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Abstract
Monocytes are critical effector cells of the innate immune system that protect the host by
migrating to inflammatory sites, differentiating to macrophages and dendritic cells, eliciting
immune responses, and killing pathogenic microbes. Monocyte chemoattractant protein
1(MCP-1), also known as CCL2, plays an important role in monocyte activation and migration.
Chemotactic function of MCP-1 is mediated by binding to the CCR2 receptor, a member of the G
protein-coupled receptor (GPCR) family. Desensitization of GPCR chemokine receptors is an
important regulator of the intensity and duration of chemokine stimulation. G protein-coupled
receptor kinases (GRKs) induce GPCR phosphorylation, and this leads to GPCR desensitization.
Regulation of subcellular localization of GRKs is considered an important early regulatory
mechanism of GRK function and subsequent GPCR desensitization. Chemokines and LPS are
both present during Gram-negative bacterial infection, and LPS often synergistically exaggerates
leukocyte migration in response to chemokines. In this study, we investigated the role of, and
mechanism of, LPS-TLR4 signaling on the regulation of monocyte chemotaxis. We demonstrate
that LPS augments MCP-1-induced monocyte migration. We also show that LPS, through p38
MAPK signaling, induces phosphorylation of GRK2 at serine 670, which, in turn, suppresses
GRK2 translocation to the membrane, thereby preventing GRK2-initiated internalization and
desensitization of CCR2 in response to MCP-1. This therefore results in enhanced monocyte
migration. These findings reveal a novel function for TLR4 signaling in promoting innate immune
cell migration.
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Introduction
Monocytes are critical effector cells of the innate immune system that protect the host by
migrating to inflammatory sites, differentiating to macrophages and dendritic cells, eliciting
immune responses, and killing pathogenic microbes (1, 2). Monocyte migration is tightly
regulated by signaling mechanisms activated by chemokines, which act through chemokine
receptors to direct monocyte migration along a concentration gradient (3).

Monocyte chemoattractant protein 1(MCP-1), also known as CCL2, is a 13 kD chemokine
that plays an important role in monocyte activation and migration (4). MCP-1 is released
from both hematopoietic and non-hematopoietic cells, including monocytes/macrophages,
dendritic cells (DCs), astrocytes, endothelial cells and fibroblasts (5). MCP-1 derived from
these MCP-1-produce cells contributes to the migration of monocytes into local tissue and
organ during infection and inflammation (6). Physiological function of MCP-1 is mediated
by binding to the CCR2 receptor, a member of the G protein-coupled receptor (GPCR)
family (7).

Desensitization of GPCR family of chemokine receptors is an important determinant of the
intensity and duration of agonist stimulation (8, 9). Receptor desensitization regulates not
only the number of migrating cells, but also their motility and ability to stop upon contact
with pathogens or target cells (8). G protein-coupled receptor kinases (GRKs) induce GPCR
phosphorylation and thereby signal GPCR desensitization (10). GRKs constitute a family of
seven mammalian serine and threonine protein kinases (11, 12). GRK2 is a member of the
GRK family, which has been shown to modulate a variety of functions in leukocytes (13).
Activity of GRKs is tightly regulated by three mechanisms: (i) subcellular localization, (ii)
alterations in intrinsic kinase activity and (iii) alterations in GRK expression (14).
Regulation of GRK subcellular localization therefore represents a logical means of
regulating monocyte migration. However, the regulation of subcellular localization of GRKs
in monocytes and their effects on monocytes behavior remain unknown.

LPS, a component of the outer membrane of Gram-negative bacteria, is a specific ligand for
TLR4 and induces a range of inflammatory responses including production of pro-
inflammatory mediators and induction of migration of innate immune cells to the site of
infection (15). In this study, we investigated the role of, and the mechanism of, LPS-TLR4
signaling in regulating monocyte chemotaxis. We demonstrate that LPS augments MCP-1-
induced monocyte migration. We also show that LPS, through p38 MAPK signaling,
induces phosphorylation of GRK2 at Ser670, which in turn, suppresses GRK2 translocation
to the membrane, thereby preventing GRK2-initiated internalization and desensitization of
CCR2 in response to MCP-1. This therefore results in enhanced monocyte migration. These
findings reveal a novel function for TLR4 signaling in promoting innate immune cell
migration.

