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The Chemokine Receptors CXCR1 and CXCR2 Couple to
Distinct G Protein-Coupled Receptor Kinases To Mediate and
Regulate Leukocyte Functions

Sandeep K. Raghuwanshi,* Yingjun Su,†,‡ Vandana Singh,* Katherine Haynes,*

Ann Richmond,†,‡ and Ricardo M. Richardson*

The chemokine receptors, CXCR1 and CXCR2, couple to Gai to induce leukocyte recruitment and activation at sites of inflam-

mation. Upon activation by CXCL8, these receptors become phosphorylated, desensitized, and internalized. In this study, we

investigated the role of different G protein-coupled receptor kinases (GRKs) in CXCR1- and CXCR2-mediated cellular functions.

To that end, short hairpin RNAwas used to inhibit GRK2, 3, 5, and 6 in RBL-2H3 cells stably expressing CXCR1 or CXCR2, and

CXCL8-mediated receptor activation and regulation were assessed. Inhibition of GRK2 and GRK6 increased CXCR1 and

CXCR2 resistance to phosphorylation, desensitization, and internalization, respectively, and enhanced CXCL8-induced phosphoi-

nositide hydrolysis and exocytosis in vitro. GRK2 depletion diminished CXCR1-induced ERK1/2 phosphorylation but had no

effect on CXCR2-induced ERK1/2 phosphorylation. GRK6 depletion had no significant effect on CXCR1 function. However,

peritoneal neutrophils from mice deficient in GRK6 (GRK62/2) displayed an increase in CXCR2-mediated G protein activation

but in vitro exhibited a decrease in chemotaxis, receptor desensitization, and internalization relative to wild-type (GRK6+/+) cells.

In contrast, neutrophil recruitment in vivo in GRK62/2 mice was increased in response to delivery of CXCL1 through the air

pouch model. In a wound-closure assay, GRK62/2 mice showed enhanced myeloperoxidase activity, suggesting enhanced neu-

trophil recruitment, and faster wound closure compared with GRK6+/+ animals. Taken together, the results indicate that CXCR1

and CXCR2 couple to distinct GRK isoforms to mediate and regulate inflammatory responses. CXCR1 predominantly couples to

GRK2, whereas CXCR2 interacts with GRK6 to negatively regulate receptor sensitization and trafficking, thus affecting cell

signaling and angiogenesis. The Journal of Immunology, 2012, 189: 2824–2832.

C
XCL8/IL-8 (IL-8) is a member of the CXC subfamily of
chemokines that binds to seven transmembrane G protein-
coupled receptors (GPCRs), CXCR1 and CXCR2, to me-

diate and regulate leukocyte accumulation and activation at sites
of inflammation (1, 2). CXCR1 interacts predominantly with
CXCL8, whereas CXCR2 also binds CXCL1, 2, 3, 5, and 7 (3).
Upon activation, both receptors couple to pertussis toxin-sensitive
Gai proteins to activate phospholipase C, resulting in the gen-
eration of the intracellular messenger diacylglycerol and inositol
1,4,5-triphosphate. Following CXCL8 activation, CXCR1 and
CXCR2 become desensitized and internalized (4, 5). In contrast,
Gbg subunits activate PI3K, leading to the phosphorylation of
phosphoinositide (PI) (4,5) diphosphate to form PI (3,4,5) tri-
sphosphate, which activates many signal-transduction pathways
required for motility, growth, and gene expression.

Phosphorylation of GPCRs by GPCR kinases (GRKs) and re-
cruitment of clathrin-binding adaptor proteins to the cell membrane
are prerequisites for receptor desensitization (6, 7). Seven GRKs
(GRK1–7) have been identified and characterized (8). GRK1 and
GRK7 are exclusively expressed in the visual system: retinal rods
and cones, respectively (9). GRK2, GRK3, GRK5, and GRK6 are
expressed in most mammalian cell types, whereas GRK4 ex-
pression has been detected only in the testis, kidney, and cere-
bellum (9, 10). Genetic deletion in mouse and suppression of
expression of specific GRKs in transfected cell lines by small
interfering RNA targeting indicated that GPCRs may couple to
specific GRKs to modulate distinct, as well as similar, cellular
responses (11–14).
The role of GRK isoforms in chemokine receptor functions

remains ill-defined. Decreased expression of GRK2 correlates with
increased cellular responses to the CC receptors CCR2 and CCR5
(15–17). CCR7 was shown to couple to both GRK3 and GRK6 to
undergo receptor phosphorylation and desensitization, but only
GRK6 phosphorylation led to MAPK activation (18). Neutrophils
deficient in GRK6 displayed increased CXCR4 activation and
resistance to desensitization (19). Busillo et al. (20) also showed
that GRK2 and GRK3 are critical for CXCR4 desensitization and
postendocytic signaling. Altogether, these data suggest that the
chemokine receptors couple to specific GRKs to mediate and
regulate cellular functions.
Previous studies from our laboratory (4, 5) and those of other

investigators (21–23) showed that GRK-mediated phosphorylation
of specific amino acid residues in the cytoplasmic tails of CXCR1
and CXCR2 is critical for b-arrestin association, receptor inter-
nalization, and receptor-induced postendocytic signals in some
cell types. In this study, we sought to determine the role of dif-
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ferent GRKs in CXCR1- and CXCR2-mediated cellular functions.
To that end, RBL-2H3 cell lines, in which the expression of GRK2,
3, 5, or 6 was suppressed by short hairpin RNA (shRNA), and
mouse models of inflammation deficient in GRK6 were generated
to assess receptor activation and regulation. Taken together, the
results indicate that, upon activation by CXCL8, CXCR1 and
CXCR2 interact with distinct GRK isoforms to modulate leukocyte
functions.

