THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 22, pp. 15788-15797, May 30, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Tumor Progression Locus 2 (Tpl2) Kinase Promotes
Chemokine Receptor Expression and Macrophage Migration

during Acute Inflammation”™

Received for publication, February 19, 2014, and in revised form, March 24, 2014 Published, JBC Papers in Press, April 8, 2014, DOI 10.1074/jbc.M114.559344

Sean M. Rowley*, Teneema Kuriakose®, Lee M. Dockery®, Thi Tran-Ngyuen®, Aaron D. Gingerich®, Lai Wei®,

and Wendy T. Watford*'

From the *Department of Infectious Diseases, The University of Georgia, College of Veterinary Medicine, Athens, Georgia 30602 and
the SZhongshan Ophthalmic Center, Sun Yat-Sen University, Guangzhou 510060, China

conditions.

tion in vivo.
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(Bacl(ground: The accumulation of activated leukocytes correlates with autoimmunity and is regulated by chemokines.
Results: Tpl2-deficient macrophages display impaired chemokine receptor expression and migration under inflammatory

Conclusion: Tpl2 promotes the induction and maintenance of macrophage chemokine receptor expression and cellular migra-

Significance: Tpl2 inhibition may represent a treatment for autoimmune disorders by modulating chemokine receptor expres-
sion and preventing local accumulation of activated macrophages.

N

J

In autoimmune diseases, the accumulation of activated leuko-
cytes correlates with inflammation and disease progression,
and, therefore, the disruption of leukocyte trafficking is an
active area of research. The serine/threonine protein kinase
Tpl2 (MAP3KS8) regulates leukocyte inflammatory responses
and is also being investigated for therapeutic inhibition during
autoimmunity. Here we addressed the contribution of Tpl2 to
the regulation of macrophage chemokine receptor expression
and migration iz vivo using a mouse model of Tpl2 ablation. LPS
stimulation of bone marrow-derived macrophages induced
early CCR1 chemokine receptor expression but repressed CCR2
and CCR5 expression. Notably, early induction of CCR1 expres-
sion by LPS was dependent upon a signaling pathway involving
Tpl2, PI3K, and ERK. On the contrary, Tpl2 was required to
maintain the basal expression of CCR2 and CCR5 as well as to
stabilize CCR5 mRNA expression. Consistent with impairments
in chemokine receptor expression, pI2~'~ macrophages were
defective in trafficking to the peritoneal cavity following thio-
glycollate-induced inflammation. Overall, this study demon-
strates a Tpl2-dependent mechanism for macrophage expres-
sion of select chemokine receptors and provides further insight
into how Tpl2 inhibition may be used therapeutically to disrupt
inflammatory networks in vivo.

The pathologies of a number of autoimmune diseases can be
linked to the overabundance of activated cells of the monocyte/
macrophage lineage. Accumulation of monocytes and macro-
phages in the synovium is strongly correlated with disease
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severity in patients with rheumatoid arthritis (1, 2). CCR1-ex-
pressing monocytes have been shown to infiltrate multiple scle-
rosis plaques, where they are thought to contribute to demyeli-
nation (3-5). In addition, infiltration of macrophages at the
epidermal/dermal interface is a hallmark of psoriasis, and mul-
tiple studies have now implicated macrophage dysregulation in
the pathogenesis of the disease (6 -8).

Chemokines are small, chemoattractant cytokines that signal
through G protein-coupled receptors to initiate leukocyte acti-
vation and trafficking (9, 10). They are secreted by a variety of
activated cells, including the very cells they recruit, promoting
an amplification of cellular recruitment and activation. There-
fore, one approach for treating chronic autoimmunity and
inflammatory conditions is to control immune cell infiltration
into inflamed tissues. Members of the “CC” family of chemo-
kines and chemokine receptors, named for their adjacent con-
served cysteine residues, are particularly important for macro-
phage recruitment. Specifically, CCR1 (ligands CCL3, CCLS5,
and CCL7), CCR2 (ligand CCL2), and CCR5 (ligands CCL3,
CCL4, CCL5, and CCLS8) are critical for inflammation-induced
macrophage migration and host defense during infection.
CCR1 is an important macrophage and neutrophil chemokine
receptor, and mice lacking CCR1 expression are more suscep-
tible to parasitic, bacterial, and viral infections (11-13) and dis-
play reduced macrophage infiltration and fibrosis in a model of
chronic liver injury (14). CCR2-deficient mice have impaired
macrophage recruitment in a mouse model of peritonitis and
increased susceptibility to the intracellular pathogen Listeria
monocytogenes (15, 16). CCR5 has been most intensely studied
for its role as a macrophage coreceptor for HIV, but more
recent studies have highlighted a role for CCR5 in monocyte
entry into atherosclerotic plaques and in the pathology of car-
diovascular diseases (17-20).

