Redox regulation of chemokine receptor expression
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Cytokines and reactive oxygen intermediates (ROI) are frequent
companions at sites of acute inflammation. We have shown pre-
viously that in human monocytes, bacterial lipopolysaccharide,
IL-1, and tumor necrosis factor-a induce a rapid down-regulation of
the monocyte chemotactic protein-1 receptor CCR2 (CC chemokine
receptor-2). These stimuli also induce production of ROl In this
paper, we investigate the influence of antioxidants and/or ROl on
chemokine-receptor expression. In human monocytes, the antiox-
idant pyrrolidine dithiocarbamate (PDTC) rapidly inhibited CCR2
(95-100% of inhibition) and CCR5 (77-100% of inhibition) mRNA
expression by strongly decreasing transcript stability. CCR2 half-
life was decreased from 1.5 h to 45 min; CCR5 half-life was
decreased from 2 h to 70 min. This inhibitory activity also included
CXCR4 (CXC chemokine receptor-4) but not CXCR2 receptor and,
although to a lesser extent, was shared by the antioxidants
N-acetyl-L.-cysteine and 2-mercaptoethanol. In contrast, the ROI-
generating system xanthine/xanthine oxidase increased CCR5 and
CXCR4 mRNA expression and counteracted the inhibitory effect of
PDTC. Accordingly, H,0> and the glutathione-depleting drug bu-
thionine sulfoximine increased to different extents CCR2, CCR5,
and CXCR4 mRNA expression. The PDTC-mediated inhibition of
CCR5 and CXCR4 mRNA expression was associated with decreased
chemotactic responsiveness (>90% inhibition) and with a marked
inhibition of surface-receptor expression. In contrast, xanthine/
xanthine oxidase opposed the bacterial lipopolysaccharide- and
tumor necrosis factor-a-mediated inhibition of CCR5 and CXCR4
mRNA expression and increased both the CCR5 surface expression
and the cell migration (3-fold) in response to macrophage inflam-
matory protein-1p. These results suggest that the redox status of
cells is a crucial determinant in the regulation of the chemokine
system.

I nflammation is associated with the generation of reactive oxygen
intermediates (ROI), including superoxide anion (O, ), hydrogen
peroxide (H»O), and the hydroxyl radical (OH’) (1). ROI, in
addition to being efficient antimicrobial effector molecules, are also
key mediators of inflammation (1-3) and have profound effects on
gene transcription (4). Consequently, several studies have shown a
protective effect of antioxidants in animal models of inflammatory
diseases. In particular, pyrrolidine dithiocarbamate (PDTC) blocks
NF-kB activation, which is involved in the activation of a number
of immediate-early genes during inflammation and in the NF-«B-
dependent replication of human immunodeficiency virus type 1
(HIV-1) (5, 6), and similar results were reported with N-acetyl-L-
cysteine (NAC) (7, 8).

It now clearly is established that chemokine receptors are re-
quired for primate lentiviruses such as HIV-1, HIV-2, and simian
immunodeficiency virus to fuse with and infect target cells, either
in combination with CD4 or independently (9). In particular, CC
chemokine receptor-5 (CCRS5) is a major determinant of the
interaction of macrophage-tropic HIV-1 with mononuclear phago-
cytes (10-14), whereas T cell-tropic HIV-1 isolates target T lym-
phocytes through the CXCR4 receptor (15). Chemokines, as well
as classical chemotactic agonists such as formylated peptides (of
which fMet-Leu-Phe is the prototype) and C5a, bind to and activate
a family of rhodopsin-like, GTP-binding protein-coupled seven-
transmembrane domain receptors (16—18). Nine receptors for C-C
chemokines (now named CCR1 through CCRY) and five receptors

for CXC chemokines (CXCR1 to CXCRS) have been identified
and cloned (17-21). Recent results (22-24) indicate that, in addition
to agonist production, regulation of chemokine-receptor expression
is likely a crucial point in the regulation of the chemokine system.
In particular, certain primary proinflammatory signals [e.g., bac-
terial lipopolysaccharide (LPS)] rapidly inhibit chemokine-receptor
expression by targeting transcript stability (22). The aim of this
paper is to investigate the possibility that ROI might regulate the
levels of chemokine receptors. For this purpose, we investigated the
effect of antioxidants, including PDTC, NAC, and 2-mercaptoetha-
nol, and of ROI generated in vitro on chemokine-receptor expres-
sion. Finally, to investigate the role of endogenous glutathione
(GSH), we used the inhibitor of GSH synthesis buthionine sulfoxi-
mine (BSO). Our results indicate that ROI up-regulate certain
chemokine receptors and that antioxidants antagonize this effect.

