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bstract

Acute expression of macrophage inflammatory protein-1 beta (also known as CCL4) promotes beneficial leukocyte recruitment to infected tissues,
ut chronic expression of this chemokine contributes to inflammatory disease. CCL4 expression is controlled largely at the transcriptional level and
n ATF/CRE sequence located in the promoter (−104 to −97 bp, relative to the transcriptional start site) has been identified as a critical cis-acting
lement. The trans-acting binding proteins that influence CCL4 transcription via this site are largely unknown. We investigated whether activating
ranscription factor 3 (ATF3), a member of the ATF/CREB family of transcription factors, binds to the CCL4 ATF/CRE site in macrophages.
sing the electrophoretic mobility shift assay and the chromatin immunoprecipitation assay, we found that ATF3 binds to the ATF/CRE site
ithin the CCL4 promoter in untreated and lipopolysaccharide (LPS)-stimulated macrophages. Quantitative RT-PCR analysis showed that CCL4
RNA levels in elicited peritoneal macrophages from ATF3−/− mice are significantly higher than in congenic ATF3+/+ macrophages under both

nstimulated and LPS-stimulated conditions, suggesting that ATF3 represses transcription of the CCL4 gene. Consistent with the higher gene
+/+
xpression, ATF3-deficient macrophages secreted more CCL4 protein than ATF3 macrophages. Similar results were obtained in bone-marrow-

erived macrophages treated with Toll-like receptor 2, 3, 4 and 5 agonists. Thus, we conclude that ATF3 constitutively binds to the ATF/CRE site
n the CCL4 promoter where it represses basal and pathogen-associated molecular pattern (PAMP)-stimulated transcription. Consequently, ATF3
ppears to be part of a control mechanism that limits the amount of CCL4 released by macrophages, preventing excessive inflammation.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Macrophage inflammatory protein-1 beta (MIP-1�) also
nown as CCL4 (Menten et al., 2002) is an 8 kDa chemokine
hat was originally isolated from the medium of bacterial
ipopolysaccharide (LPS)-activated macrophages (Wolpe et al.,
988). Though macrophages are major producers of CCL4,
endritic cells, lymphocytes and other cells also secrete this
hemokine (Menten et al., 2002). CCL4 mediates inflammatory
esponses by stimulating the chemotaxis of monocytes, imma-
ure dendritic cells, Th1 lymphocytes, NK cells, and activated

osinophils (Broxmeyer et al., 1990). The expression of CCL4
s induced in response to bacterial and viral infection and in at
east some cases this chemokine is vital for effective clearance

∗ Corresponding author. Tel.: +1 415 338 1843; fax: +1 415 338 2295.
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f the microbes. However, elevated levels of CCL4 are found
n the most affected tissues in several chronic inflammatory dis-
ases (Menten et al., 2002). Consequently, it is believed that
CL4 contributes to detrimental chronic inflammatory condi-

ions in addition to having beneficial actions in acute inflamma-
ory responses.

The regulation of CCL4 expression in immune system cells
as not been well studied, although there is some published work
n macrophage lineage cells. These reports reveal that CCL4
RNA and protein levels are very low in resting human and
urine monocyte/macrophages (Proffitt et al., 1995; Widmer et

l., 1993; Wolpe et al., 1988; Ziegler et al., 1991). Upon expo-
ure to microbial stimuli such as LPS, CCL4 mRNA levels are
nduced within 30 min, reach maximum levels by 4–6 h, and

hen decline thereafter. The increased mRNA level is primarily
ue to transcriptional induction (Ziegler et al., 1991). However,
tabilization of the mRNA is another potential site of regulation,
ince the 3′ untranslated region contains an AU-rich sequence

mailto:weinst@sfsu.edu
dx.doi.org/10.1016/j.molimm.2006.08.006
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Widmer et al., 1993) found in the mRNAs of many cytokines
ontrolled in this manner (Tebo et al., 2003). Deletion analysis
f the CCL4 promoter has identified a LPS-responsive element
ocated −127 to −95 relative to the transcriptional start site
Proffitt et al., 1995; Ziegler et al., 1991). Within this region
s a putative ATF/CRE element [TGACATCA] conserved in the
uman and mouse CCL4 promoters that is necessary for the LPS
esponsiveness; nucleotide substitution within the ATF/CRE
equence [gGAtATCg] substantially reduces the induction by
PS (Proffitt et al., 1995). Thus, the putative ATF/CRE element

s a focal point for transcriptional regulation of CCL4 expression
n LPS-treated macrophages.