The specific regulation of the migratory process at the bio-
chemical level is not completely understood, but NF-«xB and
MAPK activation have been demonstrated to play a role. Induc-
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tion or repression of chemokine and chemokine receptor
expression by macrophages is triggered by cellular recognition
of pathogen-associated molecular patterns (i.e. LPS) by con-
served pattern recognition receptors (i.e. TLR4) on the macro-
phage (21-23). This, in turn, triggers the activation of both
NEF-kB and MAPK, with the ERK MAPK being activated by the
serine/threonine kinase tumor progression locus 2 (Tpl2). The
importance of Tpl2 in this pathway is evidenced by the fact that
Tpl2-deficient mice are resistant to the lethal effects of endo-
toxin because of a failure in the ERK-dependent secretion of
TNF (24). Furthermore, we and others have demonstrated that
Tpl2 is important in transducing signals downstream of multi-
ple TLRs, leading to ERK activation and the expression of a
subset of proinflammatory mediators, including TNF (24 -26).
Consequently, Tpl2 small molecule inhibitors are now being
developed as a potential treatment for chronic autoimmune
conditions, such as rheumatoid arthritis, in which TNF plays a
pathologic role (27-30).

Recent studies have directly implicated Tpl2 in the regula-
tion of inflammation-induced cell trafficking. First, Soria-Cas-
tro et al. (31) demonstrated that neutrophil chemotaxis toward
zymosan in vivo was impaired in tp[2~'~ mice. Bandow et al.
(32) subsequently described that LPS-induced chemokine
ligand expression was regulated by the Cot/Tpl2-ERK axis in
macrophages. Although these studies highlight the role of Tpl2
in regulating chemokine expression in inflamed tissues and
macrophages, they do not address whether Tpl2 may also reg-
ulate chemokine receptor expression and whether this regula-
tion impacts overall macrophage migration in vivo.

In this study, we identified chemokine receptors as being
regulated in a Tpl2-dependent manner. First, the maintenance
of basal chemokine receptor expression for CCR2 and CCR5
required Tpl2. Second, transcription induction of the macro-
phage chemokine receptor CCR1 was impaired significantly
following LPS stimulation, and this impairment correlated with
reduced CCR1 surface protein expression in tpl2~'~ macro-
phages compared with wild-type macrophages. Furthermore,
impaired induction of CCR1 expression in Tpl2-deficient
BMDMs®> was only slightly diminished by the absence of
MyD88 or TRIF, suggesting functional redundancy of those
two pathways in the LPS-dependent regulation of chemokine
receptor expression. However, both PI3K and ERK were
required for the LPS-induced transcription of CCR1 chemo-
kine receptor expression. Consistent with the diminished
chemokine receptor expression levels in both resting and acti-
vated tpl2~/~ macrophages, Tpl2 ablation resulted in impaired
macrophage recruitment in vivo to tissue sites of inflammation.
The findings presented here provide novel insights into how
Tpl2 regulates macrophage homeostasis and further support
the targeted inhibition of Tpl2 kinase to disrupt these inflam-
matory networks in vivo.

2The abbreviations used are: BMDM, bone marrow-derived macrophage;
PEC, peritoneal exudate cell; gRT-PCR, quantitative real-time PCR; mTOR,
mammalian target of rapamycin.
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Tpl2 Regulates Chemokine Receptor Expression

EXPERIMENTAL PROCEDURES

Mice—Wild-type C57BL/6, myd88 ', and ticam'Ps*/'Ps>
mice were obtained from The Jackson Laboratory. Tpl2~/~
mice backcrossed onto the C57BL/6 background were provided
by Dr. Philip Tsichlis and Thomas Jefferson University. Mice
used in experiments were 6 —12 weeks of age and were age- and
sex-matched for individual experiments. Breeding colonies of
mice were maintained and housed in sterile caging in a specific
pathogen-free facility at the University of Georgia. All animal
studies were approved by the Institutional Animal Care and
Use Committee at the University of Georgia.

Culture of BMDMs—Bone marrow was harvested from tibiae
and femurs of mice by flushing with low-glucose DMEM
(HyClone) supplemented with 10% fetal calf serum, 290 ug/ml
L-glutamine, 100 units/ml penicillin, and 100 pug/ml streptomy-
cin (all purchased from Invitrogen) using a 10-ml syringe and
25-gauge needle. Cells were disaggregated by gentle pipetting
and centrifuged at 1200 rpm for 10 min at room temperature.
The cells were then resuspended in ammonium-chloride-po-
tassium (ACK) lysis buffer (Invitrogen) for 30 s to lyse red blood
cells. Cells were washed in PBS (20-30 ml) and centrifuged
again at 1200 rpm for 10 min. The cell pellet was resuspended in
supplemented DMEM for cell counting. Differentiated macro-
phages were obtained by culturing bone marrow cells on sterile
Petri dishes at 2 X 10°/ml in supplemented DMEM with the
addition of macrophage colony-stimulating factor (10 ng/ml,
Peprotech) for 7 days at 37 °C and 5% CO.,. Cells were adher-
ence-purified on day 7 by removing the medium, washing
adherent cells with PBS, and then harvesting by incubating in
10 ml of cell dissociation buffer (Invitrogen) for 15 min at 37 °C.
Plates were washed with PBS to collect dislodged cells, and cells
were centrifuged at 1200 rpm for 10 min. Cell pellets were
resuspended in supplemented DMEM for cell counting.

