0.05
was considered as statistically significant.

Results
CCR5 expression influences IL-2 production

IL-2 is produced soon after T cell activation and regulates the expansion of recently activated
T cell clones (45–47). For the initial studies that focused on whether CCR5 expression
influences IL-2 production by T lymphocytes, we used mice genetically inactivated for Ccr5
(Ccr5−/−). To determine the specificity of the data, we also investigated Ccr1 (Ccr1−/−) and
Ccr2 (Ccr2−/−) knockout mice. IL-2 levels were measured by ELISA in the supernatants of
purified T cells from these and WT C57BL/6 mice after 48 h of stimulation with anti-CD3 and
anti-CD28 Abs. IL-2 levels in T cell supernatants from Ccr1−/− or Ccr2−/− mice did not differ
significantly from those detected in WT mice (data not shown). In contrast, compared with
WT (i.e., Ccr5+/+) mice, IL-2 levels were significantly lower in supernatants of Ccr5−/− T cells
(Fig. 2A). Similar findings were observed when comparing WT and Ccr5−/− T cells obtained
from mice generated on a DBA/1J background (data not shown), suggesting that this
association is independent of the strain of mice used. Thus, although CCR5 and CCR1 share

5The online version of this article contains supplemental material.
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common ligands (e.g., CCL3 and CCL5), only inactivation of CCR5 was associated with a
significant reduction in IL-2 production. These findings suggested that only specific chemokine
receptors might influence IL-2 production.

To assess whether the reduced IL-2 production associated with deficiency of CCR5 in mice
was tracking a broader perturbation in cytokine production, we quantified the levels of
additional cytokines, chemokines, and other biomarkers in T cell supernatants from Ccr5−/−

and WT mice (supplemental Table I). Results of a multianalyte bioassay profile not only
confirmed the differential production of IL-2 between WT and CCR5−/− mice but also revealed
differences in the levels of other cytokines and chemokines involved in inflammation, cell
migration, hematopoiesis, and tissue regeneration (Table I). For example, the multianalyte
bioassay profile confirmed our previous observation of reduced IL-6 production in Ccr5−/−

mice (Table I) (30). However, among the parameters assessed, the differences between WT
and Ccr5−/− mice in IL-2 levels were among the most striking, and the median levels of IL-2
in Ccr5−/− mice were one-fifth of those found in WT mice (Table I). Notably, there were no
differences in the levels of CCR5 ligands between WT and CCR5−/− mice (supplemental Table
I; highlighted in yellow).

To further extend the phenotype of reduced IL-2 production observed in CCR5-deficient T
lymphocytes, we measured IL-2 production in anti-CD3/CD28 stimulated PBMC from healthy
donors homozygous for the CCR5-Δ32 mutation. Although there was considerable inter-donor
variability in IL-2 production, CCR5-Δ32/Δ32 donors produced significantly less IL-2 than
did noncarriers of the CCR5-Δ32 mutation (Fig. 2B). These results further suggested the
association of “low CCR5–low IL-2 expression.”

An argument could be made that the observed reduction in IL-2 levels in humans deficient in
CCR5 expression was secondary to germline absence of CCR5. To address this possible
confounding factor, we used an analytical approach in which we abrogated CCR5 function in
T cells that normally express this receptor. This approach also allowed us to assess the effects
of blocking CCR5 function in the context of the same genetic background, thus minimizing
inter-donor variability. Blockade of CCR5 was performed using either maraviroc, a small
molecule CCR5 inhibitor (29), or 2D7, a mAb that recognizes the second extracellular loop of
CCR5, a critical region involved in binding of CCR5 ligands as well as docking of HIV to
CCR5 (48). In contrast to the latter, inhibitor-bound CCR5 has a con- formation that is different
than that of native (inhibitor-free) CCR5, and this allosteric change in structure is thought to
mediate CCR5 antagonism (29,49). Supporting our observations in CCR5-null human cells,
preincubation of human PBMC with the neutralizing Ab against CCR5 was associated with
significantly lower levels of IL-2 (Fig. 2C). However, incubation of human T cells (both
primary T cells and MOLT-4 cells) with maraviroc at concentrations between 0.001 nM and
100 µM was not associated with reduced IL-2 production (Fig. 2D and data not shown). These
findings suggested that the functional consequences of inhibitor-bound CCR5 and Ab-
mediated blockade of CCR5 on IL-2 were distinct, a possibility that is consistent with the
contrasting mechanisms by which the small molecule CCR5 inhibitor and the anti-CCR5 mAb
mediate their effects (29,49).