Materials and Methods
Materials

[32P]Orthophosphate (8500–9120 Ci/mmol), myo-[2-3H]inositol (24.4
Ci/mmol), and [125I]CXCL8 were purchased from Perkin Elmer. IL-8
(CXCL8) and CXCL1 were obtained from PeproTech (Rocky Hill, NJ).
Indo-1, AM, Geneticin (G418), and all tissue culture reagents were pur-
chased from Invitrogen (Gaithersburg, MD). Monoclonal 12CA5 Ab,
protein G-agarose, and protease inhibitors were purchased from Roche
(Indianapolis, IN). Anti-human IL-8RA (CXCR1) and IL-8RB (CXCR2)
Abs were purchased from BD Pharmingen (San Jose, CA). Anti-GRK2/3
and anti-GRK5/6 were obtained from Millipore (Billerica, MA). Rabbit
anti-ERK1/2 and anti–phospho-ERK1/2 Abs were purchased from Cell
Signaling (Beverly, MA). Mission shRNA Plasmid DNA (pLKO.1-puro)
for GRK subtypes were purchased from Sigma Life Sciences (St. Louis,
MO) or obtained from Dr. Hydar Ali (University of Pennsylvania, Phila-
delphia, PA). All other reagents were from commercial sources.

Cell culture and transfection

RBL-2H3 cells were maintained as monolayer cultures in DMEM sup-
plemented with 15% heat-inactivated FBS, 2 mM glutamine, penicillin (100
U/ml), and streptomycin (100 mg/ml) (24). RBL-2H3 cells (1 3 107) were
transfected by electroporation with 20 mg pcDNA3 containing the receptor
cDNAs, and Geneticin-resistant cells were cloned into single cells and
confirmed by FACS analysis. The levels of protein expression were
monitored by FACS analysis (25). For shRNA-mediated gene silencing,
RBL-2H3 cells (13 107 cells) were transfected by electroporation with 20
mg Mission pLKO.1-puro containing shRNA for GRK2, GRK3, GRK5,
GRK6, or control plasmid. A mixed population of puromycin-resistant
cells was cloned into single cell using the limiting-dilution method. Levels
of mRNA transcript and protein expression were monitored by real-time
PCR and Western blotting.

FACS analysis

For flow cytometric analysis, RBL cells were detached by Versene treat-
ment, washed with HEPES-buffered HBSS, and resuspended in the same
medium. Cells (1–5 3 106 cells) were incubated with anti-CXCR1 or anti-
CXCR2 Abs (1 mg/ml) in a total volume of 400 ml HEPES-buffered HBSS
for 60 min at 4˚C. The cells were then washed and incubated with FITC–
anti-mouse IgG for 60 min at 4˚C. Cells were then washed and analyzed
for cell surface expression of the receptor on a Beckton Dickenson
FACScan cytometer (5).

Radioligand binding assays and receptor internalization

For receptor internalization, RBL-2H3 cells were subcultured overnight
in 24-well plates (0.5 3 106 cells/well) in growth medium. Cells were
then rinsed with DMEM supplemented with 20 mM HEPES (pH 7.4) and
10 mg/ml BSA and incubated with ligand for 0–60 min at 37˚C. Then,
cells were washed with ice-cold PBS and [125I]CXCL8 binding (0.1 nM)
was carried out, as described previously (5). Nonspecific radioactivity
bound to cells was determined in the presence of 500 nM unlabeled
CXCL8 (26).

PI hydrolysis, b-hexosaminidase release, and calcium
measurement

RBL-2H3 cells were subcultured overnight in 96-well culture plates (50,000
cells/well) in inositol-free medium supplemented with 10% dialyzed FBS
and 1 mCi/ml [3H]inositol. The generation of inositol phosphates was
determined, as reported (24, 27). For calcium mobilization, cells (5 3 106)
were washed with HEPES-buffered saline and loaded with 1 mM Indo-1,
AM in the presence of 1 mM pluronic acid for 30 min at room temperature.
The cells were then washed with HEPES and resuspended in 1.5 ml Sir-
iganian buffer. Intracellular calcium increase in the presence or absence of
ligands was measured, as described previously (28).

Receptor phosphorylation

Receptor phosphorylation was performed, as described previously (5, 25).
RBL-2H3 cells (5 3 106) expressing the receptors were incubated with
[32P]orthophosphate (150 mCi/dish) for 90 min. Then, labeled cells were
stimulated with the indicated ligands for 5 min at 37˚C. Cells were then
washed with ice-cold PBS and solubilized in 1 ml radioimmuno-
precipitation assay buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS. Cell
lysates were immunoprecipitated with specific Abs against the N terminus
of CXCR1 or CXCR2, analyzed by SDS electrophoresis, and visualized by
autoradiography.

Measurement of ERK activity

For ERK activity, RBL-2H3 cells (33 106) expressing CXCR1 or CXCR2
or peritoneal neutrophils from GRK62/2 mice and control littermates
(GRK6+/+) were washed three times with PBS and then resuspended in
PBS containing CXCL8 (100 nM) for different periods of time at 37˚C.
The reactions were stopped with ice-cold PBS; cells were collected by
centrifugation, lysed with radioimmunoprecipitation assay, and assayed for
protein concentration, as described previously (29). Equal amounts of
protein (20 mg) from each sample were resolved by 10% SDS-PAGE,
transferred to a nitrocellulose membrane, and probed with Ab against ei-
ther ERK1/2 or phospho-ERK1/2. Detection was carried out with HRP-
conjugated sheep anti-mouse Ab and by ECL.