Cell Stimulation—For individual experiments, murine
BMDMs were plated at either 0.5 X 10°/ml or 1 X 10%/ml in
supplemented DMEM. Cells were left unstimulated (as a con-
trol) or stimulated with ultrapure LPS from Escherichia coli
(0111:B4,1 pg/ml, Invivogen) for 0, 1,2, 3, or4 hat 37 °“Cand 5%
CO,. For measurement of mRNA stability, BMDMs were stim-
ulated with 1 ug/ml LPS, and the transcriptional inhibitor acti-
nomycin D (5 ug/ml, Sigma) was added at 1 h of stimulation.
Cells were harvested at 1, 2, or 3 h after actinomycin D addition,
and mRNA was measured by RT-PCR for CCR1, CCR2, and
CCR5. For inhibitor studies, BMDMs were pretreated with the
following inhibitors in supplemented DMEM for 30 min at
37 °C and 5% CO, prior to stimulation with LPS: LY-294,002
hydrochloride, 20 um (Sigma); rapamycin, 30 nm (Sigma); and
U0126 ethanolate, 20 M (Sigma).

Gene Expression Microarray—For microarray analysis, wild-
type or tpl2~'~ BMDM were stimulated with 1 ug/ml LPS from
E. coli (O111:B4, Sigma-Aldrich) for 4 h. Total cellular RNA
was extracted using a mirVana kit (Ambion). Approximately
500 ng of RNA was labeled using a MessageAmp™ II-biotin
enhanced kit (Ambion) and hybridized to GeneChip Mouse
Genome 430 2.0 arrays (Affymetrix) in accordance with the
protocols of the manufacturer. Expression values were deter-
mined with GeneChip operating software v1.1.1. All data anal-
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FIGURE 1.Impaired chemokine receptor expression in tpl2~/~ BMDMs. A, BMDMs from WT and tp/2~/~ mice were stimulated with LPS (1 ug/ml) for4 h, and
mRNA expression was analyzed by gene chip microarray. Data are presented as the fold change in gene expression in WT macrophages compared with tp/l2~/~
macrophages. B and C, BMDMs from WT and tp/2~/~ mice were stimulated in medium with LPS (1 wg/ml) for either 4 h (B) or the indicated time points (C) and
were analyzed for mRNA expression of various CC chemokine receptors by qRT-PCR relative to an actin control. Expression levels at each time point were
normalized to the endogenous actin control and were expressed relative to the WT unstimulated (Unstim) control. Results are averaged from three indepen-

dent experiments, and error bars represent mean = S.E.

yses were performed using GeneSpring software GX 11.0.
Expression values for each probe were normalized using the
robust multichip average method. The fold changes for each
probe were calculated by pairwise comparisons (WT 4 h LPS
versus Tpl2 KO 4 h LPS).

RNA Isolation and RT-PCR—Cell pellets were lysed in
350 ul of RNA lysis buffer containing 7 ul of 2-mercaptoetha-
nol, and RNA was isolated using a Total RNA Kit I (Omega
Bio-Tek, catalog no. R6834-02) according to the instructions of
the manufacturer. RNA was eluted from the columns in 40 ul of
diethylpyrocarbonate (DEPC) water and stored at —80 °C. RNA
concentration was determined using a NanoDrop spectropho-
tometer (Thermo Scientific). Conversion of mRNA to cDNA
was achieved using a high-capacity cDNA reverse transcription
kit (Applied Biosystems).

RT-PCR was performed using the following primer/probe
mixes from TagMan gene expression assays (Applied Biosys-
tems): CCR1 (Mm00438260_s1), CCR2 (Mm01216173_m1),
CCR5 (MmO01963251_s1), and actin B (Mm00607939_s1). RT-
PCR assays were run in MicroAmp fast optical 96-well reaction
plates in a StepOnePlus real-time PCR system (Applied Biosys-
tems). Relative gene expression levels were calculated by nor-
malizing the Ct levels of the target gene to that of an actin B
endogenous control using the ACt method. Data were further
normalized to an experimental control (wild-type, untreated)
sample using the AACt method.

