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Abstract
The common CCR5 promoter polymorphism at position –2459 (A/G) has been associated with
differences in the rate of progression to AIDS, where HIV-1-infected individuals with the CCR5 –
2459 G/G genotype exhibit slower disease progression than those with the A/A genotype.
Mechanisms underlying the relationship between these polymorphisms and disease progression
are not known. Here through in vitro infection of peripheral blood mononuclear cells obtained
from healthy Caucasian blood donors with macrophage-tropic HIV-1 isolates we observed low,
medium, and high viral propagation in association with G/G, A/G, and A/A promoter genotypes,
respectively. Flow cytometric analysis of unstimulated CD14+ monocytes from these same donors
revealed a similar hierarchy of CCR5 receptor density in association with promoter genotypes.
Finally, PBMC from persons with the G/G promoter polymorphism produced higher levels of β-
chemokines after in vitro stimulation. Thus, the CCR5 –2459 (A/G) promoter polymorphism
determines CCR5 expression and predicts the magnitude of HIV-1 propagation in vitro. These
findings may provide important insight regarding the regulation of mechanisms that influence the
rate of HIV-1 propagation and progression to AIDS.

Introduction
Entry into host cells by the human immunodeficiency virus type 1 (HIV-1) can be supported
by the binding of viral envelope glycoproteins to both the CD4 receptor and to a seven-
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transmembrane chemokine coreceptor. The major chemokine coreceptors for HIV-1 are
CCR5 for macrophage tropic (R5-tropic) and CXCR4 for T-cell-tropic (X4-tropic) HIV-1
isolates. New HIV-1 infections in humans are established by R5-tropic isolates even though
both R5- and X4-tropic forms may coexist in the same inocula [1]. There is reason to
propose that alterations in CCR5 expression could influence disease transmission and
progression because people with a homozygous deletion of 32 basepairs in the CCR5 gene
open reading frame (CCR5 Δ32) do not express CCR5 and are highly resistant to infection
with HIV-1 [2–8] and people who are heterozygous for this deletion mutation tend to have
both lower levels of plasma HIV-1 RNA and a more favorable course of disease [9,10].

The common polymorphism of the CCR5 promoter –2459 is also assoociated with delayed
progression to AIDS in HIV-1 infected homosexual men [11]; HIV-1-infected persons with
the CCR5 –2459 G/G polymorphism had slower progression to AIDS than those who had
the A/A promoter variant [11–13]. Interestingly, constructs with the G promoter
polymorphism had less promoter activity than did constructs with the A- polymorphism
when linked to a cholamphenical acetyltransferase (CAT) reporter gene [11]. Nonetheless,
the mechanism whereby the –2459 polymorphism affects the course of HIV-1 infection is
not clear. Because the CCR5 –2459 promoter single nucleotide polymorphism (SNP) is
associated with clinical outcome in HIV-1-infected people [11,14–16] and HIV-1 replication
is a key determinant of outcome [17], we asked if these polymorphisms might determine the
expression of CCR5 and the magnitude of HIV-1 replication in vitro.

Materials and methods
Study population

PBMC from 18 Caucasiàn healthy laboratory and health care workers not at risk for HIV-1
infection were analyzed for expression of CCR5, for susceptibility to in vitro infection with
HIV-1 laboratory strains JR-FL, and for β-chemokine production. Persons with the CCR5
Δ32 allele were excluded from this study. All studies were performed following protocols
approved by the University Hospitals of Cleveland Institutional Review Board (IRB).

Cell preparation and culture conditions
Whole blood drawn into sodium heparin-containing tubes (Becton–Dickenson, Mountain
View, CA) was either prepared on site or shipped overnight before preparation. Peripheral
blood mononuclear cells (PBMC) were purified by Ficoll–Hypaque (Pharmacia, Piscataway,
NJ) density sedimentation and were cryopreserved in 90% fetal bovine serum (FBS; Summit
Biotechnologies, Fort Collins, CO), and 10% dimethyl sulfoxide (DMSO; Sigma, St. Louis,
MO). Frozen PBMC were thawed, washed gently, and cultured overnight in a polypropylene
culture tube in complete medium (CM) consisting of RPMI 1640 (BioWhittaker, Inc.,
Walkersville, MD) supplemented with 20% heat-inactivated FBS, 10 mM Hepes
(BioWhittaker), 10 mM L-glutamine (BioWhittaker), 100 U/ml penicillin, and 100 μg/ml
streptomycin (BioWhittaker) at 37°C in a humidified 5% CO2-enriched incubator before
functional studies were performed.