Several different protein complexes bind to the ATF/CRE site
n the CCL4 promoter, based on the multi-band electrophoretic

obility shift assay (EMSA) pattern observed by Proffitt et al.
1995). To date, c-Jun is the only protein that has been shown to
ind to this element. However, the functional relevance of c-Jun
inding to the regulation of CCL4 transcription has not been
emonstrated. Importantly, the published EMSA data illustrat-
ng c-Jun binding showed multiple protein–DNA complexes not
upershifted by c-Jun antibodies (Proffitt et al., 1995), suggest-
ng that proteins other than c-Jun bind to the ATF/CRE site.

The ATF/CRE in the CCL4 promoter has the same sequence
s the NF-ELAM1 element in the E-selectin promoter (TGA-
ATCA) (Hooft van Huijsduijnen et al., 1992). Since NF-
LAM1 has been shown to bind ATF3 (Kaszubska et al., 1993;
awa et al., 2000), a member of the ATF/CREB family of

ranscription factors (Hai and Hartman, 2001), we investigated
hether ATF3 binds to the ATF/CRE in the CCL4 promoter.

n this report, we show that ATF3 binds to the ATF/CRE site
n the CCL4 promoter and represses basal and LPS-stimulated
ranscription of CCL4. Thus, ATF3 may curtail the amount of
CL4 secreted by macrophages, thereby preventing damaging

nflammatory responses.

. Materials and methods

.1. RAW264.7 cell culture

The murine macrophage cell line, RAW264.7 (American Tis-
ue Type Collection, Rockville, MD) was cultured as described
Weinstein et al., 1991). For preparation of nuclear extracts,
× 107 cells in 20 ml of medium were seeded onto 15 cm dishes

Corning Inc., Acton, MA) and incubated at 37 ◦C, for 12–16 h.
ighly purified LPS from Salmonella minnesota R595 (Re) (List
iological Laboratories, Campbell, CA) was added to a final
oncentration of 100 ng/ml and the cultures were incubated at
7 ◦C for 1 h. The cells were lysed and nuclear extracts were
repared as described in (Kitchens et al., 1992).

.2. Primary macrophage cultures

Thioglycollate-elicited peritoneal macrophages were pre-

ared from 6- to 8-week-old ATF3-deficient (Hartman et al.,
004) and C57Bl/6 mice as described in (Gallily and Feldman,
967). Peritoneal washout cells from several mice were pooled,
lated at 2 × 106 cells in 4 ml of �-MEM containing 10% heat-
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nactivated fetal bovine serum, and 50 �g/ml gentamycin in
-well plates (Corning, Acton, MA) and incubated at 37 ◦C for
h. Non-adherent cells were removed by washing the cultures
ith PBS and the resultant adherent macrophage cultures were

ncubated in fresh �-MEM medium overnight. Prior to the addi-
ion of LPS, the medium on the cultures was replaced with 1.5 ml
f fresh �-MEM medium. Following the stimulation period, the
ultures were washed twice with 2 ml of PBS and the cells were
ysed in 350 �l of RLT buffer (RNeasy kit, Qiagen, Valencia,
A). The resultant cell lysates were stored at −80 ◦C until fur-

her processing was performed.
Bone marrow cells were isolated from the femurs and tibias

f the same mice used to prepare peritoneal macrophages. Bone
arrow-derived macrophages were generated as described in

Yi and Wilman, 1989), except that the cells were cultured in
-MEM supplemented with 10% fetal bovine serum, 50 �g/ml
entamycin and 20% CMG 12–14 cell conditioned medium
s a source of CSF-1 (Takeshita et al., 2000). Non-adherent
acrophage precursors (3 × 105) were seeded into 60 mm dishes

n 2 ml of medium. These cultures were given fresh medium
very third day and were used for experiments after 9 days.
acrophages were stimulated with LPS and lysed in RLT buffer

s described for the peritoneal macrophages. The San Francisco
tate University Institutional Animal Care and Use Committee
pproved all animal protocols.

