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Tumor-secreted PGE, Inhibits CCL5 Production in Activated
Macrophages through cAMP/PKA Signaling Pathway™
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One of the major characteristics of tumors is their ability to
evade immunosurveillance through altering the properties and
functions of host stromal and/or immune cells. CCL5 has been
shown to play important roles in T cell proliferation, IFN-v,
and IL-2 production, which promotes the differentiation and
proliferation of Th1 cells important for immune defense
against intracellular infection. In this study we found that tu-
mor-bearing mice were more susceptible to bacterial infection
and showed reduced CCL5 levels in serum during endotoxic
shock. Our data further demonstrated that the soluble factors
secreted by mammary gland tumor cells but not normal mam-
mary gland epithelial cells inhibited CCL5 expression in
macrophages in response to LPS, but not to TNF-« stimula-
tion. The inhibitory effect of tumor-secreted molecules on
LPS-induced CCL5 expression was regulated at the post-tran-
scriptional level. Blocking PGE, synthesis by NS398 or
through the use of PGE, receptor antagonists AH-6809 (EP2
antagonist) and AH-23848 (EP4 antagonist) completely re-
versed the inhibitory effect of tumor-conditioned medium
(TCM) on LPS-induced CCL5 expression. Moreover, PGE, and
the cAMP analog forskolin could mimic tumor-mediated
CCL5 inhibition, and the inhibitory effects of TCM, PGE,, and
cAMP analog on LPS-induced CCL5 expression could be com-
pletely reversed by the PKA inhibitor H89. Furthermore,
blocking PGE, synthesis in vivo led to partial recovery of CCL5
production during endotoxic shock. Taken together, our data
indicate that PGE, secreted from breast cancer cells sup-
presses CCL5 secretion in LPS-activated macrophages through
a cCAMP/PKA signaling pathway, which may result in suppres-
sion of host immune responses against subsequent bacterial
infection.

Solid tumors consist of both tumor and stromal cells sur-
rounded by an extracellular matrix. The interactions between
tumor cells and host cells through cytokines, chemokines,
lipid molecules, and other factors create a unique microenvi-
ronment, which is favorable for tumor progression. Tumor-
mediated immune suppression is a general phenomenon in
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cancer patients, which can be mediated via multiple mecha-
nisms such as tumor-secreted IL-10, TGF-, and PGE,; in-
duction of immunosuppressive regulatory T cells or through
the inhibition of CD4" Th1 and CD8™ effector T cells (1).

Chemokines are small soluble molecules that are best
known for their potent abilities to induce cellular migration,
particularly by leukocytes, during inflammation and infection
(2—4). Migration of leukocytes to the sites of infection is a
critical step for initiating a proper immune response against
invading pathogens. Regulated upon Activation, Normal T
cell Expressed and Secreted (RANTES, CCL5) is a member of
the CC chemokine family which also includes monocyte che-
moattractant protein (MCP)-1, MCP-2, MCP-3, and macro-
phage inhibitory protein (MIP)-1a, MIP-13, and I-309. CCL5
was originally discovered by subtractive hybridization in T
cells but not in B cells and is expressed in platelets, macro-
phages, tubular epithelium, synovial fibroblasts, as well as se-
lect tumor cells (5). CCL5 plays an essential role in inflamma-
tion by recruiting T cells, macrophages, dendritic cells,
eosinophils, NK cells, mast cells, and basophils to the sites of
inflammation and infection (6, 7). It has been reported that
CCL5 could activate macrophages to kill Trypanosoma cruzi
through the induction of nitric oxide (8, 9) and promote
macrophage recruitment into the lungs following endotox-
emia (10). CCL5 levels inversely correlated with the APACHE
(Acute Physiology And Chronic Health Evaluation) II score
predicting poor outcomes (11). Besides its role as a potent
chemoattractant, CCL5 plays an important role in T cell re-
sponses by facilitating the differentiation and proliferation of
Th1 cells, inducing CD8 T cell responses (12—-14), and en-
hancing type 1 immune responses through working synergis-
tically with IFN-vy to activate macrophages, NK cells and T
cells (15). Therefore, production of CCL5 is important for
inducing proper immune responses against infection.