DNA preparation and genotyping of CCR5 ORF and CCR5 promoter
One hundred thousand PBMC were pelleted and stored at −70°C. DNA was purified using
the QiaAmp Blood Kit (Qiagen, Santa Clairita, CA). PCR amplification was performed in a
solution (25 μl) containing 2.5 pmoles of the appropriate positive-strand and negative-strand
primer; 67 mM Tris–HCl (pH 8.8); 6.7 mM MgSO4; 16.6 mM (NH4)2SO4; 10 mM 2-
mercaptoethanol; 100 μM dATP, dGTP, dCTP, and dTTP; 2.5 units of thermostable DNA
polymerase (PE Applied Biosystems, Foster City, CA); and 10–50 ng of purified human
genomic DNA. Oligonucleotide primers used to direct amplification of CCR5 ORF products
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(wt = 312 bp; Δ32 = 280 bp) include 62000 + 5′-GTC TTC ATT ACA CCT GCA GCT
CTC-3′ and 62311- 5′-GGT CCA ACC TGT TAG AGC TAC TGC-3′. Amplicons for the
CCR5 ORF were visualized on 2% agarose gels following electrophoresis in 1X TBE and
stained with a 1:10,000 dilution of SYBR Gold (Molecular Probes, Eugene, OR) and
detected using a Storm 860 scanner (Molecular Dynamics, Sunnyvale, CA) as described
previously [18]. Persons determined to have the CCR5 Δ32 allele were excluded from this
study.

Genotyping for CCR5 promoter, CCR5 Δ32, and CCR2 64V and -I alleles was performed
as described previously [18,19]. Post polymerase chain reaction (PCR) ligase detection
reaction (LDR) analyses were used to genotype CCR5 promoter SNPs–2733, -2554, -2459,
-2135, -2132, -2086, and -1835. Complete details of this genotyping strategy have been
described in Kawamura et al. [20].

Lymphocyte proliferation
PBMC were cultured in quadruplicate round-bottom microtiter wells at a concentration of
105 cells/0.1 ml CM. Lymphocyte proliferation was assayed in medium alone or medium
supplemented with increasing concentrations of PHA (Sigma) and IL-2 (Cellular Products,
Inc., Buffalo, NY) (0.15/0.15, 0.31/0.31, 0.63/0.63, 1.25/1.25, 2.5/2.5, 5/5, and 10/10 μg/ml
PHA/%IL-2, respectively). After 3 days of culture, 1 μCi [3H]thymidine (ICN
Pharmaceuticals, Inc., Costa Mesa, CA) was added to all wells. Cells were harvested 18 h
later using a semiautomated cell harvester and [3H]thymidine incorporation was assayed
using automated gas scintillation spectrometry. Lymphocyte proliferation was recorded in
counts per minute, and 10 and 50% of maximal stimulation was defined for each individual
based on the analysis of the stimulation response curves. It should be noted that for all
subjects, although peak proliferation varied, the concentrations of stimuli that resulted in 10
and 50% of maximal stimulation were remarkably consistent (0.4 μg/ml PHA, 0.4% IL-2
and 1.25 μg/ml PHA, and 1.25% IL-2 respectively).

Viral stocks and in vitro infections
HIV-1 laboratory isolate JR-FL was obtained from the AIDS Reference and Reagent
Program (Rockville, MD) and was propagated in PHA blasts obtained from healthy controls
using standard methodologies [21]. Culture supernatant was analyzed for HIV-1 p24 antigen
concentration by ELISA (Coulter, Miami, FL) and the TCID50 of each virus isolate was
determined by limiting dilution using PHA blasts.

Infectivity assays were performed as follows: PBMC were stimulated at 10 and 50% of
maximal-stimulation conditions (0.4 μg/ml PHA, 0.4% IL-2 and 1.25 μg/ml PHA, and
1.25% IL-2 respectively). After 48 h, cells were centrifuged and incubated for 2 h with the
HIV-1 isolate at a multiplicity of infection of 0.1. The cells were washed 3 times and
resuspended in CM supplemented with IL-2 (0.4% for 10% or 1.25% for 50% maximal
stimulation). One hundred thousand cells in 300 μl CM were plated in quadruplicate
microtiter wells. Supernatants were collected and replaced with fresh CM at 1, 3, 5, 7, and
11 days postinfection and were analyzed for HIV-1 p24 antigen concentration by ELISA
(Coulter).