.3. Electrophoretic mobility shift assay

The electrophoretic mobility shift assay was performed
s described in (Buratowski and Chodosh, 1996). Nuclear
xtracts (5 �g) were incubated (30 min at 25 ◦C) with a
2P-labeled double-stranded oligonucleotide containing the
TF/CRE sequence (underlined) from the CCL4 promoter
TCGATGCCATGACATCATCTTTACTCA or a mutated
TF/CRE site CTCGATGCCAgGAtATCgTCTTTACTCA,

hat does not bind c-Jun (Proffitt et al., 1995). Some nuclear
xtracts were incubated with rabbit polyclonal antibodies
3 �g) against ATF3 or c-Fos (sc-188 and sc-253, respectively,
anta Cruz Biotechnology, Santa Cruz, CA) for 30 min at
5 ◦C prior to incubation with the radiolabeled oligonucleotide.
rotein–DNA complexes were resolved by electrophoresis
n a 5% non-denaturing polyacrylamide gel and detected by
utoradiography.

.4. Quantitative RT-PCR

Total RNA was isolated from macrophage RLT lysates using
n RNeasy kit with DNase I treatment according to the manu-
acturer’s instructions. RNA was quantitated by absorbance at
60 nm and 800 ng of total RNA was used to synthesize cDNA
sing an iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA).
eal-time PCR was performed in triplicate for each sample with
aqman primer/probes on an Applied Biosystems 7900 system

t the UCSF Comprehensive Cancer Center Genome Analy-
is Core. Each 20 �l reaction contained 5 ng cDNA, 5.5 mM

gCl2, 200 �M dNTPs, and 1.25 units AmpliTaq Gold DNA
olymerase. PCR was carried out for 40 cycles of 95 ◦C for
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5 s and 60 ◦C for 1 min, after an initial 10 min incubation at
5 ◦C. The relative amount of CCL4 mRNA normalized to �-
lucuronidase mRNA was calculated using the 2−��Ct method
Livak and Schmittgen, 2001).

.5. Intracellular CCL4 staining

Bone marrow-derived macrophages cultured to 90–95% con-
uent on 60 mm dishes were stimulated with 100 ng/ml of
ighly purified LPS for 6 h. During the last 4 h of culture, Golgi
lug reagent (BD Biosciences, San Diego, CA) was added to
lock protein secretion. Following the stimulation period, the
ells were released from the dishes by incubating in 5 mM
DTA/PBS. Cells were pelleted by centrifugation and washed

wice with Ca2+/Mg2+ free PBS (Invitrogen, Carlsbad, CA) con-
aining 1% FBS (Invitrogen, Carlsbad, CA) and 0.09% sodium
zide. Surface Fc receptors were blocked by incubating the
ells in 4% mouse serum (Jackson ImmunoResearch Lab, West
rove, PA) in PBS for 30 min on ice. The cells were fixed and
ermeabilized using the BD Cytofix/Cytoperm kit (San Diego,
A), followed by intracellular blocking with 5% horse serum in
BS for 30 min on ice. Cells (5 × 105) were then stained with
.5 �g of a rat anti-mouse CCL4 monoclonal antibody (clone
65-2, BD Pharmingen, San Diego, CA) or with an isotype con-

rol rat anti-HA monoclonal antibody (Roche Applied Science,
ndianapolis, IN) for 30 min on ice followed by incubation with
.5 �g of APC-conjugated donkey anti-mouse IgG antibody
Jackson ImmunoResearch Lab) for 30 min on ice. Stained cells
ere analyzed with a FACSCalibur using CellQuest Software

Becton Dickinson, San Jose, CA). The median fluorescence
ntensity (MFI) was calculated from the MFI of anti-CCL4-
tained cells minus the MFI of anti-HA-stained cells.