Materials and Methods
Animals

Male C57BL/6 wild-type (WT) mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). TLR4 knockout (TLR4−/−) mice on a C57BL/6 background were bred in Dr.
Billiar’s lab at the University of Pittsburgh. All experimental protocols involving animals
were approved by Institutional Animal Care and Use Committee of VA Pittsburgh
Healthcare System and University of Pittsburgh.
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Cell culture
The preparation of murine bone marrow-derived monocytes (BMDM) was performed as
previously described (16). Bone marrow cells were isolated by flushing femurs and tibias of
8- to 12-week-old C57BL/6 mice or TLR4−/− mice with Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS). Erythroid cells were lysed
with red blood cells lysis buffer (eBioscience, San Diego, CA) and then were washed twice
with DMEM, adjusted to a cell suspension of 1 × 106 cells/ml, and seeded in 6 cm ultra-low
attachment surface plates (Corning Costar, Corning, NY). Cells were supplemented with 20
ng/ml rmM-CSF (colony-stimulating factor, Sigma-Aldrich, St. Louis, MO) and cultured in
a humidified incubators at 37°C and 5% CO2 for 5 days. BMDMs were collected from the
non-adherent cell population by centrifugation of cell culture supernatant at 1000rpm for 10
min. RAW 264.7 cells, a mouse macrophage cell line obtained from American Type Culture
Collection (Rockville, MD), were also used in the experiments, and were cultured in DMEM
containing 10% FBS.

Cell migration assay
Cell migration assay was performed in chemotaxis microchambers (Neuroprobe,
Gaithersburg, Maryland) (15, 17). The lower well of the chemotaxis microchambers was
filled with DMEM containing 0.2% BSA and different concentrations of recombinant mouse
MCP-1 (BioLegend, San Diego, CA). The upper well was loaded with monocytes in
suspension (50,000 cells) with or without LPS (100 ng/ml) (18). In some cases, monocytes
were preincubated with a variety of MAPK inhibitors: p38 inhibitor SB203580 (10 μM, Cell
Signaling Technology, Boston, MA); ERK inhibitor PD98059 (50 μM, Cell Signaling
Technology, Boston, MA) (19); or JNK inhibitor SP600125 (10 μM, Sigma-Aldrich, St.
Louis, MO) for 30 min (20). The chamber was incubated in humidified air with 5% CO2 at
37°C for the time as indicated. At the end of experiment, the membrane between the upper
and lower wells was fixed and stained with Wright-Giemsa stain (Sigma-Aldrich, St. Louis,
MO). Cell migration was determined by counting the number of cells that had migrated
through the filter as determined by three random high-power microscope fields (x400). A
chemotactic index (CI) was used to express chemotactic activity and was measured by
calculating the number of monocytes that migrated across the membrane divided by the
number of monocytes that migrated spontaneously towards blank medium in control group.
All experiments were performed in triplicate.

Measurement of Cell Surface CCR2
Monocytes and RAW264.7 cells were pretreated with p38 inhibitor SB203580 (10 μM),
ERK inhibitor PD98059 (50 μM) (19) or JNK inhibitor SP600125 (10 μM) for 30 min at
37°C and then were stimulated with MCP-1 (200 ng/ml) in the presence or absence of LPS
(100 ng/ml) for the time as indicated. The treatment was stopped by addition of ten-times
volume of ice-cold FACS buffer (0.1% sodium azide, 2% BSA, PBS). The cells were then
incubated with CCR2 antibody for 1h on ice, followed by incubation with FITC-labeled
secondary antibody (abcam, Cambridge, MA) and PE-labeled CD11b antibody
(eBioscience, San Diego, CA) for 1 h on ice. The cells were washed and analyzed using
flow cytometer (FACSCalibur; Becton Dickinson). The cutoff to define chemokine receptor-
positive cells was set according to the staining with the isotype control antibody. Monocytes
were identified by their light-scatter properties and expression of CCR2 and CD11b.

GRK2 RNA interference
Accell small interfering RNA (siRNA; Dharmacon, Lafayette, CO) was used to knockdown
GRK2 (21). Briefly, RAW264.7 cells (3 × 105/well) were seeded in 6 cm plates and
incubated for 16 h. The growth media was removed and cells were transfected with 25nM
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Adrbk1 Accell siRNA, according to the manufacturer’s instructions, and were incubated for
additional 48 h. Cells were then collected for detection of GRK2 protein expression.