Animals

All experiments were approved by and conformed to the guidelines of the
Animal Care Committee of North Carolina Central University, Vanderbilt
University School of Medicine, and/or Meharry Medical College. Animals
were housed five per cage in a room at 22 6 5˚C, with an alternating 12-h
light–dark cycle. GRK6-deficient mice (C57/BL6 background) were
kindly provided by Dr. Robert J. Lefkowitz (Howard Hughes Medical
Institute, Duke University Medical Center, Durham, NC). Male and female
mice were evaluated; age- and sex-matched littermates were used as
controls. All of the mice were genotyped at the age of 3 wk; DNA samples
were prepared from the tail tips with a DNeasy tissue kit (QIAGEN USA)
and subjected to triplex PCR, as described (30, 31).

Peritoneal recruitment of neutrophils

Zymosan was prepared in PBS to a final concentration of 1 mg/ml, and 1.0
ml was injected into the peritoneum of control and GRK6-deficient mice.
Mice were euthanized by CO2 asphyxiation, and the peritoneal cavity was
lavaged at 4 h postinjection with 8 ml ice-cold RPMI 1640 containing 2%
FBS and 2 mM EDTA. Cells were collected by centrifugation, counted,
and stained with Diff-Quick to assess the percentage of neutrophils (32).

Plasma membrane preparations

Zymosan-elicited peritoneal neutrophils were resuspended in homogenizing
buffer containing 25 mM Tris Buffer (pH 7.6), 5 mM MgCl2, and protease
inhibitors (1 ml/ml) and homogenized for 30 s with a Polytron. The ho-
mogenate was centrifuged at 150 3 g for 5 min, and the supernatant was
collected. The procedure was repeated twice, and the pooled supernatant
was centrifuged at 10,000 3 g for 10 min. The pellet was resuspended in
the same buffer (1 mg of protein/ml) and stored at 280˚C until use.

Intracellular Ca2+ mobilization, receptor internalization,
GTPase activity, and chemotaxis

Zymosan-elicited peritoneal neutrophils (3 3 106 cells) were washed with
HEPES-buffered saline and loaded with 1 mM Indo-1, AM for 30 min
at room temperature. The cells were washed and resuspended in 1.5 ml
HEPES-buffered saline, and intracellular Ca2+ mobilization was measured
as described (32). For receptor internalization, 5 3 105 neutrophils were
resuspended in 250 ml HBSS containing 25 mM HEPES and 0.1% BSA.
Cells were treated with recombinant murine CXCL1 (100 nM) at 37˚C for
different time periods. Reactions were stopped by adding 1 ml ice-cold
HBSS, followed by centrifugation at 1000 rpm for 2 min. Then, cells were
washed three times and assayed for [125I]CXCL1 binding, as previously
described (32). For GTPase activity, membranes (10 mg membrane
preparations/assay) were assayed, as described (32, 33), in the presence or
absence of 1 mM recombinant murine CXCL1. For chemotaxis, neutrophils
(∼50,000) were incubated at 37˚C with different concentrations of ligands.
Chemotaxis was assessed in 48-well microchemotaxis chambers using
polyvinylpyrrolidone-free membranes with 8-mm pores, as described pre-
viously (29). The results are representative of three separate experiments.
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Murine skin air pouch model of inflammation

GRK62/2 and littermate control mice (6–8 wk) were anesthetized with
isoflurane, and dorsal air pouches were raised by injecting 3 ml sterile air
s.c. on days 0 and 3, as described previously (34–36). On day 6, the mice
were anesthetized with isoflurane, and inflammation in the air pouch was
induced by local injection of recombinant murine CXCL1 (100 pmol)
dissolved in 0.5 ml sterile PBS. Mice were sacrificed 4 h after CXCL1
injection by CO2 asphyxiation, and air pouches were lavaged three times
with 3 ml PBS. Cells were collected by centrifugation at 2000 rpm for 5
min at room temperature. The supernatants were removed, and the cells
were resuspended in 10 ml PBS and counted. Aliquots of the cell sus-
pension were stained with Wright–Giemsa and enumerated by light mi-
croscopy (∼90% of the exudates are neutrophils).

Mouse skin excisional wounding procedures

Excisional punch wounds were made, as described previously, with slight
modifications (32, 37). GRK62/2 and wild-type mice (6–8 wk old) were
anesthetized with an i.p. injection of ketamine (100 mg/kg body weight)
and xylazine (10 mg/kg body weight) (Fort Dodge Animal Health, Fort
Dodge, IA). The dorsal surface of the mouse was cleaned, shaved, and
sterilized with betadine solution (Purdue Frederick, Norwalk, CT) and
70% ethanol. Two full-thickness excisional wounds were made in the
dorsal paravertebral region with a 4-mm-diameter punch (Acu-Punch, Fort
Lauderdale, FL). Wounds were covered and kept under occlusion by Spray
Bandage (Curad; Beiersdorf, Wilton, CT). Analgesics (Buprenex; Reckitt
& Colman Pharmaceuticals, Richmond, VA) were administered i.p. at
a dosage of 4.5 mg/kg body weight. All wounds were monitored visually
daily for signs of infection.