4T1 is a tumor cell line isolated from a single spontaneously
arising mammary tumor from a Balb/BfC3H mouse (murine
mammary tumor virus, MMTV™) (16). It is an excellent
model for breast cancer research because 4T1 tumor develop-
ment is well characterized both oncologically and immuno-
logically (17). Tumor growth and metastatic spread of 4T1
cells closely mimics stage IV breast cancer (18). 4T1 tumors
spontaneously metastasize to a variety of target organs, in-
cluding the lungs, heart, bone, brain and liver (19). Because of
the unique characteristics of 4T1 tumor, this model has been
widely used to investigate important issues such as immuno-
therapy (20), metastasis (21), anti-angiogenesis therapy (8),
and multiple chemotherapy treatments (22, 23). 4T1 tumors
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are poorly immunogenic in that immunization with irradiated
4T1 cells provides only slight delays in tumor growth which
are not sufficient to protect the animal (24). Ours and others
work demonstrated that administration of IL-12 to 4T1 tu-
mor-bearing mice resulted in a substantial reduction in tumor
size and decreased spontaneous metastases to the lungs, and
significantly prolonged their survival time (25, 26). In addi-
tion, CCL5 has been detected in many clinical specimens of
breast cancers (27, 28) and the presence of a high level of
CCL5 in the plasma is a poor prognostic factor in inflamma-
tory breast cancer (29, 30). 4T1 tumors also express high lev-
els of CCL5 and blocking CCL5 signaling pathway with Met-
RANTES in mice suppressed 4T1 mammary tumor growth
(31). Taken together, human and mouse studies indicate that
CCLS5 produced from tumor cells plays an important role in
breast cancer progression. However, little is known about how
tumors affect host CCL5 production during infection.

It has been recognized for a long time that cancer patients
have a high risk of infection (32, 33). Because CCL5 belongs to
type I chemokine important for Th1 response and induction
of CCL5 during endotoxemia correlates with protection (11),
we decided to investigate if the presence of tumor could have
any negative effect on host CCL5 production during infection.
In this study, we found that tumor-bearing mice produced
less CCLS5 in vivo during septic shock compared with tumor-
free mice. Soluble molecules secreted by tumors inhibited
CCLS5 protein production and mRNA expression in macro-
phages stimulated with LPS. The inhibitory effect of tumor-
secreted molecule on CCL5 expression was regulated at the
post-transcriptional level. Moreover, we found that tumor-
secreted PGE, mediated this inhibitory effect through a
cAMP/PKA signaling pathway.

MATERIALS AND METHODS

Mice— 6~8-week-old female Balb/c mice (obtained from
The Jackson Laboratories, Bar Harbor, ME) were housed in
cages with filter tops in a laminar flow hood, fed food, and
filtered water ad libitum at Saint Louis University Animal
Facilities in accordance with the principles of Animal Care
(National Institutes of Health publication number 85-23, re-
vised 1985). For inducing endotoxic shock, mice were injected
intraperitoneally (intraperitoneal) with lipopolysaccharide
from Escherichia coli 0217:B8 (Sigma-Aldrich) (25 mg/kg).
Four hours later, mice were sacrificed for collection of serum
and for isolation of spleens.

Cells—The murine macrophage cell line RAW264.7 and
4T1 mammary gland tumor cells were obtained from the
American Type Culture Collection (ATCC), and maintained
in RPMI 1640 supplemented with 2 mm glutamine, 100
units/ml of penicillin and streptomycin and 10% FBS (Sigma,
endotoxin NMT, 10.0 EU/ml). Normal mammary gland epi-
thelial cell line, CommaD Sego cells isolated from mammary
glands of female Balb/c mice (34), were kindly provided by Dr.
Daniel Medina (Baylor College of Medicine), and maintained
in DMEM supplemented with 5 ml HEPES buffer (per 500
ml), insulin (10 pg/ml), EGF (5 ng/ml), and 2% FBS. Mouse
peritoneal macrophages were obtained by lavage 3 days after
injection of sterile 3% thioglycolate broth (1 ml of intraperito-

2112 JOURNAL OF BIOLOGICAL CHEMISTRY

neal per mouse). Cells were washed and resuspended in RPMI
containing 10% FBS and standard supplements. Macrophages
were plated in 24-well tissue culture plates (1 X 10° cells/
well). After 2 h of incubation to allow for adherence of macro-
phages, monolayers were washed three times to remove non-
adherent cells, and incubated with RPMI containing 10% FBS
and standard supplements. The next day, different amounts of
conditioned medium collected from 4T1, B4, and 168 mam-
mary tumor cells were added for different times as indicated
in the text. Both B4 and 168 tumor cells were kindly provided
by Dr. Robert Kurt at Lafayatte College (35). Tumor-condi-
tioned media (TCMs)> were prepared by inoculation of log-
growth phase of tumor cells (4T1, B4, and 168 cells) into a
T175 flask at a concentration of 0.6 X 10°/ml with freshly
prepared complete culture medium. 72 h later, the culture
supernatants were collected, filtered through a 0.45-um filter,
aliquoted in small tubes, and stored at —20 °C for future use.