Membrane-bound GRK2 assay
BMDM were stimulated with MCP-1(200 ng/ml) in the presence or absence of LPS (100 ng/
ml) for up to 1 h. Cells incubated with DMEM medium only were used as a negative
control. In some cases, cells were pretreated with p38 inhibitor SB203580 (10 μM), ERK
inhibitor PD98059 (50μM), or JNK inhibitor SP600125 (10 μM) for 30 min at 37°C before
MCP-1 treatment. The reactions were quenched by addition of 10 ml of ice-cold PBS, and
cell membrane proteins were extracted using ProteoExtract Native Membrane Protein
Extraction Kit (Milipore, Billerica, MA) (22), and concentrated by utilizing ProteoExtract
Protein Precipitation Kit (Milipore, Billerica, MA). The resultant proteins were resuspended
in 2x Laemmli buffer and boiled for 10 min for SDS-PAGE. Rabbit polyclonal antibody to
GRK2 (Santa Cruz Biotechnology, Inc. Santa Cruz, CA) was used for detection of
membrane-bound GRK2. GRK2 and actin levels in the cell supernatant were also examined.
The images presented in the results are representatives of at least three independent
experiments. The densitometry analysis of blots was performed using the NIH-developed
ImageJ software, and depicted as the mean ± SEM of the percentage changes in the ratio of
membrane-bound GRK2/cytosal-GRK2 in the monocytes, which were normalized by the
density of actin, from three experiments.

In vivo monocytes migration study
MCP-1-induced monocyte migration into the lungs was studied in vivo. MCP-1(50 ng per
mouse) and/or LPS (25 ng per mouse) was intratracheally injected into WT or TLR4−/−

mice, and at 6 h after MCP-1 and/or LPS injection, bronchoalveolar lavage fluid (BALF)
was collected for monocyte counts.

Data Presentation and Statistical Analysis
The data are presented as mean ± SEM of the indicated number of experiments. Statistical
significance among group means was assessed by ANOVA. Student Neuman-Keuls post-
hoc test was performed. Differences were considered significant at p<0.01.

Results
LPS-TLR4 augments MCP-1-induced monocytes migration

Monocyte migration to the site of infection is an essential part of first line immune defenses.
MCP-1 plays an important role in initiating monocyte activation and migration (23). LPS,
however, promotes innate immune cell migration through an as yet unclear mechanism. In
order to address the influence of LPS on chemokine-induced monocyte migration, we used a
Boyden chamber assay (24), in which monocyte migration was driven by MCP-1. As shown
in Fig. 1A, within a MCP-1 concentration range of 0 to 20 ng/ml, MCP-1 induced monocyte
migration in a dose-dependent manner, whereas, a higher concentration of 200 ng/ml of
MCP-1 decreased monocyte migration, possibly due to a rapid induction of chemokine
receptor desensitization (15, 25). Importantly, while LPS alone failed to induce monocyte
migration, LPS significantly augmented monocyte migration in response to MCP-1 in a
concentration rage of 2ng/ml ~ 200 ng/ml (Fig. 1A). This effect of LPS was mediated
through TLR4, since TLR4-deficiency completely prevented the LPS-enhanced monocyte
migration in response to MCP-1 (Fig. 1B).

The augmenting effects of LPS on MCP-1-induced chemotaxis shown in vitro were also
shown in vivo in mice. Intratracheal (i.t.) instillation of MCP-1 in WT mice, induced
monocyte infiltration into the lungs in a time-dependent manner (Fig. 1C), and LPS given
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i.t. significantly enhanced this MCP-1-induced monocyte infiltration in the lungs at 6 h after
MCP-1 stimulation (Fig. 1D). Also, consistent with the in vitro findings, genetic deletion of
TLR4 prevented LPS-enhanced monocyte migration into the lungs (Fig. 1D). In addition, we
observed using light microscopy that in WT mice LPS alone did not induce monocyte
infiltration in the lungs, but instead induced neutrophil sequestration in the lungs (Fig. 1E).
Taken together, these results indicate that LPS signals via TLR4 to augment, but not directly
induce, monocyte migration in response to chemoattractants through a mechanism that is
different from LPS-induced neutrophil migration.