Myeloperoxidase assay

Myeloperoxidase (MPO) activity was assayed, as described previously (37,
38). Briefly, wound tissues from postwounding days 1–3 were harvested,
snap-frozen in liquid nitrogen, and homogenized in 1 ml phosphate buffer
containing 0.5% hexadecyl trimethyl ammonium bromide in 50 mM
phosphate buffer (pH 6). Hexadecyl trimethyl ammonium bromide is
a detergent that releases MOP from primary granules of neutrophils. After
sonication on ice for 15 s (Sonic Model 300; Fisher Scientific), tissue

homogenates were centrifuged at 20,000 3 g for 20 min at 4˚C. The
supernatants were collected, and their protein concentrations were mea-
sured using the Bio-Rad protein determination assay. Aliquots of the su-
pernatant containing equivalent amounts of 50 mg protein were mixed with
500 ml potassium phosphate buffer (50 mM [pH 6.0]) containing 0.2% O-
Dianisidine hydrochloride (Sigma Chemical, St. Louis, MO) and 0.0005%
H2O2. The reaction was initiated by the addition of H2O2. The change
in absorbance at 490 nm during a 2-min reaction period was measured
spectrophotometrically, using the Beckman-DU 7000 (Beckman Coulter,
Fullerton, CA). The absorbance values were compared for each aliquot of
wound tissue lysate from wild-type and GRK62/2 mice. The MPO values
of nonwounded skin tissues from each genotype served as controls.

Wound-closure analysis

Wounds were collected on postwounding days 3, 5, 7, and 10. Each wound
was centrally bisected, embedded in paraffin, and sectioned at 6 mm,
followed by staining with Gomori’s Trichrome. For wild-type or GRK62/2

mice, eight wound tissues from four mice were excised and analyzed for
each time point. The percentage of wound resurfacing was assessed by
morphometric analysis (39, 40) on tissue slide images using Image-Pro
Plus software.

Statistical analyses

Results are expressed as mean 6 SEM. Statistical differences between
groups were determined by the Student two-tailed paired t test; p values ,
0.05 were considered statistically significant.

Results
Role of GRKs in CXCR1 and CXCR2 desensitization

To determine the role of GRKs in CXCR2 regulation, RBL-2H3
cells stably expressing CXCR2 were transiently transfected with
Mission pLKO.1-puro containing shRNA for GRK2, GRK3,
GRK5, GRK6, or control plasmid. Forty-eight hours post-
transfection, cells were analyzed by RT-PCR (data not shown)
and immunoblotting. As shown in Fig. 1A, expression of GRK2,

FIGURE 1. Transient inhibition of GRK2, GRK3, GRK5, and GRK6 expression in RBL-2H3 cells and their effects on CXCR1 and CXCR2 desen-

sitization. (A) RBL cells (5 3 105 cells/well) were transfected with 20 mg of control (mock) or small interfering RNA specific for GRK2, GRK3, GRK5, or

GRK6. Forty-eight hours posttransfection, cells were lysed and analyzed by immunoblotting. (B) For receptor desensitization, GRK-deficient and control

(mock-transfected) RBL cells (5 3 106 cells) expressing CXCR1 or CXCR2 were loaded with Indo-1, AM in the presence or absence of 10 nM CXCL8

(left and middle columns) or CXCL1 (right column) for 30 min and assayed for CXCL8- or CXCL1-induced (10 nM) intracellular Ca2+ mobilization. Traces

shown are representative of three to five experiments. (C–E) Desensitization was determined as the percentage of control, which is the peak of intracellular

Ca2+ mobilization obtained in the absence of pretreatment. Data are the average of at least three traces. **p , 0.01, ***p , 0.001, Student t test.
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GRK3, GRK5, and GRK6 was inhibited by 90–95% relative to
control cells. For receptor desensitization, the peak of CXCL8-
induced intracellular Ca2+ mobilization was measured in cells
pretreated with 10 nM CXCL8 and compared with that of un-
treated cells. Pretreatment of RBL-CXCR1 cells (Fig. 1B, left
column, mock) or RBL-CXCR2 cells (Fig. 1B, middle column,
mock) desensitized response to a second dose by ∼63% (Fig. 1C,
mock) and ∼75% (Fig. 1D, mock), respectively. Loss of GRK2
expression (GRK22/2), but not loss of GRK3 (GRK32/2), GRK5
(GRK52/2), or GRK6 (GRK62/2) expression, significantly in-
creased CXCR1 resistance to desensitization (∼10% versus ∼63%
desensitization for GRK22/2 and mock cells, respectively), rela-
tive to control cells (Fig. 1B, 1C). In contrast, GRK62/2 cells (but
not GRK22/2, GRK32/2, or GRK52/2 cells) exhibited a signifi-
cant increase in CXCR2 resistance to desensitization (∼25%
versus ∼75% desensitization for GRK62/2 and mock cells, re-
spectively, Fig. 1B, 1D).
In addition to CXCL8, CXCR2 interacts with CXCL1, 2, 3, 5,

6, and 7 to mediate cellular responses (41). To further assess the
specificity of the CXCR2/GRK6 interaction, we measured
CXCL1-induced receptor desensitization in RBL-CXCR2 cells
deficient in GRKs (Fig. 1B, right column). As shown in Fig. 1E,
only GRK62/2 cells displayed a significant increase in receptor
resistance to desensitization (∼15% versus ∼91% desensitization
for GRK62/2 and control mock cells, respectively). These results
mirrored the ones obtained with CXCL8 and indicated that the
effect of GRK6 deficiency likely is receptor specific.