We surmised that if there was a strong relationship between CCR5 expression and IL-2
production, then the converse of the relationship low CCR5–low IL-2 expression must also
exist, that is, the relationship of “high CCR5–high IL-2 expression.” To test for this
relationship, we determined whether specific T cell subsets that express higher amounts of
CCR5 also express high levels of IL-2. To this end, PBMCs obtained from healthy donors were
stimulated with anti-CD3/CD28 Abs and IL-2 production was assessed at the intracellular level
by FACS. Memory T lymphocytes are known to have significantly higher CCR5 surface levels
than do naive lymphocytes (Fig. 2E, left), and analyses of IL-2 production at the single cell

Camargo et al. Page 6

J Immunol. Author manuscript; available in PMC 2010 September 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



level revealed that memory T cells also produced significantly higher levels of IL-2 (Fig. 2E,
right). In a complementary approach, we next determined whether overexpression of CCR5 in
human cell types that do not normally express CCR5 will result in increased IL-2 production.
To test this, we conducted proof-of-principle experiments using human T cell lines that are
known to express minimal amounts of surface CCR5 (50), and in which high levels of CCR5
expression were induced (Fig. 1, A and B) as described previously (32,33). Notably, CCR5-
overexpressing T cells (Jurkat/CCR5 and MOLT-4/CCR5) produced significantly higher
levels of IL-2 after in vitro stimulation than did native T cells (Jurkat and MOLT-4) that do
not express high levels of surface CCR5 (Fig. 2, F and G, respectively).

To further confirm the high CCR5–high IL-2 relationship, we next extended the
aforementioned approach to primary human lymphocytes and determined IL-2 production in
CD4+ T cells before (CCR5low; Fig. 1C) and after transfection of a CCR5-containing lentiviral
vector that results in higher CCR5 expression (CCR5high; Fig. 1C). A small percentage of
CCR5low cells had dim expression of CCR5, whereas ~60% of the CD4+ T CCR5high cells
expressed high surface levels of CCR5. Notably, as compared with CCR5low cells, a higher
proportion of IL-2-producing cells were detected in naive and memory CCR5highCD4+ T cells
(Fig. 2H).

Finally, we surmised that establishment of a dose-dependent relationship between CCR5 levels
and IL-2 expression in CD4+ cells could provide a more definitive means to confirm that IL-2
levels correlate with CCR5 expression. To accomplish this, and to minimize confounding, fresh
PBMC were stimulated with anti-CD3/CD28 Abs and IL-2 and CCR5 levels were determined
at the intracellular level. This approach allowed us to assess IL-2 production in CD4+ cells that
exhibited low, intermediate, and high CCR5 expression levels, and they were denoted as
CD4+CCR5−, CD4+CCR5dim, and CD4+CCR5bright, respectively (Fig. 2I, leftmost panel). We
detected a stepwise increase in the proportion of IL-2-producing cells in CD4+CCR5−,
CD4+CCR5dim, and CD4+CCR5bright cells, respectively (Fig. 2I). Similar results were
obtained with purified T cells (data not shown). Taken together, the results obtained using
different analytical approaches provided strong evidence in support of the notion that CCR5
expression might be a major determinant of IL-2 production in activated T cells.

CCR5 expression influences IL-2 transcript levels
We surmised that low or high CCR5 surface expression would result in reduced or increased
de novo production of IL-2, respectively. Consistent with this possibility, IL-2 mRNA
expression levels in purified murine CCR5+/+ T lymphocytes that had been stimulated with
anti-CD3/CD28 Abs were almost 4-fold higher than in similarly treated cells obtained from
CCR5−/− mice (Fig. 3A). Accordingly, IL-2 mRNA expression was higher in Jurkat and
MOLT-4 cells engineered to express high levels of surface CCR5 (Fig. 3, B and C). Taken
together, these findings indicated that CCR5 surface expression levels impact positively the
abundance of IL-2 mRNA transcripts during T cell activation.

CCR5 expression favors NFAT transactivation
Both TCR activation and PMA/ionomycin treatment are strong inducers of IL-2 transcription
and predominantly mediate their effects through calcium mobilization, calcineurin-dependent
dephosphorylation of NFAT, and NFAT translocation and binding to IL-2 cis regulatory
regions (45,51,52). As signaling through CCR5 also leads to intracellular calcium mobilization
(53), we tested the hypothesis that this might serve as a costimulatory signaling pathway
through which CCR5 levels influence IL-2 expression. To test this possibility, CCR5-
overexpressing human T cells were transfected with a luciferase expression construct that
contained consensus cis sequences for binding of NFAT proteins, and transactivation of NFAT
was assessed after in vitro polyclonal stimulation. In accord with our hypothesis, NFAT
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transactivation was greater in T cell lines that expressed higher levels of surface CCR5 (Fig.
4, A and B).

These observations suggested the possibility that the interaction between CCR5 ligands and
its receptor trigger NFAT-mediated transcriptional activity. To determine whether there was
a direct link between CCR5 signaling and NFAT, we measured NFAT transactivation in mouse
primary T cells before and after stimulation with the CCR5 ligand CCL5 (RANTES). In vitro
stimulation of mouse primary T cells with CCL5 induced NFAT transactivation (Fig. 4C). To
determine whether this association between CCR5 signaling and NFAT transactivation was
also present in human cells, we next measured NFAT transactivation in CCR5 overexpressing
MOLT-4 cells in the presence or absence of neutralizing Abs against the major CCR5 ligands,
that is, CCL3/CCL3L1 and CCL5. Treatment with anti-CCL3/CCL3L1 and anti-CCL5
neutralizing Abs but not nonspecific isotype controls resulted in a dramatic reduction (ranging
from 39% to 78%) in levels of NFAT transactivation induced by PMA and ionomycin in
MOLT-4/CCR5 cells (Fig. 4D). Notably, anti-CCL3/CCL3L1 and anti-CCL5 neutralizing Abs
had no impact on NFAT transactivation in native MOLT-4 cells that did not express CCR5
(data not shown).