LPS-TLR4 augments MCP-1-induced monocyte migration by modulating cell surface
expression of CCR2 receptors

Upon agonist activation of receptors, a rapid attenuation of receptor responsiveness, called
desensitization, occurs through feedback mechanisms, which prevent acute and chronic
over-stimulation of the receptor (26). Receptor internalization is a major mechanism of
receptor desensitization (7, 27). It has been reported that MCP-1 induces CCR2
internalization, and therefore regulates the desensitization of its receptor in monocytes (28).
In order to elucidate the effect of LPS on MCP-1-induced CCR2 internalization, we detected
cell surface CCR2 expression on monocytes following MCP-1 and/or LPS treatment using
flow cytometry. As shown in Fig. 2A, MCP-1 induced decrease in cell surface expression of
CCR2 in a time-dependent manner. However, LPS prevented MCP-1-induced CCR2
internalization as shown in Fig. 2B. This effect of LPS was blocked by TLR4 deficiency
(Fig. 2B). The data suggest that LPS-TLR4 augments MCP-1 induced monocyte migration
by modulating cell surface expression of CCR2.

GRK2 is a key molecule regulating MCP-1-induced CCR2 internalization
GRK2 is known to promote CCR2 desensitization through phosphorylation (29). To
determine the role of GRK2 in mediating MCP-1-induced CCR2 internalization in
monocytes/macrophages, we used an RNA interference approach to knockdown GRK2 in
RAW264.7 cells, and analyzed the influence of GRK2 knockdown on cell surface
expression of CCR2 and the ability of monocytes to migrate. Transfection of Accell small
interfering RNA to GRK2 resulted in 85% decrease in GRK2 protein expression in
RAW264.7 cells as shown in Fig. 3A. In these cells the MCP-1-induced decrease of cell
surface expression of CCR2 was markedly suppressed (Fig. 3B), which was associated with
increased cell migration in response to MCP-1 (Fig. 3C). Noteworthy, GRK2 knockdown
also diminished the influence of LPS on cell surface CCR2 expression (Fig. 3B) as well as
prevented the enhancing effect of LPS on the cell migration (Fig. 3C). Aggregately, the
results demonstrate a critical role of GRK2 in mediating LPS/MCP-1 regulation of
monocytes migration.

LPS-induced phosphorylation of GRK2 at serine 670 suppresses GRK2 translocation to
cell membrane

It has been reported that GRK2 translocation to the cell membrane upon MCP-1 stimulation
is a determinant for desensitization of the CCR2 receptor in monocytes (7, 16). We
hypothesized that LPS may act to preventing GRK2 subcellular translocation and so
suppress CCR2 internalization and subsequent desensitization in response to MCP-1, and
therefore enhance monocyte migration. To test this hypothesis, we treated monocytes with
MCP-1 and/or LPS for up to 60 min, and then extracted membrane proteins from the
monocytes for detection of membrane-bound GRK2. As shown in Fig. 4A, MCP-1 increased
the membrane-bound GRK2 in a time-dependent manner, which suggests induction of
translocation of GRK2 to the cell membrane. LPS, however, prevented this increase in
membrane-bound GRK2 in response to MCP-1 stimulation (Fig. 4A). Again, TLR4-
deficiency prevented LPS-mediated effects on MCP-1-mediated translocation of GRK2
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(Fig. 4B). These results suggest a critical inhibitory role for LPS in GRK2 translocation to
cell membrane, which is an important step promoting CCR2 desensitization.

Mitogen-activated protein kinases (MAPK) have been reported to regulate GRK2 activity.
In vitro and in situ experiments have shown that ERK1 is able to phosphorylate recombinant
GRK2 at serine 670 (Ser670), which lies within the Gβγ binding domain of GRK2 (30).
Another study showed that MAPK phosphorylation at this site impairs the GRK2-Gβγ
interaction, thereby inhibiting GRK2 translocation to the cell membrane, and subsequent
induction of kinase activity and GPCR regulation (31). To elucidate whether LPS-TLR4,
through modification of GRK2 phosphorylation, regulates GRK2 mobility, we detected
specific phosphorylation of Ser670 in GRK2 in monocytes following stimulation of BMDM
with MCP-1 and/or LPS. Western blotting for phospho-Ser670 on GRK2 showed that LPS,
or LPS plus MCP-1, induced the phosphorylation of GRK2 at Ser670, whereas, MCP-1
alone failed to increase the phosphorylation level of Ser670 (Fig. 5A and 5B). Furthermore,
LPS or LPS plus MCP-1 were unable to induce the phosphorylation of GRK2 on Ser670 in
TLR4-deficient monocytes (Fig. 5B). These data demonstrate that LPS-TLR4 signaling
modifies GRK2 phosphorylation at Ser670.