Flow Cytometric Staining—For measurement of CCR1 and
CCR5 cell surface protein expression, BMDMs were plated at
0.5 X 10°/ml in 0.5 ml on 48-well plates and stimulated with 1
pg/ml LPS for 4 or 24 h. BMDMs were harvested, washed in
PBS, and then Fc receptors were blocked by staining with puri-
fied anti-mouse CD16/CD32 at 4 °C for 5 min. Cells were sub-
sequently stained with allophycocyanin (APC)-labeled anti-
mouse CCR1 (R&D Systems, clone 643854) or phycoerythrin
(PE)-labeled anti-mouse CCR5 (eBioscience, clone HM-CCR5)
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or their appropriate isotype controls for 30 min in PBS contain-
ing 0.1% BSA, according to the protocol of the manufacturer.
Surface expression was analyzed using a BD LSRII flow cytom-
eter and Flow]Jo software. For characterization of peritoneal cell
populations, 0.5—-1.0 X 10° recruited PECs were stained with
fluorescently conjugated antibodies to F4/80 and CD11b
(eBioscience) for 15 min at 4 °C in PBS and 0.1% BSA. Cells were
washed with PBS, fixed in PBS and 1% formalin, and analyzed
by flow cytometry as described above.

Peritoneal Exudate Cell (PEC) Isolation—Mice were injected
intraperitoneally with 1 ml of 3% Brewer thioglycollate medium
to induce local inflammation and recruit effector cells. After
72 h, mice were sacrificed, and the peritoneal cavity was lavaged
three times with 3 ml of sterile PBS to collect recruited cells.
Cells were centrifuged at 1200 rpm for 10 min at room temper-
ature and were resuspended in supplemented DMEM.

Statistical Analysis—Data are represented as the mean =
S.D. or S.E,, as indicated. p values were determined by two-
tailed Student’s ¢ test or paired Student’s ¢ test where indicated.

RESULTS

Chemokine Receptor Expression Is Impaired in tpl2~"~
BMDMs—To gain a global view of the early innate functions of
Tp12 in macrophages, we analyzed gene expression profiles by
microarray in WT versus tpl2~'~ BMDMs stimulated with LPS.
Consistent with previous reports, Fos, IL-183, and the chemo-
kines CCL2, CCL7, and CXCL3 were reduced in the absence of
Tpl2, whereas IL-12p40 (IL-12B) and IFNf expression were
increased (Fig. 1A4) (26, 32—34). These findings served to verify
the microarray results. Importantly, in addition to chemokine
ligands, we identified the chemokine receptors CCR1 and
CCR5 as novel Tpl2-dependent genes (Fig. 1A). To validate the
microarray findings, we cultured BMDMs from WT and
tpl2~'~ mice in medium with or without E. coli LPS for 4 h and
measured the mRNA expression levels of multiple chemokine
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FIGURE 2. MyD88- and TRIF-dependent signaling are functionally redundant for LPS-mediated chemokine receptor expression. BMDMs from WT and
myd88~'~ mice (A) or WT and trifP*?P2 mice (B) were stimulated with LPS for 1, 2, 3, or 4 h. Cells were analyzed for mRNA expression of chemokine receptors
by qRT-PCR relative to an actin control. Results are averaged from at least three independent experiments for A and two independent experiments for B. Error

bars represent mean * S.E.

receptors (CCR1, CCR2, and CCR5) clustered on mouse chro-
mosome 9 (human chromosome 3) by quantitative real-time
PCR (qRT-PCR). Consistent with the microarray data, we con-
firmed that CCR1 and CCR5 were decreased in LPS-stimulated
macrophages (Fig. 1B). Importantly, LPS stimulation repressed
CC chemokine receptor expression in wild-type macrophages,
in agreement with previous reports (23, 35). We next per-
formed a time course of stimulations with LPS for up to 4 h to
determine the precise mechanism for regulation of each gene
by Tpl2. Analysis of CCR1, CCR2 and CCR5 mRNA expression
in WT and Tpl2-deficient macrophages following LPS stimula-
tion revealed distinct patterns of regulation. First, there was a
dramatic decrease in the basal expression of CCR2 and CCR5 in
tpl2~/~ macrophages, suggesting that Tpl2 is important for the
maintenance of homeostatic levels of these chemokine recep-
tors (Fig. 1C). Of the three receptors, CCR1 expression was
uniquely induced at a transcriptional level, with ~4-fold induc-
tion in gene expression induced by LPS, peaking at 2 h, and
followed by a rapid decline to near basal expression (Fig. 1C). In
contrast, CCR2 and CCR5 mRNA expression was strictly
repressed by LPS stimulation (Fig. 1C). Notably, for all three
chemokine receptors, expression remained consistently lower
in Tpl2-deficient versus WT BMDMs throughout the time
course of LPS stimulation. Overall, these results indicate that
Tpl2 ablation diminishes chemokine receptor expression in
macrophages during inflammation.