CCR5 surface expression modulates NFAT nuclear translocation
Of the five known isoforms of NFAT (54), NFAT1 (also known as NFATc2 or NFATp) and
NFAT2 (NFATc1/NFATc) are thought to be critical regulators of IL-2 gene expression (55).
The trans-activation experiments suggested that absence of CCR5 may lead to decreased
nuclear translocation of the NFAT. To directly test this hypothesis, we measured the
intranuclear levels of NFAT2 following activation of Ccr5−/− and WT T cells with anti-CD3/
anti-CD28 Abs. In support of our hypothesis, we found that there were substantially higher
intranuclear levels of NFAT2 under basal conditions and following T cell activation in WT
mice than in Ccr5−/− mice (Fig. 4E). Of note, the intranuclear NFAT2 levels in the stimulated
T cells from Ccr5−/− mice were comparable to the basal NFAT2 expression levels in WT T
cells (Fig. 4E). These results further reinforced the notion that expression levels of CCR5
strongly influence the intranuclear translocation of dephosphorylated NFAT2 that plays an
important role in IL-2 expression.

CCR5 expression influences CD25 expression
The aforementioned data suggested that signaling via CCR5 affects intranuclear NFAT levels
and NFAT trans-activation (Fig. 4) and, consequently, IL-2 gene expression (Figs. 2 and 3).
However, if this were true, then CCR5 expression should have broader effects, as NFAT has
been shown to control not only IL-2 but also CD25 expression in activated T lymphocytes
(45,55). Further underscoring this possibility was the fact that expression of CD25 in activated
T cells is to a large extent dependent on IL-2, which acts as a positive feedback regulator of
the expression of CD25, its high-affinity receptor (46). Our studies affirmed this possibility.
After stimulation in vitro, the percentage of CD4+CD25+ but not CD4+CD69+ T cells was
significantly lower in T cells from the C57BL/6 CCR5−/− than CCR5+/+ mice (Fig. 5A). Similar
results were obtained when using cells from DBA/1J CCR5−/− and CCR5+/+ mice (data not
shown).

We replicated these findings in human cells. Expression levels of activation markers were
assessed in anti-CD3/CD28-treated human T lymphocytes before and after Ab-mediated
blockade of CCR5. Preincubation of human T lymphocytes with an anti-CCR5-neutralizing
Ab resulted in significantly reduced expression of CD25, but not other activation markers such
as CD69, CD38, or HLA-DR in CD4+ T cells (Fig. 5B and data not shown). Consistent with
the notion that Ab and small molecule blockade are associated with contrasting functional
effects, preincubation of human T cells with maraviroc was not associated with reduced
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expression of activation markers (data not shown). These observations also suggested that the
reduced expression of CD25 observed in murine CD4+ T lymphocytes deficient in CCR5 may
be due to impaired CCR5-CCR5 ligand interactions rather than to an intrinsic defect of
CCR5-null T cells in their responsiveness to TCR-mediated activation.

To demonstrate further the role of CCR5-CCR5 ligand interactions in T cell activation, in
addition to blocking CCR5, we also neutralized the activity of its main ligands by using mAbs.
Blockade of either CCL3/CCL3L1 or CCL5 was associated with lower expression levels of
CD25 in human CD4+ T cells, and blockade of these two ligands concurrently had additive
effects with a reduction in CD25 levels comparable to that observed after Ab-mediated
blockade of CCR5 (data not shown). Thus, the abrogation of CCR5-CCR5 ligand interactions
by genetic- or Ab-mediated means resulted in a reduced expression of CD25 in CD4+ T cells
after activation in vitro.

We next sought a means to assess whether the phenotype of “absence of CCR5–low CD25
levels” is also present in vivo. For this, we focused on GALT, which is the largest lymphoid
organ in the body (56). A hallmark of T cells found in the GALT is their constitutively activated
phenotype as compared with T cells that are present in blood or other peripheral lymphoid
organs (57–59). We therefore investigated whether CCR5 expression influences the number
of activated T cells in PP, the prototype of organized lymphoid tissues in GALT (58). Notably,
we observed that as compared with WT mice, CCR5−/− mice had a slight but statistically
significant reduction in the numbers of CD4+CD25+ cells in the PP but not in lymph nodes or
spleen (Fig. 5C and data not shown). These findings are consistent with results of a previous
report where an in vitro correlation between CD25 and CCR5 was detected in Ag-specific
human PP T cells, but not blood T cells (60). Together with these previous observations, the
data presented in Fig. 5, A–C suggested that CCR5 influences the expression of CD25 on
CD4+ T cells both in vitro and in vivo.

CCR5 expression influences STAT5 phosphorylation
Having observed that CCR5 influenced CD25 expression, it was important to investigate
whether the reduced expression of CD25 detected in the absence or following blockade of
CCR5 had a functional impact, that is, whether it also translated to a perturbation in IL-2-
IL-2R-dependent signaling pathways. We used STAT5 phosphorylation as a functional
readout, as it occurs rapidly following IL-2-IL-2R interactions (46). For these analyses, T cell
blasts from healthy individuals homozygous for the CCR5-Δ32 mutation and WT controls were
stimulated in vitro with rIL-2, and the abundance of the phosphorylated isoform of STAT5
following IL-2 stimulation was determined at the single cell level by using a previously
described FACS-based method (35,36). Two of the three CCR5-Δ32/Δ32 individuals we
studied had reduced IL-2-induced STAT5 phosphorylation as compared with age-, gender-,
and race-matched WT controls (data not shown).