Opposite roles of p38 MAPK and ERK in regulating monocyte migration induced by LPS
and MCP-1

MAPK, including ERK, JNK and p38, are important regulatory kinases involved in cell
migration (20, 32). MCP-1-induced monocyte migration has been reported to be dependent
on p38MAPK (19, 33). However, the role of MAPK in LPS-enhanced monocyte migration
has not yet been elucidated. We therefore investigated the role of ERK, JNK and p38 in
LPS-enhanced monocyte migration in response to MCP-1 using pharmacological inhibitor
approaches. We found, using the Boyden chamber migration assay, that ERK inhibitor
PD98059 significantly increased monocyte migration induced by LPS/MCP-1 (Fig. 6A). In
contrast, p38 inhibitor SB203580 abrogated the LPS/MCP-1-induced monocyte migration
(Fig. 6A), and JNK inhibitor SP600125 had no effect on the LPS/MCP-1-induced monocyte
migration.

To further address the mechanism by which ERK and p38 regulate monocyte migration, we
determined the effect of ERK and p38 on the phosphorylation level of GRK2 at Ser670.
Monocytes were pretreated with MAPK inhibitor for 30 min, followed by MCP-1 and/or
LPS stimulation for additional 30 min. As shown in Fig. 6B, Western blotting demonstrated
that p38 inhibitor SB203580 prevented LPS-induced phosphorylation of GRK2 at Ser670.
However, ERK inhibitor PD98059 appeared to increase phosphorylation of GRK2 at
Ser670. These data suggest that p38 enhances LPS-induced Ser670 phosphorylation,
whereas ERK signaling negatively regulates Ser670 phosphorylation. These alterations in
the phosphorylation of GRK2 at Ser670 are associated with consistent changes in levels of
cell membrane-bound GRK2 (Fig. 6C) as well as cell surface expression of CCR2 (Fig. 6D).
In monocytes pretreated with p38 inhibitor SB203580, which decreased the phosphorylation
of GRK2 at Ser670, the membrane-bound level of GRK2 was increased (Fig. 6C) and cell
surface expression of CCR2 was decreased (Fig. 6D). In contrast, in the cells pretreated with
ERK inhibitor PD98059, which increased the Ser670 phosphorylation, the membrane-bound
level of GRK2 was reduced (Fig. 6C) and cell surface expression of CCR2 was elevated
(Fig. 6D).

Considered as a whole, phosphorylation of Ser670 of GRK2 is a critical regulatory target for
LPS-TLR4 regulation of GRK2 subcellular translocation, in which, p38 mediates LPS-
TLR4 signaling and this is negatively regulated by ERK.
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Discussion
In the current study we observed that crosstalk between TLR4 and CCR2 in monocytes
results in significant augmentation of MCP-1-driven monocyte migration. LPS activation of
TLR4 induces phosphorylation of Ser670 of GRK2 through a mechanism mediated by p38
MAPK, and thereby suppresses GRK2 translocation to the cell membrane and the
subsequent initiation of CCR2 internalization and desensitization. This then leads to
enhanced monocyte migration (Fig. 7). Thus, the present study demonstrates a novel
function for TLR4 signaling in driving innate immune responses that control monocyte
migratory responses towards sites of infection by regulating the availability of cell surface
chemokine receptors.

MCP-1 is a major chemokine that directs monocyte migration to the site of infection and
activates monocytes functions, such as endocytosis (5, 23). Monocyte migration is the net
result of multiple mediators, including chemokines and LPS that are both present during
Gram-negative bacterial infection. Although LPS alone fails to induce monocyte migration,
as seen in the present study, previous reports showed that LPS is able to augment monocyte
migration in response to MCP-1 through the induction of IL-8/CXCL8 expression (18) or
through the activation of MARCKS-related protein (MRP) (25), both of which
synergistically amplify MCP-1-induced monocytes migration. The current study, however,
provides a new mechanism by which LPS directly enhances CCR2 availability through the
suppression of GRK2-induced CCR2 desensitization by internalization. The role of TLR4
signaling in mediating the LPS-enhanced monocyte migration was shown using TLR4−/−

monocytes and in vivo studies using TLR4−/− mice. Genetic deletion of TLR4 completely
blocked the effect of LPS on augmenting monocyte migration both in vitro and in vivo.
Noteworthy, the current finding may represent a rapid regulation mechanism that may play a
particularly important role in the early stages of inflammation. Alternative regulatory
mechanisms may take place at later time points, for instance LPS regulation of GRK mRNA
(9) or CCR2 mRNA expression (34, 35) to further influence leukocyte migration behavior.