The Regulation of CC Chemokine Receptors Is Only Partially
MyD88- or TRIF-dependent—LPS signals through TLR4 via
either MyD88 or TRIF adaptor proteins (36, 37). Bandow
et al. (32) demonstrated that Tpl2 regulates LPS-induced chemo-
kine ligand expression through both pathways. Specifically, Tpl2
promotes CCL2, CCL7, CXCL2, and CXCL3 through the
SASBMB
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MyD88 pathway, whereas Tpl2 inhibition of CCL5, CXCL10,
and CXCL13 was MyD88-independent. To determine the mech-
anisms regulating CC chemokine receptor expression, WT,
MyD88-deficient, or TRIF-mutant (ticam’?**#*?) BMDMs were
stimulated with LPS for up to 4 h, and chemokine receptor
expression was determined by qRT-PCR. Signaling deficiencies
in either MyD88 or TRIF alone only partially recapitulated the
impaired induction of CCR1 expression observed in tpl2~ '~
BMDMs (Fig. 2, A and B). LPS-mediated repression of CCR2
and CCR5 expression was also not strictly dependent upon
MyD88 or TRIF signaling. These data suggest that MyD88 and
TRIF are largely redundant for LPS-dependent regulation of
CC chemokine receptors by Tpl2 but demonstrate that Tpl2
plays a non-redundant role.

The regulation of mRNA stability is a potential explanation
for CCR2 and CCR5 repression. Because Tpl2 has been shown
previously to destabilize certain inflammation-related mRNAs,
including TNFq, IL-6, and keratinocyte chemoattractant (KC)
chemokine mRNAs (38), we investigated whether Tpl2 con-
tributes to chemokine receptor mRNA stability. Addition of the
transcriptional inhibitor actinomycin D paradoxically stabi-
lized the mRNAs for all three chemokine receptors (data not
shown). Because our time course studies demonstrated no evi-
dence of LPS-induced transcription of CCR2 or CCR5, we cal-
culated the half-life of each mRNA upon LPS stimulation as in
Fig. 1C. The half-life of CCR2 mRNA was 2.1 hin WT BMDMs
and 2.0 h in £pl2~'~ BMDMs, indicating that Tpl2 does not
regulate CCR2 via mRNA stability. In contrast, Tpl2 increased
the half-life of CCR5 mRNA from 3.0 h in tp/2~/~ BMDM:s to
4.1 h in WT BMDMs. These data indicate that Tpl2 not only
enhances the basal expression of CCR5 but also increases its
mRNA half-life by 37%.
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FIGURE 3. Chemokine receptor 1 expression is regulated in a PI3K- and ERK-dependent fashion. BMDMs from WT and tp/2~/~ mice were pretreated in
DMEM with the mTOR-specific inhibitor rapamycin (Rapa, 30 nm) (A), the P13 kinase inhibitor LY-294,002 (LY, 20 um) (B), or the MEK1/2 inhibitor U0126
ethanolate (ERKi, 20 um) (C) for 30 min prior to stimulation with 1 wg/ml LPS for 1, 2, or 4 h. Dimethyl sulfoxide-treated (DMSO, vehicle) WT and tp/2~/~
BMDMs were included for comparison. After stimulation, cells were lysed and analyzed for mRNA expression of ccr1, ccr2, and ccr5 by gRT-PCR relative
to an actin control. Results are expressed as the level of gene expression relative to the unstimulated WT control. Results are mean = S.D. of two

independent experiments.

CC Chemokine Receptor Expression Is Regulated in a Tpl2-,
PI3K-, and ERK-dependent Manner—Tpl2 has been shown to
regulate a number of signaling pathways, including ERK, JNK,
p38, NF-kB, nuclear factor of activated T-cells (NFAT), PI3K,
Akt, and mTOR (38-41). To determine the Tpl2-dependent
pathways regulating chemokine receptor expression in
response to LPS stimulation, we examined the promoters for
CCR1 and CCR5 in both humans and mice. Among the tran-
scription factor binding sites, we observed putative Ets sites in
the human and mouse CCR1 promoters and in the human
CCR5 promoter (data not shown), indicating that CCR1 and
CCR5 are potentially regulated by Map kinase pathways. The
presence of putative Ets binding sites suggested that one mech-
anism by which Tpl2 could be regulating chemokine receptor
expression is via ERK-dependent signals. Notably, the murine
CCR5 promoter lacked an Ets transcription factor-binding site
but, instead, contained an AP-1 site. To test whether CCR1 and
CCR5 expression are regulated in an ERK-dependent manner,
WT or tpl2~/~ BMDM:s were pretreated with the MEK inhib-
itor U0126 or a dimethyl sulfoxide vehicle control 30 min prior
to stimulation with LPS. Because Tpl2 has also been shown to
regulate PI3K, Akt, and mTOR signaling (41), the PI3K inhibi-
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tor LY-294,002 and the mTOR inhibitor rapamycin were also
tested for comparison. 1, 2, or 4 h after LPS treatment, cells
were harvested, and chemokine receptor expression was quan-
titated by qRT-PCR. The mTOR inhibitor rapamycin failed to
alter chemokine receptor expression in response to LPS (Fig.
3A). In contrast, PI3K inhibition and MEK/ERK inhibition
reduced induction of CCR1 expression in LPS-stimulated WT
BMDMs, with MEK inhibition approaching levels similar to
LPS-stimulated tpl2~/~ BMDMs (Fig. 3, A and C). There was
no effect of these inhibitors on CCR2 or CCR5 expression levels
in LPS-stimulated macrophages. These findings suggest that
Tpl2 is required for the PI3K- and ERK-dependent induction
and maintenance of CCR1 expression upon LPS stimulation.
Tpl2 is also required for the maintenance of CCR2 and CCR5
expression upon LPS stimulation (Fig. 1C), but this apparently
occurs through alternate pathways (Fig. 3).