As the CCR5-Δ32/Δ32 genotype is rare and restricted to individuals of European descent
(24–26), we were unable to expand the sample size to further confirm this association between
the CCR5-null state and reduced IL-2-induced STAT5 phosphorylation in humans. Therefore,
we used a similar experimental approach in T lymphocytes derived from CCR5+/+ and
CCR5−/− mice. Consistent with our observation in human CCR5-null cells, the proportion of
CCR5−/− mouse T cells that expressed the phosphorylated isoform of STAT5 following in vitro
stimulation with IL-2 was lower than that observed in CCR5+/+ T cells (Fig. 5D). Additionally,
we observed that compared with T cell blasts from CCR5+/+ mice, those from CCR5−/− mice
also exhibited reduced CD25 expression at the intracellular level before and after stimulation
with IL-2 (Fig. 5D), further confirming the impact of CCR5 levels on CD25 expression (Fig.
5, A–C). Thus, because STAT5 phosphorylation is detected predominantly in CD25+ T cells
(Fig. 5D), these data suggest that impaired CD25 expression is a characteristic of the CCR5-
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null state that may result in a reduced number of target T cells available for mediating IL-2-
dependent signaling pathways.

CCR5 expression influences T cell proliferation
As T cell proliferation is highly dependent on IL-2-IL-2R interactions (45–47), we next
determined whether by impacting IL-2 and CD25 expression, CCR5 also influences T cell
proliferation. To address this, we stimulated human PMBC with anti-CD3/CD28 Abs and
compared the extent of cell proliferation (assessed by CFSE dilution assay) in different T cell
subsets including CCR5+ and CCR5− populations. Not surprisingly, T cell proliferation was
almost exclusive to CD25+ and CD45RO+ cells (Fig. 6A). Although cell proliferation in
CCR5+ and CCR5− populations did not follow the same binary pattern, the proportion of cells
undergoing cell division was significantly higher in CCR5-expressing cells (Fig. 6A).
Highlighting the specificity of these results, differences in the proportion of dividing cells were
not discriminated by the presence of other surface markers such as CD4 (Fig. 6A). These
findings are consistent with the observed correlation between CCR5 and CD25 expression
(Fig. 5) as well as with the preferential expression of CCR5 on effector and memory
(CD45RO+) T cells (Fig. 2D).

However, the aforementioned approach did not allow us to address a possible cause-effect
relationship between CCR5 expression and T cell proliferation. To test this possibility, we
measured T cell proliferation in PBMC from a CCR5-Δ32/Δ32 donor and an age- and race-
matched WT control. Consistent with our hypothesis, there was a higher proportion of CD4+

T cells going through cell division in control PBMC than in those from the CCR5-Δ32/Δ32
donor (Fig. 6B). Impaired proliferation of CCR5-null T cells was only evident after stimulation,
and there were no differences in basal proliferation or cell death (data not shown). These
findings suggested that CCR5 expression promotes cell proliferation after T cell activation.

To assess whether the reduced T cell proliferation seen in CCR5-deficient T cells could be due
to impaired CCR5-CCR5 ligand interactions, we determined anti-CD3/CD28-induced cell
proliferation of purified human T cells after blockade of CCR5 and/or neutralization of the
main CCR5 ligands. This approach also allowed us to determine whether optimal T cell
proliferation requires CCR5 expression on the surface membrane of T cells rather than on the
surface of accessory cells (i.e., APCs) present in bulk PBMC. Compared with untreated or
isotype control treated cells, blockade of CCR5, CCL3/CCL3L1, or CCL5 resulted in a reduced
CD4+ T cell proliferation in vitro (Fig. 6C). This effect, however, was only significant when
blocking both ligands simultaneously (Fig. 6C); the observed negative impact of blockade of
CCR5 ligands on T cell proliferation is consistent with a previous report (8).

Discussion
CC chemokines impart crucial chemotactic and nonchemotactic effects on T cells that are
thought to play critical roles in immune responses (2–16). Thus, given the costimulatory
functions of CCR5 ligands (7,8) and the recruitment of CCR5 at the immunological synapse
(9), we hypothesized that reduced CCR5 expression might result in impaired T cell activation.
Consistent with this thesis, here we report that CCR5 is a determinant of IL-2 and CD25
expression in activated T lymphocytes and provide evidence that these effects are mediated
via NFAT and affect IL-2-dependent biological processes such as STAT5 phosphorylation and
T cell proliferation.