Materials and Methods

Cells. Human monocytes were separated from peripheral blood
of human healthy donors by Percoll gradient centrifugation (22).
Monocytes (=98% pure as assessed by morphology) were re-
suspended at 107 monocytes per ml in RPMI medium 1640
supplemented with 10% FBS, 2 mM glutamine, and antibiotics.
All reagents contain <0.125 unit/ml of endotoxin as checked by
Limulus amebocyte lysate assay (BioWhittaker). In all the
conditions used in the test cells, viability, as determined by
trypan blue exclusion, was >95%.

Cytokines and Reagents. LPS (E. coli O55:B5) was purchased from
Difco. PDTC, NAC, BSO, xanthine (X), and H,O, were pur-
chased from Sigma; 2-mercaptoethanol was purchased from
Merck; xanthine oxidase (XO) was purchased from Roche
Molecular Biochemicals. Human monocyte-chemotactic protein
(MCP)-1 was determined by a specific monoclonal sandwich
ELISA, as described elsewhere (25). Determination of human
macrophage inflammatory protein (MIP)-13 was carried out by
using ELISA kits purchased from Amersham Pharmacia.

Migration Assay. Cell migration was evaluated by using a chemo-
taxis microchamber technique as previously described (22, 26).
Chemoattractant solution or control RPMI medium 1640 with
1% FCS (27 pl) was added to the lower wells of a chemotaxis
chamber (Neuroprobe, Plesanton, CA). A polycarbonate filter
(5-um pore size; Neuroprobe) was layered on the wells and
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Fig. 1. Effect of PDTC and NAC on CCR2, CCR5, CXCR4, and CXCR2 mRNA
expression. Total RNA was purified from fresh human monocytes incubated

for 4 h as indicated. Results are representative of four different experiments.
PDTC, 50 uM; NAC, 10 mM; Unt., untreated; R. D., relative densitometry.

covered with a silicon gasket and with the top plate. Cell
suspension (50 ul; 1.5 X 10° monocytes per ml in peripheral
blood mononuclear cells) was seeded in the upper chamber. The
chamber was incubated at 37°C in air with 5% CO, for 90 min.
At the end of the incubation, filters were removed and stained
with Diff-Quick (Baxter Scientific Products, Rome), and the
cells in five high-power oil-immersion fields were counted.

Northern Blot Analysis. Total RNA was isolated by the guanidium
isothiocyanate method as previously described (27). Total RNA (15
png) from each sample was electrophoresed under denaturing
conditions, blotted onto Nytran membranes (Schleicher & Schuell),
and cross-linked by UV irradiation. cDNAs were labeled by random
priming and [a-*?P]dCTP. CCR2B cDNA was obtained by PCR
amplification of the reported sequence (22). CCR5 cDNAs were
obtained as previously described (19). The CXCR2 cDNA clone
(28) was kindly donated by Ji Ming Wang (National Cancer
Institute, Frederick, MD). CXCR4 was kindly provided by Timothy
N. C. Wells (Geneva Biomedical Research Institute, Glaxo Well-
come Research and Development, Geneva). Densitometric analysis
was performed with a Scanning Densitometer GS300 (Hoefer
Scientific Instruments, San Francisco). Relative densitometric val-
ues were defined as ratio to control (=1).

Fluorescence-Activated Cell Sorter Analysis. Cell staining was per-
formed by using human monoclonal antibodies anti-CCRS (clone
2D7; PharMingen) and anti-CXCR4 (clone 12GS5; PharMingen)
and irrelevant control mouse IgG2ax (UPC10; Sigma), followed by
FITC-conjugated, affinity-purified, isotype-specific goat anti-
mouse antibody (Southern Biotechnology Associates). For CCR2
phenotype analysis, indirect immunofluorescence was performed
with the human anti-CCR2 mAb (clone 48607.211; R & D Sys-
tems), irrelevant control mouse IgG2b (clone 20116.11; R & D
Systems), and phycoerythrin-streptavidin (PharMingen). Analysis
was performed by using a FACStar (Becton Dickinson).