.6. CCL4 ELISA

Quantitation of CCL4 protein secreted into the culture
edium was performed using a sandwich ELISA kit (DuoSet
LISA kit, R&D Systems Inc., Minneapolis, MN) according to

he manufacturer’s instructions.

.7. Chromatin immunoprecipitation assay

The chromatin immunoprecipitation assay was performed
sing an EZ ChIP kit (Upstate Biotechnology, Lake Placid,
Y) according to the manufacturer’s protocol with some
odification. Briefly, RAW264.7 cells (1 × 108 in 100 ml

f medium) were plated on 150 cm2 plates (Corning) and
ncubated overnight. The next day the cells were treated with
00 ng/ml of LPS for 60 min. Following LPS treatment, the
lates were washed twice in PBS and the cells were incubated
n 1% formaldehyde for 12.5 min at room temperature. Glycine
as added to 125 mM final concentration to terminate the reac-

ion. The plates were washed three times in PBS, then the cells

ere dislodged with a cell lifter and collected by centrifugation

400 × g, 5 min, 4 ◦C). Lysis buffer [10 mM Tris pH 8, 0.25%
riton X-100, 0.5% NP-40 and protease inhibitor cocktail] was
dded and the cells were incubated on ice for 10 min. Following

t
C
a
t

nology 44 (2007) 1598–1605

entrifugation, the cell pellet was resuspended in 5 ml of 50 mM
ris pH 8, 1% SDS, 10 mM EDTA and protease inhibitor cock-

ail and the DNA was sheared using a Misonix model XL20202
onicator (Farmingdale, NY) at setting 5 (9× 20 s pulses). The
heared chromatin samples were clarified by centrifugation
13,000 × g, 10 min at 4 ◦C) and the supernatant fractions were
iluted 1:10 in 16.7 mM Tris–HCl pH 8, 0.01% SDS, 1.1%
riton X-100, 1.2 mM EDTA and 167 mM NaCl. Pre-clearing
as performed with an overnight incubation with protein G
epharose (240 �l of a 50% slurry). For immunoprecipitation,
0 �g of anti-CREB (06-863, Upstate Biotechnology) or anti-
TF3 antibodies were added and the samples were incubated
vernight at 4 ◦C. The immune complexes were collected
ith protein G Sepharose, washed extensively and eluted in
00 �l of 0.1 M NaHCO3, 1% SDS. Crosslinking was reversed
y adding 20 �l of 5 M NaCl and heating to 65 ◦C for 12 h.
roteinase K (20 �g), 10 �l of 0.5 M EDTA and 20 �l of 1 M
ris–HCl pH 6.5 were added to each eluate and the samples
ere incubated at 45 ◦C for 60 min. The samples were extracted

wice in phenol/chloroform and then the DNA was precipitated
n ethanol, using 20 �g of glycogen as a carrier. After washing
he DNA pellet in 70% ethanol, the DNA was resuspended
n 100 �l of water and 20 �l was used as template for PCR
nalysis. For detection of the CCL4 promoter, DNA oligonu-
leotide primers (5′-CCTCCTTTCTCTTCCGTGATG-3′ and
′-GCCCAAGCCTGACTATTGAGC-3′) specific for a 413-bp
egion encompassing the ATF/CRE in the proximal CCL4
romoter were used for the first stage of PCR amplification.
hirty cycles of amplification were performed using Taq
olymerase (Promega, Madison, WI). The PCR product (3 �l)
as used as a template for a second round of amplification
sing nested primers (5′-TTCAGTTTCTTTCTCGATGCC-3′
nd 5′-GAGAACCCTGGAGCACAGA-3′) for 10 cycles. The
resence of the 270-bp product was evaluated on a 1% agarose
el. Images were acquired using a digital camera (UVP Inc.,
pland, CA). The identity of PCR products was confirmed by
NA sequencing.

.8. Statistical analysis

Two group, unpaired t-test analysis was performed using
tatView 5.0 software, SAS (Cary, NC). All p-values <0.05 were
onsidered statistically significant.