β-chemokine production
PBMC were incubated at a concentration of 106 cells/ml at 10, 50, or 100% of optimal
stimulation conditions or without stimulation for 48 h. Supernatants were assayed for
MIP-1α, MIP-1β, and RANTES by ELISA (R&D Systems, Minneapolis, MN).
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CCR5 expression
PBMC were incubated without stimulation in CM for 24 h to allow for recovery from
cryopreservation. Cells were washed and then resuspended in CM at 1 × 106 cells/ml and
cultured for 48 h in a multiwell culture plate. Cells were removed from the culture wells by
pipetting up and down, whereas the wells were gently scraped with the pipette tip. Cells
were then were centrifuged at 400g, washed, and resuspended in 200 μl PBS. Recovery was
≥70% with ≥95% viability. PBMC were incubated with monoclonal antibodies CD4-PerCP/
CD14-FITC/IgG1-PE, CD4-PerCP/CD14-FITC/CCR5-PE (Pharmingen, San Diego, CA) for
30 min at room temperature and then were washed twice and fixed with 1%
paraformaldehyde in PBS and analyzed immediately using a FACScan (Becton–Dickenson,
San Jose, CA). The monoclonal antibody directed against the chemokine receptor CCR5
was labeled with fluorochrome at a ratio of 1 molecule of phycoerythrin per antibody
molecule. Known ratios of QuantiBRITE-PE beads (Becton–Dickenson, San Jose, CA) were
analyzed using the same instrument settings as used in the assay. The geometric mean
fluorescence for the control IgG2a-PE was subtracted from the geometric mean fluorescence
of the CCR5-PE-positive cells and was converted into the number of PE molecules bound
per CD4+ T lymphocyte and CD14+ monocyte [22]. Monocytes and lymphocytes were
analyzed separately using CELLQuest software (Becton–Dickenson) collecting at least
10,000 events for each analysis.

Statistical analysis
All statistical tests were performed using STATVIEW 5.0.1 software (SAS Institute, Inc.,
Cary, NC).

Results and discussion
Since CCR5 promoter polymorphisms at –2459 were previously associated with magnitude
of linked reporter gene activity [11], we asked if this SNP influenced the density of CCR5
on CD4+ mononuclear cell subsets. By flow cytometric analyses, we observed that the
density of CCR5 was lower on unstimulated CD14+ monocytes from healthy individuals
with the –2459 G/G and A/G (10,378 ± 4,289 receptors/cell) genotypes compared to A/A
(16,411 ± 7,334 receptors/cell) genotypes (Fig. 1; P < 0.05 two-sided t test). In contrast, the
densities of CCR5 on total resting CD4+ T cells and CD4+ T cells stimulated with PHA and
IL-2 were comparable in persons with the G/G, A/G, and A/A genotype (data not shown).

To explore further the potential significance of these findings, we asked if the magnitude of
viral replication in vitro was related to surface expression of CCR5. After activation of
target PBMC with PHA and IL-2, supernatants were collected at 1, 3, 5, 7, and 11 days
postinfection and were analyzed for HIV-1 p24 antigen concentration by ELISA. To more
closely approximate conditions reflecting stimulation conditions in vivo, we utilized
suboptimal concentrations for mitogen and IL-2 [18]. Following suboptimal stimulation and
incubation with the R5-tropic virus JR-FL, PBMC obtained from –2459 G/G donors
produced fewer HIV-1 p24 antigen in culture than did PBMC obtained from A/A donors
(Fig. 2A). Specifically, after 11 days in culture, PBMC obtained from 4 people with the G/G
genotype produced 1.2 ± 1.7 (mean ± SE) ng p24 antigen/ml, whereas PBMC obtained from
6 people with the A/G genotype produced on average 15.7 ± 12.8 ng p24 antigen/ml and
PBMC obtained from 5 people with the A/A genotype produced on average 109 ± 105.7 ng/
ml (P < 0.05, Kruskall–Wallis test). Although the same hierarchical relationships between
viral propagation and donor genotypes were observed using greater (near optimal)
concentrations of mitogen and IL-2, differences in HIV-1 p24 antigen production associated
with CCR5 –2459 genotypes were not significant (Fig. 2B). In these conditions, PBMC
obtained from persons with the –2459 G/G genotype produced 54.3 ± 34.6 ng p24 antigen/

Salkowitz et al. Page 4

Clin Immunol. Author manuscript; available in PMC 2013 July 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ml, A/G PBMC produced 61 ± 40.3 ng/ml, and A/A PBMC produced 131 ± 90.2 ng/ml (P <
0.7, Kruskal–Wallis test). It should be noted that p24 antigen production by PBMC from A/
A donors was similar at both suboptimal and near optimal stimulation conditions, whereas
PBMC from G/G and A/G donors produced more virus after stimulation in near optimal
conditions than after suboptimal stimulation (P < 0.001, Mann–Whitney test). These results
suggest that higher levels of CCR5 expression driven by the CCR5 –2459A allele may
permit high level HIV-1 propagation irrespective of stimulation conditions, whereas higher
level stimulation is required to support HIV-1 replication in the presence of the –2459G
allele.

Other studies have shown correlations between disease progression and the CCR2-64 I/V
amino acid substitution and between CCR5 promoter haplotype/haplotype combinations
(diplotype) [10,19,23–28]. We were unable to demonstrate any relationship between these
diplotypes and the in vitro phenotype; however, these additional analyses may have been
limited by the small numbers of individuals in the diplotype in vitro phenotype categories
observed in this study.