Taub et al. demonstrated that CC chemokines costimulate T cell proliferation through the
release of IL-2 and the increased expression of CD25 (8). The results of our study extend this
observation by indicating that CCR5 is one of the receptors through which these effects might
be mediated. Given the redundant nature of the chemokine system, it is possible that other
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CCRs are involved in T cell responses. However, our results obtained in three knockout models
(i.e., CCR1−/−, CCR2−/−, and CCR5−/−) mice suggest that among these three CCRs, CCR5
might have a greater impact on IL-2 production and IL-2-dependent events than CCR1 or
CCR2. There are abundant data demonstrating that IL-2 positively regulates the expression of
CCR5 (18–21). Here we report the converse: CCR5 favors IL-2 production and CD25
expression in activated T cells. This inference is supported not only by our findings in primary
T cells from CCR5-deficient mice, but also from in vitro experimental approaches such as Ab-
mediated blockade of CCR5. That maraviroc did not affect IL-2 production in vitro may be
due to differences in the receptor configuration and the resulting functionality of Ab-bound vs
inhibitor-bound forms of CCR5 (29,49). Taken together, these observations support the
existence of a positive bi-directional feedback between CCR5 expression and IL-2 production
during T cell activation. This might ensure survival, expansion, and migration of Ag-specific
memory as well as Th1 cells (i.e., CCR5-bearing cells) during the effector phase of adaptive
immune responses.

An important but often underappreciated phenotypic difference between naive and memory T
cells is the differential expression of CCR5 on these cell types, which is significantly greater
in memory cells. We observed that memory T cells (high CCR5 expression) produce higher
levels of IL-2 in response to TCR stimulation than naive T cells (low CCR5 expression) and
that signaling via CCR5 results in NFAT transactivation during T cell activation. In this regard,
our findings might account for the expanded functional capacity of memory cells in terms of
IL-2 secretion and cell proliferation (61), and they are also consistent with a recent report
showing that accumulation of NFAT mediates IL-2 expression in memory, but not naive,
CD4+ T cells (62).

As compared with naive cells, memory T cells have less stringent activation requirements and
are thus more permissive to activation (63). Therefore, based on our findings, here we propose
that CCR5 might serve as a costimulatory receptor for memory T cells during secondary
immune responses. We acknowledge fully that there are many other differences between naive
and memory T cells and, consequently, IL-2 production might be influenced by factors
independent of CCR5 expression. Despite this caveat, our findings strongly suggest that in
addition to conferring inflamed tissue homing capacity, the acquisition of memory/effector
function (characterized by a shift from CCR7 to CCR5 surface expression) might confer a
preferential advantage for enhanced secretion of IL-2 and proliferation. Similarly, our findings
might help explain why Th1 cells, which akin to memory cells exhibit a phenotype
characterized by high surface expression of CCR5, produce more IL-2 than do Th2 cells, which
do not express high levels of this receptor (64).

The activation of the NFAT pathway following stimulation of CCR5 is not unprecedented but
is controversial. For example, Paya and colleagues showed that CCR5 stimulation alone is
sufficient to induce expression of FasL by a NFAT-dependent pathway in primary CD4+ T
cells (65). In contrast, Cicala et al. (66) found that treatment of PBMC with the CCR5 ligand
CCL4 does not induce NFAT. However, in the latter study the authors also found that specific
inhibitors of CCR5 prevented R5 gp120-mediated NFAT activation. The results of the present
study provide additional support for the presence of NFAT-dependent pathways that are
mediated via CCR5 in T lymphocytes.

The enhanced NFAT transactivation observed in the context of high CCR5 expression appears
to be the result of a quantitative increase in NFAT levels. Specifically, we observed a significant
increase in the levels of NFAT intranuclear translocation in CCR5-expressing T cells that also
exhibited increased IL-2 production. This observation is consistent with a recent report
suggesting that the translocation of NFAT into the nucleus in activated T cells serves as a
switch of the cellular phenotype from an IL-2-nonproducing to an IL-2-producing cell (67).
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Thus, the link between CCR5 and NFAT expression has biological relevance, as it suggests
that the NFAT-influencing effects of CCR5 might regulate the number of Th cells actively
producing IL-2 during an immune response (67).

IL-2R is a heterotrimer composed of three protein subunits (α, β, γ) (45,46). The β-chain exists
in a complex with the γ-chain and binds to IL-2 with intermediate affinity (45,46). This complex
is converted into a high-affinity receptor by binding to the α-chain (CD25), whose expression
is highly induced by T cell activation (45,46). Here we demonstrate that CCR5 expression
influences the up-regulation of CD25 during T cell activation, and that it may underlie the
previously reported correlation between CCR5 and CD25 expression on activated T cells
(60,68). Although IL-2 may signal through its intermediate affinity receptor, the influence of
CCR5 on CD25 expression is likely to be biologically relevant, as evidenced by the fact that
activated CD25-null T cells are resistant to Fas-mediated activation-induced cell death, a
mechanism of peripheral tolerance that is dependent on IL-2 expression (69,70).