For a large number of related GPCRs, rapid desensitization is initiated through agonist-
promoted receptor phosphorylation by GRKs (36–38). To date, there are seven members of
the GRK family (39, 40). GRK2 is the most widely studied member of the GRK family, is
known to modulate multiple cellular responses in various physiological contexts (41, 42).
Based on the previous report showing an important role for GRK2 in regulating MCP-1-
induced CCR2B receptor desensitization (3), we focused our study on the role of GRK2 in
the cross-talk between TLR4 and CCR2. Subcellular localization of GRK represents a
significant early regulatory mechanism of GPCR desensitization (31). Ser670 lies within the
Gβγ binding domain of GRK2 (31, 40), and phosphorylation at this site impairs the GRK2/
Gβγ interaction thereby inhibiting the translocation of the kinase and its subsequent
catalytic kinase activity at receptor membrane substrates (31, 43). This signaling pathway
therefore represents a negative feedback loop that inhibits the active pool of GRK2 engaged
in GPCR regulation (31), although the signaling that modulates phosphorylation of Ser670
on GRK2 was not fully elucidated in previous studies. ERK1 is known to be activated by
MCP-1 (44), and previous studies implicated ERK1 in induction of phosphorylation of
GRK2 on Ser670 (30, 45). In the present study, we did not see MCP-1-induced
phosphorylation of GRK2 on Ser670, but we observed that LPS alone induced the
phosphorylation of GRK2 at this site. We further found that p38 plays a role in mediating
this LPS-TLR4-induced phosphorylation of GRK2 on Ser670, with ERK, however, playing
a negative regulatory role in this process.

The phosphorylation of GRK2 on Ser670 induced by LPS results in a profound impact on
CCR2 internalization and availability as well as subsequent effects on monocyte migration.
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As evidenced by the results from the current study, LPS-induced phosphorylation of GRK2
on Ser670 inhibited GRK2 translocation to the cell membrane and subsequent CCR2
internalization, which was associated with enhanced monocyte migration. These effects of
LPS could be reversed by prevention of the phosphorylation of GRK2 on Ser670 by
inhibiting p38. Furthermore, the negative regulatory effects of ERK were suppressed by
ERK inhibitor PD98059, with enhanced LPS-induced phosphorylation of GRK2 on Ser670
and an augmented cell surface expression of CCR2 and increased cell migration as shown in
Figure 6.

It was observed in the study that knockdown of GRK2 did not significantly enhance MCP-1-
induced monocyte migration. This observation may be interpreted by the following facts:
First, it is important to note that using an siRNA approach could not completely knockdown
GRK2 expression in the RAW264.7 cells (Fig. 3A), and thus, MCP-1 may not be able to
induce enhanced cell migration in GRK2 knockdown cells to the same degree as that
induced by LPS+MCP-1 in WT cells; Second, the cell migration data from the
microchamber experiments were a net end result at 6 h after cell stimulation, whereas, the
cell surface expression of CCR2 detected by flow cytometry reflected the changes at 1 h
after cell stimulation. The expression level of CCR2 at this time point may not entirely
match the alteration in cell migration; Third, analysis of cell surface expression of CCR2
shows that in WT cells LPS+MCP-1 decreases cell surface CCR2 by 6% as compared to the
control group, while, MCP-1 in GRK2 knockdown cells declined cell surface CCR2 by
23%. This significant difference may also contribute to the difference in cell migration
between these groups; Finally, although the data demonstrate a predominant role of GRK2
in regulating monocyte migration, effects from other GRKs may exist as well, which leads
to a more complicated outcome.