Effect of GRK2 and GRK6 inhibition on CXCL8-induced
receptor activation and regulation

To further assess the specificity of GRKs in receptor activation and
regulation, puromycin-resistant RBL-CXCR1 (Fig. 2A) and RBL-
CXCR2 (Fig. 2B) cells, in which GRK2 (CXCR1-GRK22/2 and
CXCR2-GRK22/2) and GRK6 (CXCR1-GRK62/2 and CXCR2-
GRK62/2) expression was stably suppressed, were generated by
single-cell cloning and confirmed by real-time PCR (data not
shown) and immunoblotting (Fig. 2C). The dose response of
CXCL8-induced b-hexosaminidase release was measured to as-
sess receptor activation. Maximum responses were ∼35 and ∼23%
of total for CXCR1-GRK6+/+ (Fig. 3A) and CXCR2-GRK6+/+

(Fig. 3B) cells, respectively. GRK6 inhibition had no effect on
CXCR1-mediated exocytosis (Fig. 3A), but it caused a ∼40%
increase in response to CXCR2 (Fig. 3B). Absence of GRK6
decreased CXCR2 phosphorylation (Fig. 3D, right panel, lane 8
versus lane 6) and internalization (Fig. 3C), with no effect on
CXCR1 (Fig. 3C, 3D, left panel).
The dose response of CXCL8-induced PI hydrolysis and

b-hexosaminidase release was also measured in GRK2-deficient
cells. As shown in Fig. 4, CXCR1-GRK22/2 cells exhibited

a marked increase in PI hydrolysis (∼35%) (Fig. 4A) and
b-hexosaminidase release (∼40%) (Fig. 4C) relative to control
CXCR1-GRK2+/+ cells. GRK2 inhibition had no effect on
CXCR2-mediated responses (Fig. 4B, 4D).
Attenuation of GRK2 also increased CXCR1 resistance to

phosphorylation (Fig. 4F, left panel, lane 4 versus lane 2) and
internalization (Fig. 4E), but it had no effect on CXCR2 (Fig. 4E,
4F, right panel, lanes 8 versus lane 6) relative to control GRK2+/+

cells.

Effect of GRK2 and GRK6 on CXCL8-induced ERK1/2
activation

To determine the effect of GRK2 and GRK6 in MAPK activation,
RBL-CXCR1 and RBL-CXCR2 cells were stimulated with CXCL8
(100 nM) for different periods of time, and cells lysates were
assayed for ERK1/2 phosphorylation. As previously shown (25, 33),
CXCR1 and CXCR2 induced time-dependent ERK1/2 phosphor-
ylation (Fig. 5). GRK2 depletion (GRK22/2) significantly inhibi-
ted CXCR1-mediated ERK1/2 phosphorylation (Fig. 5A, 5C), with
no significant effect on CXCR2 (Fig. 5B, 5D). GRK6 knockdown
had no significant effect on CXCR1- or CXCR2-mediated ERK1/2
phosphorylation (Fig. 5).

Effect of GRK6 deletion on leukocyte functions

To further determine the effect of GRK6 inhibition on CXCR2
functions, zymosan-induced peritonitis was used to recruit neu-
trophils into the peritoneal cavity of GRK6-deficient mice
(GRK62/2) and littermates (GRK6+/+). Membranes were prepared
and assayed for murine CXCL1-induced G protein activation.
Membrane preparations from GRK62/2 peritoneal neutrophils
displayed a robust increase (∼40%) in CXCL1-mediated response
(∼1.3 pmol 32Pi released/mg protein) relative to GRK6+/+ cells
(∼0.7 pmol 32Pi released/mg protein) (Fig. 6A).
CXCL1-induced intracellular Ca2+ mobilization in peritoneal

neutrophils was also measured to assess receptor desensitization.
As shown in Fig. 6B, pretreated neutrophils from GRK6+/+ ani-
mals showed ∼70% decrease in CXCL1-mediated Ca2+ mobili-
zation relative to untreated cells (225 6 25 and 69 6 27 nM for
control and pretreated cells, respectively). Cells from GRK62/2

animals displayed only ∼20% desensitization (2446 41 and 197 6
59 nM for control and pretreated cells, respectively), which did
not reach statistical significance. These results mirrored the one
obtained with CXCR2-GRK62/2 RBL cells and indicated that
deletion of GRK6 increased CXCR2 resistance to desensitization.
Receptor internalization was also assessed in cells pretreated

with CXCL1 (100 nM) for different periods of time (Fig. 6C).
GRK6+/+ cells showed a rapid decrease in receptor binding (∼95%
after 30 min of pretreatment). However, CXCR2 from GRK62/2

cells was more resistant to internalization (∼75% after 30 min of

FIGURE 2. Stable knockdown of GRK2 and GRK6 expression in RBL-2H3 cells stably expressing CXCR1 and CXCR2. Representative graph of FACS

analysis showing surface expression of CXCR1 (A) and CXCR2 (B) in RBL-2H3 cells after staining with CXCR1- or CXCR2-specific Abs. (C) RBL-2H3

cells expressing CXCR1 (left panel) or CXCR2 (right panel) were transfected with scrambled shRNA control lentivirus (mock) or shRNA lentivirus

specific for GRK2 or GRK6 knockdown. Puromycin-resistant cells were selected, and single clones were generated and analyzed by immunoblotting.
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pretreatment). CXCL1-mediated chemotaxis in vitro was signifi-
cantly inhibited in peritoneal neutrophils from GRK62/2 animals
relative to control GRK6+/+ cells (Fig. 6D).
We next determined the effect of GRK6 inhibition on CXCR2-

mediated MAPK activation by measuring CXCL1-induced ERK1/
2 phosphorylation (Fig. 7A). GRK6+/+ neutrophils showed a rapid
(∼23% at 1 min), but transient, increase in CXCL1-induced
ERK1/2 phosphorylation (Fig. 7B, s). However, the response in
GRK62/2 cells was delayed (∼10% at 1 min) but sustained (Fig.
7B, d). However, the transient effect observed at ∼1 min in
GRK62/2 cells was not statistically significant (p . 0.05) relative
to control (GRK6+/+ cells).