Results

Effects of Antioxidants (PDTC and NAC) on Chemokine-Receptor
Expression in Human Monocytes. In the experiment shown in Fig.
1, freshly isolated human monocytes were cultured for 4 h with
the antioxidants PDTC and NAC. Monocytes expressed high
levels of CCR2 and CCRS transcripts, whereas CCR3 and CCR4
were poorly detectable under these conditions (data not shown),
in agreement with previous reports (22-24). PDTC (50 uM)

2762 | www.pnas.org

PDTC
A SEES E;JPDTCSO;JM
E3cog8 55-a<o
CCR2- 4 & CCR2 - i o
1523 00 ]H.D. 1:.'55 .7‘ 2 0 0 ]H.D_
CCR5- MM« cors- M

1 6 39 12 13 JR.D. 172 8.72 050 ]R.D

CXCR4- W =

1 737 .11 .18 JA.D.

CXCR4- BRI
175 724 3 0 ]JRA.D

288 - 285 -
18S - 188 -

t.

ActD (05 h)
ActD (1h)

ActD (2h)

Act.D (4 h)
Act.D/PDTC (0.5 h)
ActD/PDTC (1 h)
Act.D/PDTC (2 h)
Act.D/PDTC (4 h)

;
im
i

1 .73 55 34 04 88 45 04 0 ]A.D.
CCRS- MMM -
1.92.58 4 08.77 7 .19.04 ]R.D.
CXCR4- memi i = m
1 59 52 31.19 1.2 87 27.04 ]R.D.
285 -
185 -
Fig.2. (A)Dose-response (Left) and time course (Right) of the effect of PDTC
on CCR2, CCR5, and CXCR4 mRNA expression. For the dose-response analysis,
total RNA was purified from monocytes incubated for 4 h with PDTC at the
indicated doses. In kinetic analysis, the total RNA was purified from fresh
human monocytes incubated with 50 M PDTC for the indicated times. Results
in A are representative of three separate experiments. (B) Effect of PDTC on
the CCR2, CCR5, and CXCR4 mRNA half-lives. ActD (1 ng/ml) was added to
fresh human monocytes in the presence or absence of PDTC (50 uM), and total

RNA was extracted at different times as indicated. Results in B are represen-
tative of two different experiments.

markedly lowered the expression of CCR2 and CCRS. The
mRNA levels of these receptors were decreased only slightly by
NAC (10 mM). The mRNA expression of two members of the
CXCR chemokine-receptor family (CXCR2 and CXCR4) was
also analyzed. PDTC markedly decreased the mRNA expression
of CXCR4 but did not affect CXCR2.

Because of the crucial role played by CCR2, CCRS, and
CXCR4 in the recruitment of leukocytes and in their infection
by HIV-1 (22), we focused our study on these three receptors.
Fig. 24 shows the dose-response and kinetic analysis of the
PDTC-mediated inhibition of CCR2, CCRS5, and CXCR4
mRNA expression. The estimated EDsy of PDTC was ~1 uM,
and half-maximal effect was reached with an optimal dose in
1.5 h for CCR2, 2 h for CCRS, and 1 h for CXCR4. We also
estimated the effects of PDTC on the CCR2, CCRS5, and CXCR4
mRNA half-life. For this purpose, actinomycin D (ActD; 1
pg/ml) was added to fresh human monocytes in the presence or
absence of PDTC (50 uM), and total RNA was extracted at
different times as indicated (Fig. 2B). As shown in Fig. 2B, the
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on the inhibitory action of PDTC on CCR2, CCR5, and CXCR4 mRNA expression. X was used at 0.5 mM; XO was used at 10 milliunits/ml. Total RNA was purified
from fresh human monocytes incubated for 4 h as indicated. (C) Effect of BSO on CCR2, CCR5, and CXCR4 mRNA expression. Cells were incubated with 3 mM

BSO for 18 h. Results are representative of three different experiments.

estimated half-life of the transcripts was about 1.5 h for CCR2,
2 h for CCRS, and 1 h for CXCR4. Although cotreatment with
ActD and PDTC considerably decreased transcript stability of
CCR2 and CCRS, resulting in a half-life of ~45 min for CCR2
and ~70 min for CCRS, CXCR4 was affected only slightly. These
data indicate that the inhibitory action of PDTC on CCR2 and
CCRS gene expression is, at least in part, posttranscriptional.