. Results

.1. ATF3 binds to the ATF/CRE site in the CCL4 promoter

To test whether ATF3 binds to the ATF/CRE site in the
CL4 promoter, we performed EMSA (Kitchens et al., 1992)
nd supershift experiments using nuclear extracts from the
AW264.7 macrophage cell line. As shown in Fig. 1A, mul-

iple bands appeared in the EMSA, consistent with the literature

hat many proteins bind to the ATF/CRE site derived from the
CL4 promoter. Significantly, a supershifted band that migrated
t the top of the gel (indicated by the arrowhead) appeared in
he presence of the anti-ATF3 antibodies (Fig. 1A, lanes 9 and
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Fig. 1. ATF3 binds to the ATF/CRE site within the CCL4 promoter. (A) EMSA:
nuclear extracts from unstimulated (−) and LPS-stimulated (+) RAW264.7
cells were incubated with a DNA fragment derived from the CCL4 promoter
containing either a mutant (lanes 1–6) or wild type (lanes 7–12) ATF/CRE
site. The reactions were carried out with or without prior incubation with the
indicated antibodies and then analyzed by PAGE. The arrow on the right indi-
cates the super-shifted band in the presence of anti-ATF3 antibodies. Similar
results were obtained in four independent experiments. (B) ChIP: Sheared, cross-
linked genomic DNA from unstimulated (−) and LPS-stimulated (+) RAW264.7
cells (input) was immunoprecipitated with anti-ATF3 or anti-CREB antibodies.
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he presence of the CCL4 promoter in the immunoprecipitated materials was
ssessed by nested PCR as described in the materials and methods. Shown are
epresentative results from two experiments.

2), indicating the binding of ATF3 to the DNA. The speci-
city of ATF3 binding was confirmed by two controls. First,

sotype-matched antibodies against Fos-family proteins (c-Fos,
osB, Fra-1 and Fra-2) did not cause a supershift comparable

o the one produced by anti-ATF3 antibodies (Fig. 1A, lanes
and 11). Second, ATF3 binding was not detected when a
utant probe containing three nucleotide substitutions within

he ATF/CRE site was used (Fig. 1A, lanes 3 and 6). We note
hat nuclear extracts from either untreated (Fig. 1A, lane 9) or
PS-stimulated (Fig. 1A, lane 12) RAW264.7 cells showed evi-
ence of ATF3 binding to the CCL4 promoter. This is consistent
ith our ATF3 immunoblot analysis (data not shown), indicat-

ng that this protein is present in both untreated and LPS-treated
ells.

To determine whether ATF3 binds to the CCL4 promoter in
ivo, we performed a chromatin immunoprecipitation (ChIP)
xperiment. Soluble chromatin from unstimulated and LPS-
reated RAW264.7 macrophages were immunoprecipitated with
nti-ATF3 antibodies, then the presence of the CCL4 promoter
n the immunoprecipitated fraction was evaluated by nested
CR. The expected 270-bp PCR product corresponding to bases
202 to +68 in the CCL4 promoter was detected in anti-ATF3
mmunoprecipitates from both unstimulated and LPS-treated
acrophages (Fig. 1B). In contrast, antibodies against another
TF/CREB family transcription factor, CREB, did not immuno-
recipitate the CCL4 promoter. Taken together, the ChIP and
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MSA results indicate that ATF3 binds to the ATF/CRE site on
he CCL4 promoter in macrophages.

.2. CCL4 mRNA and protein are elevated in
TF3-deficient peritoneal macrophages

ATF3 regulates the transcription of a growing number of
enes (reviewed in Hai et al., 1999). As a homodimer, ATF3
cts as a repressor; however, ATF3 has been shown to be a
ransactivator when dimerized with other basic region leucine
ipper (bZip) proteins (Hai et al., 1999). Since our ChIP and
MSA data indicated that ATF3 binds to the CCL4 promoter,
e asked whether ATF3 influences the transcription of the CCL4
ene. To this end, we compared the level of CCL4 mRNA
n primary macrophages isolated from ATF3-deficient mice
ATF3−/−) (Hartman et al., 2004) to that in ATF3+/+ mice.
hioglycollate-elicited peritoneal macrophages from ATF3−/−
nd ATF3+/+ congenic C57Bl/6 mice were cultured in the pres-
nce or absence of LPS, and then the relative amount of CCL4
RNA in these cells was determined by quantitative reverse