Role of GRK6 in CXCR2-mediated neutrophil migration in vivo

Deletion of b-arrestin-2 inhibited CXCL1-mediated chemotaxis
in vitro but enhanced neutrophil infiltration in vivo in the air pouch
model of skin inflammation (32). To determine whether GRK6
deletion affected neutrophil migration in vivo, air pouches were
created in GRK62/2 mice and their littermates (GRK6+/+). PBS-
induced neutrophil recruitment in GRK6+/+ mice (∼1.6 3 106

cells) was similar to that of GRK62/2 animals (∼1.8 3 106 cells)
(Fig. 8A, white bars). In contrast, injection of CXCL1 (100 pmol)
into the air pouch 6 d after it was raised induced greater neutrophil
accumulation (∼ 5.7 3 106 cells) in GRK62/2 mice relative to
control GRK6+/+ animals (∼3.1 3 106 cells; p , 0.05) (Fig. 8A,
black bars).
Neutrophil infiltration was further determined by MPO assays

performed on excisional wound tissue extracts. MPO activity of
wild-type and GRK62/2 mouse wounds increased sharply at 24 h
postwounding and was sustained over postwound day 3 (Fig. 8B).
However, the MPO activity in wounds from GRK62/2 mice was
significantly higher (∼1 and ∼2-fold increase postwounding day 1
and 2, respectively) than was that in wounds from wild-type mice
(Fig. 8B). This was followed by a marked decrease in MPO ac-
tivity to the level exhibited in wounds from wild-type mice at
postwounding day 3.
Wound re-epithelialization was also increased in GRK62/2mice

relative to wild-type animals. The percentage of epidermal

resurfacing for GRK6+/+ mouse wounds at days 3, 5, and 7 was 37,
68, and 97%, respectively. Wound resurfacing percentages for
GRK62/2 mice were increased significantly to 58% at day 3 (p ,
0.05). Wounds from both genotypes were similar at days 5 and 7,
and each was completely re-epithelialized by postwounding day
10 (Fig. 8C).

Discussion
CXCR1 and CXCR2 bind the proangiogenic ELR-positive (glutamic
acid-leucine-arginine) chemokines to mediate cellular responses,
including chemotaxis and angiogenesis. These responses are
regulated by phosphorylation of the receptors at specific serine
and threonine residues of the C terminus, leading to uncoupling of
the receptor from G protein and, thereby, promoting receptor
desensitization and downregulation (11). CXCR1 and CXCR2
are phosphorylated via two mechanisms: a protein kinase C-
dependent mechanism and a GRK-dependent mechanism (4, 28,
42). GRKs are known to phosphorylate the agonist-occupied re-
ceptor to promote arrestin recruitment and receptor internalization
(10). Upon CXCL8 activation, CXCR1 internalizes slowly (∼45%
after 60 min) but recovers rapidly (∼100% after 90 min), whereas
CXCR2 internalizes rapidly (∼95% after 5–10 min) but recovers
slowly (∼35% after 90 min) at the cell surface (4, 5, 42–45). This
distinction appears to play a critical role in the ability of the
receptors to activate certain leukocyte responses, including re-
spiratory burst and cross-regulatory and postendocytic signals (4,
5). Thus, defining the role of specific GRK isoforms in CXCR1
and CXCR2 activation and regulation is essential to the under-
standing of the distinct roles played by these receptors in in-
flammation. The results identified GRK2 and GRK6 as critical
kinases in the regulation of CXCL8-mediated cellular functions.
First, suppression of GRK2 and GRK6 expression significantly in-
creased CXCR1 and CXCR2 resistance, respectively, to CXCL8-
mediated receptor phosphorylation, desensitization (p , 0.01),
and internalization (p , 0.05) (Figs. 1, 3, 4). Second, as a con-
sequence of GRK2 or GRK6 inhibition, both receptors displayed
increased CXCL8-induced cellular responses, including PI hy-
drolysis and b-hexosaminidase release, but decreased ERK1/2

FIGURE 3. GRK6 inhibition enhances CXCR2-

mediated exocytosis and decreases receptor phos-

phorylation and internalization. (A and B) For b-hex-

osaminidase release, cells (50,000/well) were cultured

overnight, washed with HEPES-buffered saline, and

stimulated with different concentrations of CXCL8

for 10 min. Supernatant (15 ml) was removed, and

b-hexosaminidase release was measured. Data repre-

sent the percentage of total b-hexosaminidase release

from cell lysates. The experiments were repeated four

times with similar results. (C) For receptor internali-

zation, cells (0.5 3 106/well) were treated with

CXCL8 (100 nM) or vehicle control for 60 min and

assayed for [125I]CXCL8 binding. Data represent the

percentage of total [125I]CXCL8 bound to control

(untreated) cells. (D) For receptor phosphorylation,
32P-labeled GRK6+/+ (lanes 1, 2) and GRK62/2

(lanes 3, 4) RBL cells (5 3 106 cells/60-mm plate)

expressing CXCR1 (left panels) or CXCR2 (right

panels) were incubated for 5 min with (lanes 2, 4) or

without (lanes 1, 3) 100 nM CXCL8. Cells were

lysed, immunoprecipitated with CXCR1 and CXCR2

Abs, analyzed by SDS-PAGE, and autoradiographed.