Effect of Oxidants on CCR2, CCR5, and CXCR4 Expression. To evaluate
the effect of ROI on CCR2, CCR5, and CXCR4 mRNA
expression, monocytes were incubated with increasing concen-
trations of H,O, (Fig. 34). As shown, H,O, increased in a
dose-response manner the mRNA expression of CCR2, CCRS,
and CXCR4. We also studied the effect of the production of the
superoxide-generating system, X/XO, by using the same exper-
imental model. In Fig. 3B, monocytes were cultured 4 h with
X/XO, PDTC, or a combination of PDTC plus X/XO as
indicated. It can be seen that X/XO markedly increased CCR5
and CXCR4 mRNA expression and completely prevented their
PDTC-mediated inhibition. In contrast, X/XO had a minor
effect on the level of CCR2 mRNA expression. Similarly, BSO
(3 mM), an effective inhibitor of y-glutamylcysteine synthetase
(the enzyme that catalyzes the first step of biosynthesis of GSH)
(29), increased to different extents CCR2, CCRS, and CXCR4
mRNA expression (Fig. 3C).

PDTC Down-Regulates the Chemotactic Response to MCP-1, MIP-13,
and Stromal Cell-Derived Factor (SDF)-1 in Human Monocytes.
MCP-1, MIP-1B, and SDF-1 are high-affinity ligands for the
CCR2, CCRS5, and CXCR4 receptors, respectively (14, 30).
Thus, decreased expression of these chemokine receptor tran-
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scripts by PDTC was expected to result in a diminished chemo-
tactic responsiveness to MCP-1, MIP-13, and SDF-1. As shown
in Fig. 44, 8-h treatment with PDTC basically abolished the
monocyte migration in response to MCP-1, MIP-1p, and SDF-1.
Thus, in human monocytes, antioxidant-mediated inhibition of
CCR2, CCRS, and CXCR4 expression results in the suppression
of chemotactic response toward their ligands. In agreement with
this finding, a significant time-dependent inhibition of the
binding of 1?°I-labeled ligands was observed after PDTC treat-
ment (data not shown). We analyzed the CCR2, CCRS5, and
CXCR4 surface-receptor expression by cytofluorimetry. As
shown in Fig. 4B, PDTC treatment (50 uM) resulted in a marked
down-regulation of CCRS and CXCR4 already after 6 h, which
also lasted after 24 h. Unexpectedly, CCR2 surface expression
was not affected by PDTC treatment.

X/XO0 Up-Regulates CCR5 Surface Expression and Migration in Re-
sponse to MIP-18. To evaluate the functional effect of ROI on
chemokine systems, monocytes were incubated for different
periods with X/XO, and the surface expression of CCR2, CCR35,
and CXCR4 was determined by cytofluorimetry. As shown in
Fig. 54, X/XO treatment resulted in a significant increase of the
CCRS surface expression. In contrast, no appreciable variations
were observed for CCR2 and CXCR4 (data not shown). The
observed X/XO-dependent increase of CCRS5 surface expres-
sion was paralleled by a rise in the number of monocytes that
migrated in response to MIP-1p. Indeed, as shown in Fig. 5B,
X/XO-activated monocytes increased their chemotactic activity
in response to MIP-1B, and similar results were observed in
H,0,-treated monocytes. In addition, the chemotactic response
of monocytes slightly increased in response to SDF-1, but not to
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Fig. 4. (A) Inhibition of monocyte migration by PDTC. Fresh human mono-

cytes were incubated with 50 uM PDTC and assayed for chemotactic response
after different periods as indicated. Results in A are representative of five
different experiments. (B) Effect of PDTC on CCR2, CCR5, and CXCR4 surface
expression. Surface expression was determined by flow cytometry, using
human anti-CCR2, anti-CCR5, or anti-CXCR4 antibodies. Dotted line, irrelevant
mADbs; continuous line, cells stained with anti-CCR2, anti-CCRS5, or anti-CXCR4
as indicated. Results in B are representative of four different experiments.
FL1-H, fluorescence one height; FL2-H, fluorescence two height.