In summary, we have identified a novel interaction between TLR4 and chemokine receptors
that can control monocyte migration, an essential component of the innate immune response.
The results support a new model, as shown in Figure 7, in which LPS-TLR4 signaling
augments monocyte migration by modulating the cell surface expression of chemokine
receptors in a GRK2-dependent manner. Intervention in the specific signaling pathway that
involving in the regulation of GRK2 subcellular translocation may represent a therapeutic
strategy for controlling inflammation during bacterial infection.
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Abbreviations used in this paper

BMDM Bone marrow-derived monocyte

CCL2 CC chemokine ligand 2

CCR2 CC chemokine receptor 2

DMEM Dulbecco’s modified Eagle’s medium

ERK extracellular signal-regulated kinase

FACS fluorescence-activated cell sorter
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FBS fetal bovine serum

GPCR G protein-coupled receptor

GRK2 G protein-coupled receptor kinase 2

JNK c-Jun N-terminal kinase

LPS lipopolysaccharide

MCP-1 Monocyte chemoattractant protein 1

MAPK mitogen-activated protein kinase

M-CSF macrophage CSF

PBS phosphate-buffered saline

PE phycoerythrin

siRNA small interfering RNA

TLR4 Toll-like receptor 4
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FIGURE 1.
LPS-TLR4 augments MCP-1-induced monocyte migration. A. monocytes were loaded into
the upper wells of the microchamber with or without 100 ng/ml LPS. The lower wells were
filled with MCP-1 at concentration of 0, 2, 20, or 200 ng/ml. Cell migration was allowed for
2 h and cells that acrosd the filter were counted. B. monocytes isolated from C57BL/6 wild-
type (WT) mice or TLR4 knockout (TLR4−/−) mice were loaded into the upper wells of the
microchamber with or without 100 ng/ml LPS. The lower wells were filled with 200 ng/ml
of MCP-1 or medium alone. Cells migration was induced for 2 h, and cells that crossed the
filter were then counted. C. WT mice were given intratracheal (i.t.) instillation with MCP-1
(50 ng per mouse) for the time as indicated, and then the bronchoalveolar lavage fluid
(BALF) was collected for cell counts. D and E.WT mice and TLR4−/− mice were given i.t.
MCP-1 (50 ng per mouse) and/or LPS (25 ng per mouse) at the same time, and BALF was
collected after 6 h for cell counts. The graph shows the mean and SEM of percentage of
control from three independent experiments.
* p<0.01 compared with the groups labeled with no asterisk.
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FIGURE 2.
LPS-TLR4 augments MCP-1-induced monocyte migration by modulating cell surface
expression of CCR2. A. Monocytes were incubated with 200 ng/ml of MCP-1 for the time as
indicated, and the cell surface expression of CCR2 was then measured using flow cytometry
analysis. B. Monocytes isolated from WT or TLR4−/− mice were stimulated with MCP-1
and/or LPS for 60 min, and the cell surface expression of CCR2 was then measured by flow
cytometry analysis. Results are represented as percentage of control; mean ± SEM, n=3, *
p<0.01 compared with the groups labeled with no asterisk.
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FIGURE 3.
GRK2 mediates the crosstalk between LPS-TLR4 and MCP-1-CCR2 signaling. A.
RAW264.7 cells were treated with Adrbk1 siRNA (siRNA to GRK2) for 48 h. The
efficiency of GRK2 knockdown was measured by immunoblotting. The images are
representatives of three independent experiments. B. RAW264.7 cells, or RAW264.7 cells
with GRK2 knockdown (RNAi), were loaded into the upper wells of the microchamber in
the presence or absence of 100 ng/ml of LPS. The lower wells were filled with 200 ng/ml of
MCP-1 or medium only. Cells migration was induced for 6 h, and cells that crossed the filter
were counted under microscope. C. RAW264.7 cells or RAW264.7 cells with GRK2
knockdown were stimulated with LPS and/or MCP-1 for 60 min, and the cell surface
expression of CCR2 was then measured by flow cytometry analysis. Results are represented
as percentage of control; mean ± SEM, n=3, *p<0.01 compared with the groups labeled with
no asterisk.
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FIGURE 4.
LPS inhibits the MCP-1-induced GRK2 translocation. A and B. Monocytes isolated from
WT or TLR4−/− mice were incubated with MCP-1(200 ng/ml) and/or LPS (100 ng/ml) for
the time as indicated, and cell membrane protein and plasma proteins were extracted and