The results shown are from a representative experi-

ment that was repeated twice. **p , 0.01.
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activation (Figs. 3–5). Third, consistent with the results obtained
in RBL cells, peritoneal neutrophils from mice deficient in GRK6
expression exhibited a significant increase in murine CXCR2-
mediated G protein activation and receptor resistance to desensi-

tization and internalization but a decrease in chemotaxis relative
to cells from wild-type GRK6+/+ mice (Fig. 6).
In contrast to the decrease in chemotaxis observed in vitro,

CXCL1-induced neutrophil accumulation into the dorsal air pouch

generated in GRK62/2 mice showed a 2-fold increase relative to

control GRK6+/+ animals (Fig. 8A). Peritoneal neutrophils from

mice deficient in b-arrestin-2 expression (barr22/2) also dis-

played decreased chemotaxis in vitro but increased recruitment in

the air pouch model of inflammation (32). In both cases, the

knockout cells showed increased CXCR2-mediated G protein ac-

tivation in membranes and receptor resistance to desensitization

and internalization. Previous studies with transfected cell lines

expressing phosphorylation-deficient mutants of CXCR1 and

CXCR2 showed that decreased receptor internalization correlated

with decreased CXCL8-mediated chemotaxis but increased

receptor-mediated G protein activation, second messenger pro-

duction, and exocytosis (5). Thus, the increase in CXCL1-induced

neutrophil accumulation into the air pouch relative to wild-type

animals could be a consequence of the increased receptor activity

that resulted in greater secretion of proteases and tissue perme-

ability, thereby facilitating cell migration. A second explanation

could be the difference between the air pouch and the Transwell

assays used to measure chemotaxis. A third explanation could be

that b-arrestin plays a negative-regulatory role, such that loss of

this negative regulator results in enhanced chemotaxis that is more

apparent in vivo than in vitro, possibly involving the microenvi-

ronment of the cells. Interestingly, as was the case with barr22/2

mice (32), cutaneous excisional wounds in GRK62/2 animals

displayed a significant increase in MPO activity in the wound bed,

as well as rapid wound re-epithelialization relative to GRK6+/+

animals (Fig. 8B, 8C), which likely indicates greater CXCR2-

induced angiogenesis.
It was shown recently that inhibition of GRK6 in mast cells

promoted ERK1/2 phosphorylation but attenuated C3aR-mediated

degranulation (46). However, inhibition of GRK6 in the RBL-

2H3 mast cell line had no significant effect on CXCR2-mediated

ERK1/2 phosphorylation, but it enhanced b-hexosaminidase re-

lease in response to CXCL8 (Figs. 3, 5). This difference likely

indicates that the two receptors couple to distinct pathways to

activate MAPK and mediate granule release in mast cells.

Suppression of b-arrestin-1 expression in mast cells inhibited

C3aR-mediated ERK1/2 activation (47). In contrast, inhibition

of b-arrestin-2, not b-arrestin-1, was shown to decrease CXCR2-

induced ERK1/2 activation (48). In addition, attenuation of GRK6

had no effect on C3aR desensitization, but it increased CXCR2

FIGURE 4. GRK2 knockdown increases CXCR1-mediated exocytosis

but decreases receptor phosphorylation and internalization. (A and B) For

the generation of inositol phosphates, cells (50,000/well) were cultured

overnight in the presence of [3H]inositol (1 mC/ml), washed with HEPES-

buffered saline, preincubated for 10 min at 37˚C with HEPES-buffered

saline containing 10 mM LiCl in a total volume of 200 ml, and stimulated

with different concentrations of CXCL8 for 10 min. The supernatant was

used to determine the release of inositol phosphates. (C and D) b-hexos-

aminidase release was measured as described for (A) and (B). Data rep-

resent the fold change over basal PI (A, B) or the percentage of total

b-hexosaminidase release from cell lysates (C, D) and are the average of

three experiments performed in triplicate. Receptor internalization (E) and

phosphorylation (F) were measured as described in the legend of Fig. 3.

The results are the mean (E) or a representative (F) of three experiments.

*p , 0.05, Student t test.

FIGURE 5. Effect of GRK2 and GRK6 knock-

down on CXCR1-induced (A) or CXCR2-induced

(B) ERK1/2 phosphorylation: RBL-2H3 cells were

stimulated with CXCL8 (100 nM) for 0–20 min.

ERK1/2 phosphorylation and total ERK were deter-

mined by Western blotting using anti–phospho-

ERK1/2 (pERK1/2) and anti-total ERK1/2 (ERK1/2)

Abs, respectively. Results shown are the percentage

of total ERK and are the average of three experiments

(C) for CXCR1 and (D) for CXCR2.
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resistance to receptor phosphorylation, desensitization, and inter-
nalization (46) (Figs. 3C, 3D, 6B, 6C).
Although GRK2 and GRK6 appeared to be the important GRKs

in CXCR1 and CXCR2 regulation, respectively, the possibility
exists that other isoform(s) may participate in receptor-mediated
postendocytic signals. Indeed, GRK2 depletion significantly at-
tenuated CXCR1-mediated ERK1/2 activation, whereas response
to CXCR2 was not affected by GRK2 or GRK6 inhibition (Fig. 5).
The V2 vasopressin receptor was shown to couple to GRK2 and