MCP-1. The effect of ROI on chemokine production was then
considered (Fig. 5C). X/XO-treated monocytes secreted ex-
tremely high levels of MCP-1 and significant amounts of MIP-18.
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Fig.5. (A) Effect of ROl on CCR5 surface expression. Fresh human monocytes
were incubated with the ROI-generating system X/XO (X, 50 uM; XO, 1
milliunit/ml) for 18 h. Surface expression was determined by flow cytometry,
using human anti-CCR5 antibody. Dotted line, irrelevant mAbs; continuous
line, cells stained with anti-CCR5 as indicated. Results in A are representative
of four different experiments. (B) Fresh human monocytes were incubated
with X/XO or H0; and assayed as indicated for chemotactic response after
18 h. Results in B are representative of five different experiments. (C) Effect of
ROl on MCP-1 and MIP-18 secretion by monocytes. Cells were activated with
X/XO for 18 h, and supernatants were assayed by ELISA for MCP-1 and MIP-1p3
proteins. Results in C are representative of three separate experiments.

X/XO Reverts the Inhibitory Action of LPS on CCR5 and CXCR4 mRNA
Expression. We previously have reported that LPS and certain
proinflammatory cytokines (e.g., IL-1 and tumor necrosis fac-
tor-a) inhibit CCRs mRNA expression in human monocytes
(22). Among these, CCR2 was inhibited strongly, whereas CCRS
and CCR1 were inhibited only partially. To investigate whether
oxidative signals may counteract the inhibitory action of LPS,
human monocytes were incubated with LPS, either alone or in
combination with X/X0O. CCR2, CCR5, and CXCR4 mRNA
levels were estimated by Northern blot analysis (Fig. 6). As
shown, whereas LPS inhibited to a different extent the mRNA
expression of these chemokine receptors, X/XO treatment
significantly enhanced the constitutive expression of CCRS and
CXCRA4. It is noteworthy that in LPS-treated monocytes, X/XO
completely prevented the inhibition of CCRS5 and partially
prevented the inhibition of CXCR4 mRNA expression, although
it had no effect on the inhibition of CCR2. Similarly, X/XO
prevented the tumor necrosis factor-a-mediated inhibition of
CCRS5 and CXCR4 mRNA expression (data not shown).
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Discussion

The results presented in this paper show that in human mono-
cytes, antioxidants (particularly PDTC) decrease expression of
CCR2, CCRS5, and CXCRA4, three chemokine receptors that bind
MCP-1 and MIP-1«, MIP1-B, and RANTES and SDF-1, respec-
tively. NAC and 2-mercaptoethanol were less potent than PDTC
but still decreased CCR2 and CCRS in the same experimental
system. Thus, we tried further to characterize the effect of PDTC
on chemokine receptors and chemokine responses.

We present evidence that PDTC acts, at least in part, at a
posttranscriptional level by affecting transcript stability. In
particular, CCR2 mRNA half-life, estimated as 1.5 h, was
reduced at =45 min when cells where cotreated with ActD and
PDTC, and CCRS5 half-life was reduced from 2 h to ~70 min
under the same conditions. CXCR4 mRNA stability was
affected only slightly. Inhibition of CCR2, CCRS5, and CXCR4
receptors was functionally relevant because PDTC-treated
monocytes showed a reduced capability to respond chemotac-
tically to MCP-1, MIP-13, and SDF-1. The decrease in CCR2,
CCRS, and CXCR4 mRNA expression was accompanied by a
decrease both in surface expression and in the chemotactic
response to their ligands. The fact that antioxidants decrease
constitutive CCR2, CCRS5, and CXCR4 expression suggests
that transcriptional and posttranscriptional events controlling
their gene expression are somewhat regulated by a redox-
sensitive mechanism. On the contrary, addition of H,O, or of
a superoxide-generating system (X/XO) augmented mRNA
expression of CCR2, CCRS5, and CXCR4. In addition, the
effect of BSO suggests that not only exogenously administered