BMDM mRNA Expression Correlates with Membrane Sur-
face Expression of CCR1 and CCRS Proteins—Because Tpl2 has
been shown to contribute to the posttranscriptional regulation
of proinflammatory cytokines, we questioned whether the tran-
scriptional regulation we observed was representative of
chemokine receptor expression on the cell membrane. To test
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FIGURE 4. Regulation of ccr1 and ccr5 mRNA expression correlates with membrane surface expression of CCR1 and CCRS5 proteins. WT and tp/2~/~
BMDMs were stimulated with or without LPS (1 ug/ml) for 4 or 24 h, and CCR1 and CCR5 protein expression was determined by surface staining and flow
cytometry. A, flow histograms for wild-type (black lines) or Tpl2-deficient (gray lines) BMDM:s stained with isotype control antibodies (dashed lines) for CCR1 (top
and center panels, bold lines) or CCR5 (bottom panel, bold lines). B, specific mean fluorescence intensities (MFIs) for CCR1 (top and center panel) and CCR5 (bottom
panel) were calculated by subtracting the mean fluorescence intensity of the isotype control from the mean fluorescence intensity of the test stain for each
condition. Results are representative of three independent experiments for A and are pooled from three independent experiments in B. Error bars represent

mean * S.E. (Student’s t test). *, p < 0.05.

this, we performed surface staining and flow cytometry for
CCR1 and CCR5 on wild-type and Tpl2-deficient BMDMs that
were left unstimulated or stimulated for 4 or 24 h with LPS. In
wild-type BMDMs, we observed induction of CCR1 surface
expression by 4 h that further increased by 24 h, as seen by an
increase in the mean fluorescence intensity of the population
(Fig. 4A). This induction was almost completely abrogated in
Tpl2-deficient BMDMs. In contrast, CCR5 membrane expres-
sion was reduced in both wild-type and Tpl2-deficient BMDMs
upon LPS stimulation (Fig. 4B).

Recruitment of Primary Macrophages to the Peritoneal Cavity
Is Impaired in tpl2~"~ Mice—We next sought to determine
whether macrophage migration was altered because of
changes in chemokine receptor expression by Tpl2 ablation
in an in vivo setting. WT or tpl2~'~ mice were injected intra-
peritoneally with Brewer thioglycollate medium or 1 ml PBS as
a control. Thioglycollate medium is a potent inducer of local
sterile inflammation and has been shown to cause peritonitis
associated with robust monocyte/macrophage recruitment
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dependent upon monocyte chemokine receptor signaling (15,
43). Thioglycollate-elicited peritoneal macrophages express
chemokine receptors CCR1, CCR2, and CCR5 (44), and both
CCR2 and CCR5 have been shown to contribute to macrophage
recruitment in response to thioglycollate (43). Cells were
allowed to migrate to the peritoneal cavity for 72 h before mice
were sacrificed and PECs were harvested. The total number of
peritoneal cells recovered was increased significantly in thiogly-
collate-treated mice compared with PBS-treated controls, yet
the absolute number of cells recovered from tpl2~/~ thiogly-
collate-treated mice was reduced significantly compared with
WT thioglycollate-treated mice (Fig. 54). Additional charac-
terization of the thioglycollate-recruited cells via flow cytom-
etry staining with F4/80 and CD11b revealed a similarly high
proportion of F4/80"CD11b™ primary macrophages recruited
to the peritoneal cavity of WT and tp[2~'~ mice at this time
point, which favors macrophage recruitment (Fig. 5B8). How-
ever, the total number of macrophages recruited was reduced
significantly in £pl2~/~ mice (Fig. 5C).