Because β-chemokines may block HIV propagation in vitro [29,30] and heightened β-
chemokine expression also has been seen in high-risk HIV-seronegative persons [31,32], we
wanted to assess the relationship between β-chemokine production and genetic regulation of
CCR5 expression. For these studies, we assayed cell culture supernatants for MIP-1α,
MIP-1β, and RANTES by ELISA (R&D Systems, Minneapolis, MN, USA) after 48 h of
cultivation without stimulation or after stimulation with PHA and IL-2 at suboptimal, near-
optimal, and optimal stimulation conditions. At near-optimal stimulation conditions, PBMC
obtained from people with the G/G genotype appeared to produced more MIP-1α and more
MIP-1β (18,084 ± 2,074 pg/ml and 13,063 ± 864 pg/ml, respectively; Fig. 3A and B) than
did PBMC obtained from people with the A/G genotype (14,288 ± 4,830 pg/ml and 12,179
± 3,864 pg/ml) or with the A/A genotype (10,119 ± 2,970 and 9,398 ± 3,147). There were
no differences among the groups in production of MIP-1α and MIP-1βby unstimulated cells
or cells stimulated at suboptimal conditions (data not shown) and no differences in RANTES
production for any stimulation conditions (Fig. 3C and data not shown).

Our results suggest that the CCR5 –2459G allele (in contrast to the CCR5 –2459A allele) is
associated with both lower CCR5 expression on circulating CD14+ monocytes and with
lower levels of macrophage-tropic (JR-FL) HIV-1 propagation in vitro. The lower level of
CCR5 expression related to the CCR5 –2459 genotype has been shown to be an important
determinant of the magnitude of HIV-1 replication in vivo [10]. These results taken together
suggest the plausibility of CCR5 expression being rate limiting in cellular susceptibility to
HIV-1 propagation. Although CD4+ T cells are the major targets for HIV replication, in our
in vitro system we were unable to show a relationship between CCR5 promoter genotype
and CCR5 density on CD4+ T cells either unstimulated or after stimulation with PHA and
IL-2. This may be related to the recognized heterogeneity of CCR5 expression in different
phenotypically defined CD4+ T-cell populations [33]. Additional studies are necessary to
examine the factors underlying CCR5 expression on these selected CD4+ T-cell sub-
populations according to CCR5 –2459 genotype. As levels of viremia are closely associated
with prognosis of HIV-1 infection, results from our study suggest that delay in progression
to AIDS associated with the CCR5 –2459G allele may result from lower expression of
CCR5 on susceptible cell populations [11,14–16].

To further investigate the mechanisms by which CCR5 expression influences viral
propagation and disease progression, we found that limiting the concentration of factors
(PHA and IL-2) conventionally used for in vitro HIV-1 propagation improves the ability to
resolve the molecular interactions contributing to HIV-1 pathogenesis. As the CCR5 –
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2459G allele appears to require greater stimulation to promote HIV-1 replication, it may be
possible to exploit further the polymorphism residing in the CCR5 promoter or to develop
strategies to reduce CCR5 expression that will suppress and/or prevent HIV-1 infection.
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Fig. 1.
CCR5 expression on CD14+ monocytes. The number of chemokine receptors/cell from 16
uninfected Caucasian blood donors is shown on the y axis. The number of G/G (△) and A/G
(○) donors were 10 (4 and 6, respectively), and the number of A/A donors was 6 (□).
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Fig. 2.
CCR5 –2459 SNP and in vitro infection with R5-tropic HIV-1 isolate JR-FL. Magnitude of
HIV-1 p24 antigen produced (y axis) over time (x axis). (A) Suboptimal stimulation of
PBMC obtained from four people with the G/G genotype (○) produced on average 1.2 ± 1.7
(mean ± SE) ng HIV-1 p24 antigen/ml, PBMC obtained from six people with the A/G
genotype (▽) produced on average 15.7 ± 12.8 ng/p24 antigen/ml, PBMC obtained from
five people with the A/A genotype (□) produced on average 109 ± 105.7 ng/ml (P < 0.05,
Kruskall–Wallis test). (B) Near-optimal stimulation of PBMC from persons with the G/G
genotype produced 54.3 ± 34.6 ng p24 antigen/ml; A/G PBMC produced 61 ± 40.3 ng/ml;
A/A PBMC produced 131 ± 90.2 ng/ml (P < 0.7, Kruskal–Wallis test) over 11 days in
culture.
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Fig. 3.
CCR5 (–)2459 SNP and supernatant β-chemokine production. In vitro production of β-
chemokines at near-optimal stimulation conditions: (A). MIP-1α, (B) MIP-1β, and (C)
RANTES. The number of G/G donors was 5, A/G donors was 7, and A/A donors was 6.
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