ranscription-real time PCR (qRT-PCR). As shown in Fig. 2A,
e found that the basal, unstimulated level of CCL4 mRNA was

ignificantly elevated (>13-fold) in ATF3−/− macrophages com-
ared to ATF3+/+ macrophages. Similarly, LPS-treated ATF3−/−
acrophages expressed significantly more CCL4 mRNA than
TF3+/+ macrophages (Fig. 2B). The disparity in CCL4 mRNA

evels between ATF3−/− and ATF3+/+ macrophages was the
reatest at the earliest LPS stimulation times examined (three-
old more after 1 h with LPS and two-fold more after 2 h with
PS). Overall, the kinetics of LPS-induced CCL4 mRNA were
omparable in ATF3+/+ and ATF3−/− macrophages.

To determine whether the elevated CCL4 mRNA levels
bserved in ATF3−/− macrophages led to higher CCL4 pro-
ein production, we compared the amount of CCL4 secreted
y ATF3−/− and ATF3+/+ peritoneal macrophages by ELISA
efore and after LPS treatment. We found that untreated
TF3−/− macrophages secreted approximately 20-fold more
CL4 than ATF3+/+ peritoneal macrophages (601 ± 58 pg/ml
ersus 28 ± 2 pg/ml, mean ± S.E.M.) (Fig. 3). Following LPS-
reatment, ATF3−/− peritoneal macrophages also secreted sig-
ificantly more CCL4 than ATF3+/+ cells at early treatment
imes (at 1 h: 889 ± 29 pg/ml versus 226 ± 16 pg/ml and at 2 h:
.1 ± 0.2 ng/ml versus 3.4 ± 0.2 ng/ml). We note that, at later
ime points, the magnitude of the difference was smaller (data
ot shown). Thus, ATF3−/− peritoneal macrophages produced
ore CCL4 protein than their ATF3+/+ counterparts, parallel-

ng the elevated CCL4 mRNA levels found in ATF3-deficient
acrophages.

.3. CCL4 mRNA and protein are elevated in ATF3−/−
one marrow-derived macrophages

To assess whether the effects of ATF3-deficiency on CCL4

evels seen in peritoneal macrophages occur in other popula-
ions of macrophages, we examined CCL4 mRNA expression
n bone marrow-derived macrophages (BMDMø) obtained from
TF3−/− and ATF3+/+ mice. In these experiments, we treated the
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Fig. 2. Basal and LPS-stimulated CCL4 mRNA levels are higher in peritoneal macrophages from ATF3−/− mice vs. ATF3+/+ mice. Thioglycollate-elicited
macrophages from ATF3−/− and ATF3+/+ mice were untreated (A) or exposed to 10 ng/ml of LPS for the indicated time (B). Total RNA was isolated and analyzed
for CCL4 and �-glucuronidase mRNAs by qRT-PCR. The CCL4 expression in each sample relative to the unstimulated ATF3+/+ sample, normalized for equal
�-glucuronidase expression was calculated by the 2−��Ct method. Shown are the mean ± S.E.M. CCL4 expression determined from quadruplicate independent
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mean ± S.E.M., N = 4) (Fig. 6). ATF3 BMDMø also pro-
duced higher induced levels of CCL4 protein than ATF3+/+

BMDMø following stimulation with LPS (Fig. 5B), LTA or
flagellin (Fig. 6). Thus, the absence of ATF3 in BMDMø led
amples. t-Test p-values <0.05, <0.01 or <0.001 are indicated by *, ** or ***, r
ifferent group of mice.

acrophages with various reagents to stimulate different Toll-
ike receptors (TLRs): lipoteichoic acid (LTA) for TLR2, poly
:C for TLR3, LPS for TLR4, and flagellin for TLR5. We found
hat the basal amount of CCL4 mRNA in ATF3−/− BMDMø
as elevated compared to ATF3+/+ BMDMø (Fig. 4 inset). Fol-

owing exposure to each of the TLR stimuli, higher levels of
CL4 mRNA were produced in ATF3−/− BMDMø than in
TF3-expressing BMDMø (Fig. 4 and data not shown). Both
TA and poly I:C treatments yielded amounts of CCL4 mRNA
hat were two-fold higher in ATF3−/− macrophages compared
o ATF3+/+ cells, whereas flagellin- and LPS-stimulation pro-
uced smaller differences. Thus, ATF3−/− BMDMø behaved
ike ATF3−/− peritoneal macrophages with respect to exhibit-
ng elevated CCL4 mRNA levels compared to corresponding
TF3+/+ macrophages.