JOURNAL OF BIOLOGICAL CHEMISTRY 15793



Tpl2 Regulates Chemokine Receptor Expression

A Total Peritoneal Cells €  F4/80* CD11b* M®
40 7 * 25 1 *
35 1
20 1
—~ 307 = awT
;&5 25 - 2 15 1 W Tpl2 KO
=~ 20 1 )
: - Z 10 1
E 10 A1 S
S B
5 -
0 - 0 JCwim
PBS Thio PBS Thio
B Tpl2 KO
PBS
10° 85.9
10-1 A
3% 103
Thio 5 ")"\’:’1 A
g 100
il
010? 10° 10* 10° 010° 10° 10* 10°
CD11b

FIGURE 5. Thioglycollate-elicited recruitment of primary macrophages is
impaired in tpl2~/~ mice. WT and tp/2~/~ mice were injected intraperitone-
ally with 1 ml of PBS (control) or 3% thioglycollate (Thio) medium to induce
sterile peritonitis and macrophage recruitment. Mice were sacrificed 72 h
later, and PECs were obtained and analyzed. A, total numbers of PECs
obtained from mice 72 h post-injection. B, representative flow cytometric
plots showing recruited F4/80"CD11b™ macrophages. C, absolute numbers
of recruited macrophages from the peritoneal cavity. Results are averages of
three independent experiments, and error bars represent mean * S.E.
(Student’s t test). *, p < 0.05.

DISCUSSION

In this study, we demonstrated that macrophage CC chemo-
kine receptors are regulated by Tpl2. By microarray analysis, we
identified CCR1 and CCR5, both critical receptors for regulat-
ing cellular migration during inflammation (45, 46), as being
regulated in a Tpl2-dependent manner. Therefore, we investi-
gated the effects of Tpl2 ablation on the expression of multiple
CC chemokine receptors clustered on murine chromosome 9,
which includes CCR1, CCR2, and CCR5. We found that
CCR2 and CCR5 are expressed at basally decreased levels,
whereas LPS-stimulated CCR1 transcription was impaired
in tpl2~/~ BMDMs. Furthermore, the Tpl2-dependent
induction of CCR1 gene expression required both PI3K and
ERK activation. To correlate these in vitro chemokine
impairments with a possible in vivo functional impairment
in macrophage migration, we demonstrated that tpl2~/~
mice were defective in the recruitment of primary peritoneal
macrophages to the peritoneal cavity following thioglycol-
late-induced peritonitis. These findings indicate that Tpl2
normally potentiates inflammation by both promoting and
stabilizing chemokine receptor expression in activated
macrophages. Furthermore, our data suggest that Tpl2 inhi-
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bition may help to mitigate excessive cellular infiltration and
inflammation in chronic autoimmunity.

LPS stimulation of human monocytes has been shown to
inhibit the expression of chemokine receptors, including CCR2,
and, to a lesser extent, CCR1 and CCR5 (23, 35). In contrast, a
study using mouse dendritic cells demonstrated that CCR1 was
induced early by LPS between 30 min and 3 h and was repressed
at the mRNA level by 24 h (47). These data demonstrate subtle
differences in chemokine receptor regulation that may be
related to the host species, cell type, or activation state. Our
data in murine BMDMs are consistent with the latter study
because we observed LPS-induced induction of CCR1 mRNA
as early as 1 h, peaking at 2 h, and showing repression after 4 h.
Importantly, CCR1 induction was Tpl2-dependent. We con-
firmed this CCR1 regulation by measuring CCR1 protein on the
cell surface 4 and 24 h after LPS stimulation. On the basis of the
fact that CCR1 mRNA was repressed by LPS as early as 4 h after
stimulation, it is likely that protein expression would ultimately
be reduced at later time points.

The rapid, albeit transient, induction of CCR1 suggests that
CCR1 may play a critical early role in monocyte recruitment to
inflammatory sites. In laminar flow studies, CCR1 was shown to
be responsible for the initial arrest of monocytes to activated
endothelium, and both CCR1 and CCR5 subsequently pro-
moted transendothelial migration in response to CCL5 (48).
Furthermore, the subsequent repression of CCR1, along with
the repression of CCR2 and CCR5, may be necessary for macro-
phage egress from tissues. In support of this notion, Cao et al.
(49) have demonstrated that inflammatory macrophages do not
die within tissues but migrate through the lymphatics and into
the circulation.

Inhibition of chemokine receptor expression has been
reported to occur via multiple mechanisms. CCR2 expression is
decreased via mechanisms involving receptor internalization
and degradation as well as a reduction in CCR2 mRNA stability
(35, 50, 51). Some studies have suggested that LPS represses
CCR5 to some extent by transcriptional control (35, 52),
whereas others have proposed alternate mechanisms (53, 54).
Our data clearly demonstrate a decrease in mRNA expression
for CCR1, CCR2 and CCR5 in response to LPS stimulation,
although with varying kinetics. Tpl2 deficiency has been shown
to result in destabilization of certain inflammation-related
mRNAs, including TNFe, IL-6, and KC chemokine mRNAs, in
LPS-stimulated macrophages (38). Consistent with this, we
observed that Tpl2 increased CCR5 mRNA stability by 37%.
Although the focus of this study was the transcriptional regu-
lation of these chemokine receptors, we cannot exclude the
possibility of additional mechanisms of regulation. For exam-
ple, Franchin et al. (54) attributed the reduction in CCR5 sur-
face expression to internalization that is independent of new
protein synthesis. Ligand-induced down-regulation of CCR5 by
exogenous MIP-1a has also been demonstrated (55). Such a
mechanism could contribute to the reduction in CCR5 surface
protein expression (Fig. 4). In this regard, Bandow et al. (32)
have shown previously that the LPS-induced expression of the
CCR1/CCRS5 specific chemokine ligand CCL5 (RANTES), was
increased in tpl2~'~ macrophages. We also observed a time-
dependent increase in CCL5 expression levels in tpl2~ '~
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macrophages relative to WT cells stimulated with LPS,
although, by 3 h, CCL5 expression was similar in WT and
tpl2~'~ macrophages (data not shown).