separated, and were subjected to Western blot analysis for detecting membrane-bound
GRK2 (M-GRK2) and cytosolic GRK2 (C-GRK2). The images are representatives of three
independent experiments. The densitometry analysis of blots was performed using the NIH-
developed ImageJ software. The graph depicts the mean ± SEM of the percentage changes
in the ratio of M-GRK2/C-GRK2 in the monocytes isolated from WT and TLR4−/− mice,
which were normalized by the density of actin, from three experiments. * p<0.01 compared
with the groups labeled with no asterisk.
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FIGURE 5.
The translocation of GRK2 is regulated through phosphorylation of GRK2 at Ser670
induced by LPS. A. Monocytes isolated from WT mice were stimulated with MCP-1 (200
ng/ml) or LPS (100 ng/ml) for the time as indicated, and then the phosphorylation of GRK2
at Ser670 (P-GRK2 Ser670) was detected by immunoblotting analysis. The images are
representatives of three independent experiments. The graph depicts the mean ± SEM of the
percentage changes in the ratio of P-GRK2/total GRK2 in the monocytes from three
experiments. * p<0.01 compared with the groups labeled with no asterisk. B. monocytes
isolated from WT or TLR4−/− mice were stimulated with MCP-1 (200 ng/ml) and/or LPS
(100 ng/ml) for 30 min, and then the phosphorylation of GRK2 at Ser670 (P-GRK2 Ser670)
was detected by immunoblotting analysis. The graph depicts the mean ± SEM of the
percentage changes in the ratio of P-GRK2/total GRK2 in the monocytes from three
experiments. * p<0.01 compared with the groups labeled with no asterisk.
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FIGURE 6.
ERK and p38 play opposite roles in regulating monocyte migration induced by LPS and
MCP-1. A. WT monocytes were pre-treated with p38 inhibitor SB203580 (SB; 10 μM),
ERK inhibitor PD98059 (PD; 50) or JNK inhibitor SP600125 (SP; 10 μM) for 30 min, and
were then loaded into the upper wells of the microchamber with or without 100 ng/ml LPS.
The lower wells were filled with MCP-1 at a concentration of 200 ng/ml. Cell migration was
allowed for 2 h and the cells that crossed the filter were counted. The graph shows the mean
and SEM of percentage of control from three independent experiments. * p<0.01 compared
with the groups labeled with no asterisk. B, C, and D. WT monocytes were pre-treated with
p38 inhibitor SB203580 (SB; 10 μM), ERK inhibitor PD98059 (PD; 50) or JNK inhibitor
SP600125 (SP; 10 μM) for 30 min, and then stimulated with LPS (100 ng/ml) and/or
MCP-1 (200 ng/ml) for additional 30 min. B. The phosphorylation of GRK2 at Ser670 was
detected by immunoblotting analysis. The images are representatives of three independent
experiments. The graph depicts the mean and SEM of the percentage changes in the ratio of
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P-GRK2/total GRK2 in the monocytes from three experiments. * p<0.01 compared with the
groups labeled with no asterisk. C. Cell membrane protein and plasma proteins were also
extracted and separated, and subjected to immunoblotting analysis for detecting membrane-
bound GRK2 (M-GRK2) and cytosolic GRK2 (C-GRK2). The images are representatives of
three independent experiments. The graph depicts the mean ± SEM of the percentage
changes in the ratio of M-GRK2/C-GRK2 in the monocytes, which were normalized by the
density of actin, from three experiments. * p<0.01 compared with the groups labeled with no
asterisk. D. The cell surface expression of CCR2 was measured by using flow cytometry
analysis. Results are presented as percentage of control; mean ± SEM, n=3, * p<0.01
compared with the groups labeled with no asterisk.
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FIGURE 7.
Model of TLR4 and chemokine receptor crosstalk. A. MCP-1 binding to CCR2 induces
monocytes migration, as well as GRK2 translocation to membrane which results in CCR2
internalization and desensitization (blue arrow and dotted line), thereby negatively
regulating monocyte migration. B. LPS acting through the TLR4 signaling and p38 MAPK
pathway induces the phosphorylation of GRK2 at Ser670 inhibits the translocation of GRK2
to membrane, thereby suppressing the internalization and desensitization of CCR2, which
leads to augmented monocyte migration (red arrows and dotted lines). TLR4 signaling-
activated ERK plays a negative regulatory role in the phosphorylation of GRK2 at Ser670;
this role can be observed while ERK is inhibited.
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