Saccani et al.

antioxidants but also endogenous GSH might control the
expression of certain chemokine receptors. Interestingly
enough, the addition of NAC, although slightly inhibiting CCR
expression in the absence of BSO, did not reverse the up-
regulating effect of BSO (data not shown). This result could be
explained by the fact that NAC s a precursor of GSH synthesis,
and GSH repletion by NAC cannot occur in the presence of
BSO, which is an inhibitor of GSH synthetase (29). Thus,
overproduction of ROI, as observed during the oxidative burst
of phagocytes in response to infectious agents, could increase
the chemokine responsiveness of phagocytes.

In view of our previous reports that LPS down-regulates
CCRs and the present observation that ROI oppose the
down-regulatory effects of LPS and tumor necrosis factor-a
(data not shown), one could speculate that at inflammatory
sites, after a rapid and drastic down-regulation of chemokine
receptors, LPS- and cytokine-mediated activation of ROI
production by phagocytes (1-3) provides an efficient autocrine
signal to restore the chemokine-receptor expression in mono-
cytes. Though differences likely may exist between the mo-
lecular mechanisms responsible for the LPS-mediated or
PDTC-mediated down-regulation of CCR2, CCRS, and
CXCR4 expression in monocytes, oxidation favors chemokine-
receptor expression and may counteract these mechanisms of
inhibition of their expression. Consistent with this hypothesis,
we have observed that although incubation of monocytes with
LPS or PDTC inhibits CCR2, CCRS, and CXCR4 mRNA
expression, cotreatment with X/XO efficiently prevented
CCRS and CXCR4 down-regulation, but not CCR2 down-
regulation. Thus, ROI may display a certain selectivity of their
action on chemokine-receptor expression, which functionally
was proven in our experiments by the specific increase of both
the CCRS surface expression and the chemotactic response to
MIP-1B. Our data should also be considered in view of the fact
that antioxidants such as PDTC and NAC inhibit both the
activation of NF-«B and the expression of NF-«B-inducible
chemokine genes, such as MCP-1 and IL-8 (30-33). In agree-
ment with these data, we observed increased production of
MCP-1 and MIP-18 in monocytes activated with X/XO.
Though ROI-induced NF-«kB activity may play a role in the
induction of chemokine-receptor expression, this occurrence
seems partially unlikely in this scenario, because potent acti-
vators of NF-«B, such as LPS, IL-1, and tumor necrosis
factor-a, down-regulate these genes. However, the study of
transcriptional and posttranscriptional events mediated by
these signals on chemokine-receptor genes may better define
this aspect. Thus, ROI accumulation may up-regulate certain
chemokine/chemokine-receptor systems by promoting their
expression. This finding may be particularly important in
ischemic diseases where an inflammatory infiltrate is a com-
ponent of the pathogenesis and ROI are the trigger for the
induction of inflammatory cytokines and chemokines. Thus,
prolonged and high expression of chemokine receptors and
agonists, such as those likely promoted by ROI in inflamma-
tory sites, may represent a detrimental factor for the control
and extinction of the inflammatory response, which could
favor inflammatory disorders. Our data also suggest that
activation of the chemokine system during oxidation may have
a potential impact in HI'V infection (34). Indeed, the chemo-
kine receptors CCR5 and CXCR4 are the main coreceptors for
macrophage- and T cell-tropic HI V-1 strains, respectively. Our
observations indicate that in addition to the observed increase
of the NF-«kB-dependent HI'V-1 long-terminal repeat activity,
cell oxidation may facilitate HIV infection by increasing
chemokine-receptor expression. Thus, the combination of
these events drastically may favor HIV-1 infection and repli-
cation, particularly considering the lower GSH levels observed
in HIV patients (5, 6, 35).
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In conclusion, our data suggest that ROI have an important

role in maintaining high expression of certain chemokine re-
ceptors, and they provide a mechanism that supports the concept
that targeting ROI with antioxidants might be useful in the
therapy of infective and inflammatory diseases.
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