Higher levels of CCL4 mRNA in ATF3−/− BMDMø
ere accompanied by increased expression of CCL4 pro-
ein compared to ATF3+/+ cells. Intracellular staining of
CL4 protein in untreated ATF3−/− and ATF3+/+ BMDMø

ollowed by flow cytometry revealed 3-fold more CCL4-

ig. 3. Peritoneal macrophages from ATF3−/− mice secrete more CCL4 than
acrophages from ATF3+/+ mice. Thioglycollate-elicited macrophages from
TF3−/− or ATF3+/+ mice were exposed to 10 ng/ml of LPS for the indicated

ime. The amount of CCL4 secreted into the culture medium was quantitated by
LISA. The data presented are the mean ± S.E.M. from four independent sam-
les. t-Test p-values <0.001 or <0.0001 are indicated by ** or ***, respectively.
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tively. Similar data were obtained in three separate experiments, each using a

ositive ATF3−/− cells than ATF3+/+ cells (19.7 ± 1.2% ver-
us 6.0 ± 0.4%, mean ± S.E.M., N = 4). Consequently, ATF3−/−
ells had a higher median fluorescence intensity than ATF3+/+

ells (12.20 ± 1.25 versus 7.24 ± 0.26, mean ± S.E.M., N = 4)
Fig. 5A and B). Consistent with these results, signifi-
antly more CCL4 was secreted into the culture medium by
ntreated ATF3−/− BMDMø than by ATF3+/+ BMDMø as
etected by ELISA (27.3 ± 1.2 ng/ml versus 7.2 ± 0.4 ng/ml,

−/−
ig. 4. Bone marrow-derived macrophages from ATF3 −/− mice express higher
evels of CCL4 mRNA than ATF3+/+ BMDMø. Bone marrow cells from
TF3−/− and ATF3+/+ mice were cultured 7–10 days in CSF-enriched medium

o promote macrophage differentiation. The resulting macrophage cultures were
xposed to LTA (10 �g/ml), poly I:C (25 �g/ml) or flagellin (100 ng/ml) for 1.5 h.
he relative CCL4 mRNA expression was determined as described in the legend

o Fig. 2. Shown are the mean ± S.E.M. CCL4 expression determined from qua-
ruplicate independent samples. t-Test p-values <0.05 or <0.0001 are indicated
y * or **, respectively. Similar data were obtained in a replicate experiment
sing a separate group of mice.
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Fig. 5. CCL4 protein expression is higher in bone marrow-derived macrophages from ATF3−/− mice than from ATF3+/+ mice. Bone marrow-derived macrophages
from ATF3−/− and ATF3+/+ mice were exposed to 100 ng/ml of LPS for 6 h in the presence of GolgiPlug reagent for the last 4h to inhibit protein secretion. CCL4
expression was analyzed by intracellular staining with anti-CCL4 antibodies or isotype control antibodies followed by flow cytometry. (A) Representative histograms
of CCL4 fluorescence from untreated and LPS-treated ATF3+/+ and ATF3−/− macrop
fluorescence of anti-CCL4 antibody-stained cells minus the median fluorescence of iso
were averaged and the mean ± S.E.M. are shown. t-Test p-values <0.001 or <0.0001

Fig. 6. Bone marrow-derived macrophages from ATF3−/− mice secrete
more CCL4 than macrophages from ATF3+/+ mice. Bone marrow-derived
macrophages from ATF3−/− and ATF3+/+ mice were exposed to LTA (10 �g/ml)
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r flagellin (100 ng/ml) for 1.5 h. An ELISA was used to quantitate the amount
f CCL4 secreted into the culture medium. The mean ± S.E.M. from four exper-
ments are shown. t-Test p-values <0.0001 are indicated by *.