The observation that CCR5-CCR5 ligand interactions influence IL-2 production are consistent
with a previous report showing that mice genetically inactivated for CCL5 exhibit not only
impaired IL-2 production and T cell proliferation in vitro but also reduced delayed-type
hypersensitivity responses in vivo (71). Similarly, we previously found that both humans and
mice deficient in CCR5 expression have impaired cell-mediated immunity, as evidenced by
reduced delayed-type hypersensitivity skin test responses (27). Since IL-2 is a critical
component of anti-viral cell-mediated immunity, the findings reported herein provide
additional support to our premise that by influencing cell-mediated immunity, CCR5 may
affect anti-HIV responses (27). Notably, the phenotype of low CCR5 expression–low IL-2
levels may provide a basis for the recent reports demonstrating increased susceptibility to
infection with West Nile virus (28) in individuals homozygous for the CCR5-Δ32 mutation,
and with the higher incidence of herpesvirus and influenza infections observed during clinical
trials in individuals who received the CCR5 inhibitor maraviroc as compared with individuals
from the placebo arm of the study
(www.pfizerpro.com/product_info/selzentry_pi_warnings.jsp). The observation of reduced T
cell activation in the context of deficient CCR5 expression might also help explain the
association between CCR5-Δ32 mutation and lower susceptibility to inflammatory disorders,
including rheumatoid arthritis, Kawasaki disease, and coronary artery disease (72–75). On the
other hand, our findings might account for the prolonged graft survival observed after blockade
of CCR5 in vivo as well as in CCR5-deficient recipients (76–79). Thus, the perturbations in
IL-2 production and T cell proliferation resulting from deficient CCR5 expression might be
therapeutically relevant in graft rejection and inflammatory disorders where down-regulation
of T cell responses is highly desirable.

Our results have implications for the treatment of HIV infection with CCR5 antagonists. For
example, administration of maraviroc has been shown to have beneficial effects on CD4+ T
cell recovery in HIV+ individuals even in clinical settings where CCR5 may not play a major
role as a coreceptor (80). This observation suggests that in addition to their effects on viral
entry, absence or blockade of CCR5 might provide an immunological benefit by regulating the
degree of host immune activation. However, in our study we did not find that maraviroc
influences IL-2 and CD25 levels, whereas a mAb that specifically binds to the second
extracellular loop of CCR5 did. This is a surprising observation considering that both 2D7 Ab
as well as maraviroc inhibit ligand-induced calcium flux. It is possible that 2D7 and maraviroc
have differential effects on other secondary pathways downstream of CCR5 that may be
required for optimal IL-2 expression. Such a scenario is plausible, as it has been previously
suggested that distinct biological responses of CCR5 may be mediated through different sets
of receptor conformations (81,82). However, additional studies are required to confirm that
maraviroc does not influence immune responses.
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The results of our studies with 2D7 have translational value as in addition to small molecule
CCR5 antagonists, CCR5 mAbs are also being developed for human use. The results of a phase
I clinical trial with HGS004, a fully human IgG4 mAb, was recently reported (83). HGS004
inhibits HIV envelope-dependent cell fusion and viral entry as well as chemokine binding to
CCR5 in a manner that is akin to 2D7. Intriguingly, administration of low doses of this Ab was
associated with a striking increase in circulating CD4+ and CD8+ T cell counts as early as day
1 after Ab administration without having any effects on HIV viral loads. Based on the studies
reported herein, it will be important to evaluate whether these prominent effects on CD4
recovery yet minimal effects on viral replication that are associated with administration of low
doses of CCR5 mAb are in part because this therapeutic agent affects the immune activation
state as observed for 2D7 herein.

At least three additional lines of evidence further support a link between CCR5 and T cell
activation in the context of HIV infection. The first is the fact that natural hosts of SIV/HIV
infection are characterized by both low CCR5 expression (84) as well as low levels of activation
(85–87), despite having high levels of viral replication. In light of these reports, our findings
indicate that low CCR5 expression may be one of the driving forces that underlie the low T
cell activation status observed in these animals. Supporting this hypothesis and consistent with
the synchronized expression of CD25 and CCR5 in CD4+ PP T cells activated in vitro (60),
here we found a significantly reduced number of CD4+CD25+ T cells in PP from CCR5-null
mice. This circumstantial evidence suggests that the level of T cell activation in the GALT
might be influenced by the level of CCR5 expression. Second, we have found that in HIV+

individuals the level of CCR5 expression is highly correlated with the degree of T cell activation
(our unpublished data), which is consistent with the preferential expression of CCR5 in
activated CD4+ T cells from these patients (88). Finally, the fact that HIV R5 but not X4 strains
induce increased T cell activation favoring HIV survival and spread (89) further supports a
role for CCR5-mediated T cell costimulation in HIV pathogenesis.