GRK3 to undergo receptor phosphorylation and desensitization,
but it couples to GRK5 and GRK6 to mediate postendocytic
signals, including ERK1/2 activation (49). C3aR desensitization
and internalization are also mediated through GRK2- and GRK3-
dependent pathways, whereas exocytosis and MAPK activation
are modulated through GRK5 and GRK6 (46). CCR7 was also
shown to couple to both GRK3 and GRK6 to undergo phos-
phorylation and desensitization, but only GRK6 phosphorylation
led to MAPK activation (18). CXCR4 was shown to couple to
GRK2, GRK3, and GRK6 to modulate ERK1/2 activation (20).
Inhibition of GRK2 in RBL-2H3 cells totally prevented CXCR1

endocytosis (∼40% versus ∼100% for GRK2+/+ and GRK22/2

cells, respectively, after 60 min, Fig. 4E), whereas the effect of
GRK6 depletion on CXCR2 was partial (∼5% versus ∼65% for
GRK6+/+ and GRK62/2 cells, respectively, after 60 min, Fig. 3C).
Previous studies using transfected cells lines expressing wild-type
and mutant receptors showed that, in addition to GRK-mediated
receptor phosphorylation and arrestin-dependent internalization,
CXCR2 internalizes through a receptor phosphorylation/arrestin-
independent process (5, 32). Thus, this partial inhibition of re-
ceptor internalization may be due to the receptor’s ability to
scaffold to other adaptor protein, such as adaptor protein-2 and the
heat shock cognate/heat shock protein 70-interacting protein, to
internalize (50, 51). Supporting that contention is that, in mouse
embryonic fibroblasts deficient in both b-arrestin-1 and b-arrestin-
2 (barr1/22/2), CXCR2 internalization was simply delayed rela-
tive to control mouse embryonic fibroblasts (barr1/2+/+) (48).

FIGURE 6. CXCL1-induced GTPase activity (A), intracellular Ca2+

mobilization (B), chemotaxis (D), and receptor internalization (C) in

neutrophils from mice deficient in GRK6 (GRK62/2) relative to wild-type

mice (GRK6+/+). Zymosan-elicited peritoneal neutrophils were collected

from mice deficient in GRK6 (GRK62/2) and control littermates (GRK6+/+).

(A) Membranes were prepared from zymosan-elicited peritoneal neu-

trophils and assayed for time-dependent CXCL1-stimulated 32Pi released.

Results shown are representative of one of two experiments performed in

triplicate. (B) Cells (3 3 106 cells) were Indo-1, AM loaded, pretreated or

not with CXCL1 (100 nM), and stimulated with 10 nM CXCL1. The data

shown are representative of at least three traces. (C) Cells (0.5 3 106 cells)

were treated with CXCL1 (100 nM) for different periods of time and

assayed for [125I]CXCL1 binding. Data represent the percentage of total

[125I]CXCL8 bound to control (untreated) cells. (D) Cells were incubated

with calcein AM ionophore for 30 min and resuspended (1.0 3 105/20 ml)

in RPMI 1640 without phenol red. Different concentrations of CXCL8

were loaded in a Neuro Probe 96-well plate. The cells were added to the

top of the filter and incubated for 2 h at 37˚C. After incubation, the top of

the filter was washed five times with medium, and fluorescence intensity

of the bottom well plate was measured in a Perkin Elmer fluorescence

microplate reader. The experiment was repeated three times in triplicate.

*p , 0.05, **p , 0.01, ***p , 0.001, Student t test.

FIGURE 7. CXCL1-induced ERK activity. (A) Zymosan-elicited peri-

toneal neutrophils from GRK62/2 and GRK6+/+ mice were treated with

CXCL1 for different periods of time. Cell lysates were assayed for ERK

phosphorylation using phospho-ERK Ab. (B) The extent of ERK1/2

phosphorylation is expressed as percentage of total ERK1/2 and is the

average of three experiments.

FIGURE 8. Effect of GRK6 knockdown on leukocyte migration, MPO

activity, and wound re-epithelialization. (A) Six-day air pouches were

raised in the dorsum of 6–8-wk-old GRK62/2 mice and their littermates

(GRK6+/+). Mice were injected with 0.5 ml PBS or PBS containing murine

CXCL1 (100 pmol). Exudates were collected after 4 h, and the total

number of leukocytes (∼90% neutrophils) was enumerated. (B) Wound

extracts from GRK62/2 and wild-type GRK6+/+ mice were harvested, and

MPO activity within each wound bed was determined spectrophotomet-

rically. The mean 6 SEM value of four wounds for each time point for

each mouse genotype is shown. (C) Percentage of epidermal resurfacing

for wounds from wild-type GRK6+/+ and GRK62/2 animals was measured

on days 3, 5, 7, and 10, as described in Materials and Methods. The value

for each time point is the mean6 SEM of eight wounds. *p, 0.05, **p,
0.01, Student t test.
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In summary, the data in this study indicate that GRK2 and GRK6
negatively regulate CXCR1- and CXCR2-mediated neutrophil
functions. However, two questions remain to be addressed. First,
under physiological conditions, CXCL8 exists as a mixture of
dimer and monomer (52). It was previously shown that the mo-
nomeric and dimeric forms of CXCL8 differ in their ability to
activate and regulate CXCR1 and CXCR2 (33). Thus, it is possible
that the monomer/receptor and dimer/receptor complexes may
couple to different GRK isoforms to mediate and regulate cellular
responses. Second, using receptor-specific Abs, it was recently
shown that phosphorylation of specific serine or threonine residues
on the cytoplasmic tail of the b2-adrenergic receptor and CXCR4
by specific GRKs governs the ability of the receptors to complex
with b-arrestins and modulate cellular activities (53). CXCR1 and
CXCR2 possess several serine and threonine residues in their
cytoplasmic tails, which are critical for receptor phosphorylation,
desensitization, downregulation, and postendocytic activities (5).
Thus, defining the specific role of these residues in receptor ac-
tivation and regulation may provide new insights into the role
of CXCL8 in inflammation, tumor progression, and metastasis, as
well as new targets for therapeutic interventions.
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