Additional studies revealed that early LPS-induced CCR1
expression was reduced in the absence of either PI3K or ERK.
The PI3K/Akt pathway is activated in macrophages by LPS
stimulation by a Tpl2-dependent mechanism (42, 56). Further-
more, Akt is one kinase shown to phosphorylate Tpl2 on serine
400 (57). Serine 400 phosphorylation of Tpl2 is required for
LPS-stimulated ERK activation in macrophages (58). There-
fore, PI3K/Akt, Tpl2, and ERK define the signaling pathway
through which LPS induces CCR1 expression in macrophages.
Analysis of the CCR1 and CCR5 promoter regions in both
humans and mice revealed putative binding sites for known
ERK-dependent transcription factors, Ets and/or AP-1. Nota-
bly, the murine CCR5 promoter lacked a putative Ets binding
site, which could explain the differential transcriptional regula-
tion of CCR1 and CCR5 expression by ERK.

Although this study and others have begun to elucidate the
ways in which Tpl2 mediates macrophage chemokine and
chemokine receptor expression, currently little is known about
the role of Tpl2 in mediating the actual in vivo migration of
macrophages during inflammation. To address this issue, we
used a thioglycollate model of sterile inflammation to initiate
macrophage migration and found that £p/2~'~ mice exhibited
impaired total cellular and macrophage recruitment to the site
of inflammation. On the basis of our findings here, Tpl2 regu-
lates macrophage migration, at least in part, by maintaining
appropriate chemokine receptor expression (i.e. CCR1, CCR2,
and CCR5) levels in macrophages. Importantly, Tpl2-depen-
dent regulation of chemokine receptors likely extends to other
critical innate migratory cells, such as neutrophils and dendritic
cells. Future studies targeting specific chemokine receptor/li-
gand interactions are needed to provide greater insight into the
dominant mechanisms by which Tpl2 influences macrophage
and/or neutrophil migration.

The selective inhibition of chemokine receptors is emerging
as a therapeutic option for the treatment of autoimmune and
inflammatory disorders. For example, the selective inhibition of
CCR1 has been explored for the treatment of specific autoim-
mune diseases like rheumatoid arthritis, where CCR1 inhibi-
tion correlated with reductions in cellular infiltration and
inflammation in the joints of arthritis-induced mice (59). Addi-
tionally, CCR1 inhibition has also been investigated in studies
for the treatment of tumor-associated diseases such as multiple
myeloma, where therapeutic inhibition of CCR1 resulted in a
decreased tumor burden in affected mice (60). CCR2 and its
ligand CCL2 (MCP-1) have been implicated in the progression
of atherosclerosis and multiple sclerosis (19, 61, 62). Mice lack-
ing CCR5 had decreased bacterial burdens and better protec-
tion against endotoxin-induced systemic shock (46). Despite
these results, the use of CCR1 and CCR5 antagonists in human
clinical trials is less prevalent, and the efficacy of these treat-
ments has often been poor. The development of safe CCR1
antagonists for human use has had recent success (63), but few
studies have tested the efficacy of these drugs in patients with
autoimmune conditions like rheumatoid arthritis. Addition-
ally, CCR5 antagonism has not shown promise in human drug
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trials for rheumatoid arthritis and, therefore, appears to be a
poor target for treatment of this condition on its own (42).

Our findings suggest that Tpl2 inhibition, which can reduce
inflammation-associated expression of the macrophage CC
chemokine receptors CCR1, CCR2, and CCR5, may provide an
alternative treatment for a variety of autoimmune diseases
associated with increased inflammatory cell infiltration. Fur-
thermore, CCR1, CCR2, and CCR5 antagonism may be
enhanced in combination with selective inhibition of Tpl2
because our findings have suggested that this kinase is respon-
sible for regulating their expression in macrophage popula-
tions. Lastly, inhibition of Tpl2 may also help to control in vivo
migration of macrophage populations and potentially block the
continued accumulation of inflammatory infiltrates in affected
tissues. One should note, however, that the physiological effect
of Tpl2 ablation (or clinical inhibition) could significantly
impair the ability of the host to respond to a variety of bacterial,
parasitic, and viral infections as well as weaken host responses
to cancers. Clearly, further research into the role of Tpl2 in
mediating inflammatory cell trafficking is warranted to evalu-
ate the effects of Tpl2 inhibition in clinical applications.
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