In summary, we herein demonstrate that CCR5 expression is a regulator of IL-2 and CD25
expression during T lymphocyte activation, an effect that might be mediated through NFAT
transactivation/translocation. Furthermore, these effects of CCR5 levels have biological
consequences, as they impact IL-2-dependent processes such as STAT5 phosphorylation and
T cell proliferation. These findings may have important clinical implications, as they emphasize
careful immunological evaluation of HIV+ patients receiving CCR5 antagonists such as mAbs
and suggest that blockade of CCR5 might be a beneficial intervention in T cell-driven
conditions such as autoimmunity, graft rejection, and possibly HIV.
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FIGURE 1.
CCR5 surface expression in human T cells. Plots showing the CCR5 surface expression in
(A) Jurkat, (B) MOLT-4, and (C) primary human CD4+ T cells before and after engineering
cells to overexpress CCR5. In untransfected cells (black lines), dim levels of CCR5 were
detected in less than 1%, 3%, and 5% of Jurkat, MOLT-4, and primary CD4+ T cells,
respectively. In contrast, very high surface levels of CCR5 were detected in 97%, 70%, and
57% of the cells engineered to overexpress CCR5 (gray lines) in Jurkat CCR5, MOLT-4, and
primary CD4+ T cells, respectively. These cells were designated herein as Jurkat/CCR5,
MOLT-4/CCR5 and CCR5high cells, respectively. CCR5 mean fluorescence intensity values
were also significantly different between untransfected vs CCR5 transfected cells in Jurkat,
MOLT-4, and primary human CD4+ T cells, and in these cell types the values were 43 vs 209,
74 vs 112, and 35 vs 271, respectively.
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FIGURE 2.
CCR5 expression levels influence IL-2 levels in T cells. A–C, IL-2 levels were measured by
ELISA in culture supernatants obtained after 48 h of cell stimulation with anti-CD3 and anti-
CD28 Abs; the sources of the cells were (A) purified T cells from C57BL/6J CCR5−/− and
CCR5+/+ mice (data from three independent experiments), (B) PBMC from CCR5 WT (i.e.,
those lacking the CCR5-Δ32 allele) and CCR5-Δ32/Δ32 healthy individuals (n = no. of
individuals/group), and (C) PBMC from three CCR5 WT healthy donors preincubated with
anti-CCR5 or nonspecific isotype control Abs. Data in A and C are means ± SEM, and in B,
horizontal lines reflect mean values. D, Purified human T cells were treated with different
concentrations of maraviroc (0.001 nM to 100 µM; Selzentry; Pfizer) for 1 h at 37°C followed
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by stimulation with plate-bound anti-CD3 Ab (1 µg/ml; BD Pharmingen) and soluble anti-
CD28 Ab (0.5 µg/ml; BD Pharmingen). IL-2 levels were measured by ELISA in culture
supernatants after 48 h of stimulation. Results are representative of four experiments. E, Surface
levels of CCR5 and intracellular levels of IL-2 were measured at the single cell level by FACS
in PBMC from five healthy donors. Histograms correspond to percentage (mean ± SEM) of
memory (CD45RO+) and naive (CD45RO−) CD4+ cells expressing CCR5 (left) and IL-2
(right). F, Representative data of IL-2 levels measured by ELISA in culture supernatants of
CCR5 overexpressing Jurkat T cells (Jurkat/CCR5) and native Jurkat T cells after 24 h of
stimulation with PMA/ionomycin. Data are representative of two independent experiments.
G, Experimental approach as in E, but using native MOLT-4 and MOLT-4/CCR5 T cells. Data
(mean ± SEM) are from three independent experiments. H, FACS plots showing CD3/CD28-
induced IL-2 production (see x-axis; numbers in upper right box indicate percentage of IL-2-
producing cells in naive (CD45RO−CCR7+), central memory (CD45RO+CCR7+), and effector
memory (CD45RO+CCR7−) primary human CD4+ T cells before (top panels; CCR5low: CCR5
surface expression <5%) and after overexpression of CCR5 using a lentiviral system (bottom
panels; CCR5high: CCR5 surface expression ~60%). I, IL-2 expression correlates with CCR5
expression. Leftmost panel shows the extent of intracellular expression of CCR5 in primary
human CD4+ cells. I, II, and III indicate, respectively, CCR5-negative (CCR5neg), CCR5-
positive dim (CCR5dim), and CCR5-positive bright (CCR5bright) CD4+ cells. The next three
panels show the extent of intracellular expression of IL-2 in these three groups of CD4+ cells.
Results are representative of three independent experiments.
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FIGURE 3.
CCR5 surface expression levels influence IL-2 transcript levels. A, IL-2 mRNA levels (mean
± SEM) were determined by quantitative RT-PCR in purified T cells from C57BL/6J
CCR5−/− and CCR5+/+ mice after 4 h of stimulation with anti-CD3/28 Abs. Data are
representative of three independent experiments. B, IL-2 mRNA levels determined by
quantitative RT-PCR in Jurkat T cells overexpressing CCR5 (Jurkat/CCR5) and native Jurkat
at the indicated time points after stimulation with PMA/ionomycin. Results are representative
of three independent experiments. C, Experimental protocol is as in B except using MOLT-4
and MOLT-4/CCR5 cells. IL-2 mRNA levels (mean ± SEM) were assessed after 6 h of
stimulation. Results are representative of three independent experiments.
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FIGURE 4.
CCR5 surface expression influences NFAT transactivation and levels. A and B, NFAT
transactivation (represented as mean fold increase ± SEM) was measured by luciferase reporter
assays in (A) native and Jurkat/CCR5 T cells and (B) native MOLT-4 and MOLT-4/CCR5 T
cells 24 h after stimulation with PMA/ionomycin. Data are representative of three independent
experiments. C, NFAT transactivation was measured by luciferase reporter assay in purified
T cells from C57BL/6J WT mice after 4 h of stimulation with CCL5. NS, nonstimulated cells.
Data are representative of three independent experiments. D, NFAT transactivation in
MOLT-4/CCR5 cells stimulated as described in B in the presence or absence of neutralizing
Abs against CCL3/CCL3L1 and CCL5 or nonspecific isotype controls (10 µg/ml). Data are
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from three independent experiments. E, Levels of NFAT2 in the nuclear extracts obtained from
unstimulated and TCR-stimulated T cells from WT (Ccr5+/+) and Ccr5−/− mice. Each bar
represents the mean (±SD) OD measured from three independent samples. ANOVA with
Bonferroni correction was used to determine statistical significance between the groups.
Differences were considered statistically significant at p ≤ 0.05.
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FIGURE 5.
CCR5 level influences expression of CD25. A and B, CD25 expression in CD4+ T cells was
measured by FACS after 48 h of stimulation with anti-CD3/28 Abs in (A) purified T cells from
C57BL/6J CCR5−/− and CCR5+/+ mice (data from three independent experiments) and (B)
purified T cells from WT healthy donors (n = 3) preincubated with anti-CCR5 or nonspecific
isotype control Abs. C, CD25 expression in CD4+ T cells was measured by FACS in PP from
C57BL/6J CCR5−/− and CCR5+/+ mice (data from three independent experiments). D, Plots
show relationship between CCR5 and STAT5 phosphorylation assessed by FACS 15 min after
stimulation with rIL-2 (100 ng/ml) in primary T blasts (i.e., after 48 h of stimulation with anti-
CD3/CD28 Abs followed by 24 h of serum starvation) from C57BL/6J CCR5−/− and
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CCR5+/+ mice. Numbers in quadrants correspond to percentage of cells. Data are representative
of three independent experiments.
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FIGURE 6.
CCR5 surface expression levels influence T cell proliferation. A, T cell proliferation was
determined by CFSE dilution assay in PBMC from healthy donors after 5 days in culture. The
experimental protocol used to induce CCR5 expression was as described previously (35) and
included 72 h of stimulation with anti-CD3/CD28 Abs followed by 48 h of cell culture without
Abs. Plots on the left show representative data of CFSE dilution assay in different cell
populations defined by expression of CD4, CD25, CD45RO, and CCR5. Numbers in the
quadrants correspond to the proportion of dividing cells within each specific cell population.
In the panel on the right, histograms (mean ± SEM) correspond to percentage of dividing cells
from five healthy individuals. Symbols in the bottom represent the presence (+) or absence (−)
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of the indicated surface marker. B, CFSE dilution assay after 96 h of stimulation in PBMC
from an individual homozygous for the CCR5-Δ32 mutation (left) and an age- and race-
matched WT control (middle). Numbers in the quadrants correspond to percentage of dividing
cells within CD4+ and CD4− cell populations. Panel on the right shows overlay of the plots
depicting cell proliferation in CD4+ cells from these two donors. C, T cell proliferation was
determined by CFSE dilution assay in purified T cells from healthy donors (n = 3) after 6 days
of stimulation with anti-CD3/CD28 Abs in the presence or absence of neutralizing Abs against
the CCR5 ligands CCL3/CCL3L1 and CCL5 or nonspecific isotype controls. In some
experiments, cells were preincubated with anti-CCR5 or nonspecific isotype control Abs.
Histograms (mean ± SEM) correspond to number of mitotic events calculated as described
previously (90). Numbers at the bottom correspond to the experimental conditions depicted on
the side. On the right, the overlay of CFSE plots from experimental condition nos. 2 (CD3/
CD28 stimulation only) and 7 (CD3/CD28 stimulation following blockade of CCR5 and the
CCR5 ligands) are shown; CCR5L represents CCL3/CCL3L1 and CCL5.
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Table I