o increased production of CCL4 protein in a manner similar to
hat observed for peritoneal Mø.
. Discussion

Previous analysis of the CCL4 promoter identified an
TF/CRE sequence conserved in the human and mouse genes

(
i
e
d

hages are shown. (B) The median fluorescence intensity defined as the median
type control antibody-stained cells. Results from four independent experiments
are indicated by * or **, respectively.

hat is critical for transcriptional regulation (Barabitskaja et al.,
006; Proffitt et al., 1995). At the time that the present investiga-
ion was initiated, c-Jun was the only transcription factor known
o bind to this site (Proffitt et al., 1995) and the influence of
-Jun on CCL4 transcription had not been established. Conse-
uently, further investigation of ATF/CRE site-binding proteins
hat regulate CCL4 transcription in macrophages was warranted.

Our ChIP and EMSA data indicate that ATF3 binds to the
urine CCL4 promoter in vivo and that this binding is localized

o the ATF/CRE site. Notably, results from both assays suggest
hat ATF3 is bound to the CCL4 promoter in both unstimu-
ated and LPS-stimulated macrophages. Whether cell stimula-
ion modulates the composition of ATF3-containing complexes
equires further experiments. As an example, ATF3 and c-Jun are
nown to form heterodimers (Hai and Curran, 1991). It would
e interesting to find out whether these two proteins bind to the
CL4 promoter as a heterodimer or as part of separate com-
lexes in unstimulated and stimulated macrophages.

The observation that the amount of CCL4 mRNA is elevated
n ATF3-deficient murine macrophages relative to congenic
TF3+/+ controls suggests that ATF3 functions as a transcrip-

ional repressor of the CCL4 gene in these cells. The repressive
ffect of ATF3 on the CCL4 gene is consistent with the reported
ffect of this protein on the transcription of several other genes

Hai et al., 1999), including the ELAM-1 gene that contains an
dentical ATF/CRE sequence within its promoter (Kaszubska
t al., 1993; Nawa et al., 2000). Our data indicate that ATF3
ampens both basal CCL4 and induced CCL4 gene expression
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uring the early stages of cell stimulation following exposure
o LPS or other TLR stimuli. However, the influence of ATF3
n CCL4 gene expression appears to diminish as the length of
ell stimulation increases beyond a few hours. Presumably, other
egulatory proteins become more prominent in governing CCL4
xpression at these later stimulation times. The inducible cAMP
arly repressor ICER that was recently reported to inducibly
ind to the CCL4 ATF/CRE site and to suppress transcription
f this gene in phytohemagglutinin-stimulated human T cells
Barabitskaja et al., 2006) is a potential candidate for playing
his role in macrophages.

CCL4 is known to be present in the tissues directly affected
y several chronic inflammatory diseases including Alzheimer’s
isease, Type 1 diabetes, osteoarthritis, uveitis, Kawasaki
isease and chronic bronchitis (Menten et al., 2002). Pub-
ished studies using neutralizing antibodies against CCL4 in
ome inflammatory disease models have established that this
hemokine contributes to the host tissue damage associated with
hese pathological states (Bless et al., 2000; Manczak et al.,
002). These observations underscore the importance of under-
tanding how CCL4 expression is controlled within the body
nd suggest that therapeutic manipulation of CCL4 expression
ould potentially be clinically useful. The results presented in
his report suggest that ATF3 functions to suppress the amount
f CCL4 secreted by macrophages, possibly to reduce the risk
f damaging inflammatory responses.

During the preparation of this report, Gilchrist et al. (2006)
ublished that ATF3 negatively regulates IL-6 and IL-12 gene
xpression in macrophages. They further showed that ATF3−/−
ice are more sensitive to LPS-induced septic shock than con-

enic ATF3-expressing mice. These observations are consistent
ith our findings presented in this report. Taken together, ATF3
as been demonstrated to repress the expression of several pro-
nflammatory cytokine genes, suggesting that ATF3 functions
s a modulator of inflammation.
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