Differential T cell cytokine profile between CCR5+/+-- and CCR5−/−-activated T cellsa

CCR5+/+ CCR5−/−

Parameter Median Range Median Range

FGF-basic (fibroblast growth factor–basic), ng/ml 0.75 0.70–0.82 0.47 0.40–0.62

IL-11, pg/ml 5.32 4.1–6.5 Und.b Und.–0.3

IL-2, pg/ml 116.00 73–162 25.90 12–30

IL-3, pg/ml 7.02 4.8–12 1.98 1.3–4.0

IL-6, pg/ml 6.81 1.5–17 1.97 Und.–4.2

MCP-1, pg/ml 0.78 0.62–2.9 Und. Und.–0.53

MCP-3, pg/ml 1.53 1.2–2.2 0.70 0.57–1.1

M-CSF, ng/ml 0.0092 0.0071–0.01 0.0038 0.0028–0.0069

MIP-1γ, ng/ml 0.027 0.021–0.097 0.013 0.0072–0.014

MPO (myeloperoxidase), ng/ml 0.56 0.38–1.7 0.12 0.066–0.19

OSM (oncostatin M), ng/ml 0.03 0.024–0.03 0.02 0.022–0.023

SCF (stem cell factor), pg/ml 11.50 9.7–15 6.17 4.5–8.8

TIMP-1 (tissue inhibitor of metalloproteinase
   type 1), ng/ml

0.051 0.051–0.064 0.047 0.037–0.045

a
Chemokine-cytokine and other biomarker concentrations were measured in culture supernatants of purified mouse T cells after 48 h of stimulation

with anti-CD3/CD28 Abs. Three mice per group were analyzed. Only those cytokines are listed for which significant differences in their levels were

detected between CCR5+/+ and CCR5−/− T cell culture supernatants (p < 0.05). The complete list of biomarkers assessed and their corresponding

levels detected in CCR5+/+ and CCR5−/− mice are shown in supplemental Table 1. Data were obtained by Rules-Based Medicine
(www.rulesbasedmedicine.com), a multianalyte profile bioassay (31, 41–43).

b
Und. indicates undetectable.
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