Tumor Implantation and NS398 Treatment—1 X 10° 4T1
tumor cells in 100 ul phosphate-buffered saline was injected
subcutaneously (s.c.) into the abdominal mammary gland area
on day 0. After 7 days, NS398 (10 mg/kg) dissolved in DMSO
was given intraperitoneally every 3 days until 19 days after
4T1 cell injection. The same amount of DMSO was used as
negative control. 19 days after 4T1 tumor cell injection, both
tumor-free and tumor-bearing mice were euthanized and
blood was taken by cardiac puncture, followed by collection of
serum for PGE, and CCL5 protein assay. Mouse peritoneal
macrophages were obtained as described above and cultured
at 1 X 10° cells/well in 24 well plates. Culture supernatants
were collected to measure levels of CCL5 protein, and RNA
was isolated from macrophages.

Cecal-ligation and Puncture (CLP)—CLP was performed
according to the protocol published previously (36). Briefly,
19 days after 4T1 tumor cell injection, both tumor-free and
tumor-bearing mice were anesthetized with pentobarbital (50
mg per kg body weight). Then, the abdomen was shaved with
an electric trimmer and disinfected with alcohol prep pads. A
longitudinal skin midline incision (1.5-2 cm) was made with a
scalpel. Then, the cecum was located and isolated using blunt
anatomical forceps, followed by ligating the cecum at an up-
side position. The cecum was punctured using a 26 gauge
needle and placed back into the abdominal cavity, followed by
closure of the abdomen by suture. Mice were returned to
clean cages at the end of surgical procedures where water and
food were readily available and were closely monitored every
2 h for survival.

Plasmids and Reagents—A plasmid encoding the murine
CCLS5 promoter that extended from —979 to +8 was gener-
ated previously (37). All plasmid DNA for transfection were
prepared with Qiagen Endo-free Maxi-Prep kits (Qiagen Inc.
Valencia, CA). LPS from E. coli 0217:B8 was purchased from
Sigma-Aldrich. PGE, receptor antagonists SC-51322 (EP1),
AH-23848 (EP2), AH-6809 (EP4), COX2 inhibitor NS398, and
PKA inhibitor H89 were purchased from Cayman Chemical
(Ann Arbor, MI).

2 The abbreviations used are: TCM, tumor-conditioned medium; LPS,
lipopolysaccharide.
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Reverse Transcription-PCR (RT-PCR)—Reverse-transcrip-
tion (RT) reactions were carried out as follows: 1-ug aliquots
of DNase-treated RNA were mixed with 1 ul of oligo dT
primers (0.5 mg/ml), 1 ul of 10 mm dNTPs and ddH,O to
equalize volumes of all samples at 12 pl. The mixture was
heated at 65 °C for 5 min, quenched on ice and spun down
briefly, followed by adding 8 ul of a Master Mix consisting of
4 pl of 5 X first strand buffer (Invitrogen), 2 ul of 0.1 M DTT,
1 ul of RNase inhibitor (40 units/ul, Invitrogen), and 1 pl of
Superscript IT (200 wl/ul, Invitrogen). The reaction was incu-
bated at 42 °C for 60 min, then at 70 °C for 15 min, followed
by 4 °C soak. To each sample (in 20 ul of total volume) 80 ul
of ddH,O was added. 5 ul of diluted cDNA was used for each
PCR reaction of 25 ul volume. The following primers were
used for PCR amplification of mouse CCL5 cDNA: sense,
GATGGACATAGAGGACACAACT,; antisense, TGGG-
ACGGCAGATCTGAGGG; for mouse GAPDH cDNA:
sense, AACTTTGGCATTGTGGAAGG; antisense,
ACACATTGGGGGTAGGAACA.

Quantitative Real-time PCR (qRT-PCR)—To determine the
level of mRNA expression by quantitative real time PCR, we
used a modified protocol. Briefly, cDNA samples converted
from 1 pg of total RNA, were diluted and studied at several
concentrations. Diluted cDNA was mixed with a pair of prim-
ers (10 um) targeting mouse CCL5 or GAPDH cDNA se-
quences as described above, and with SYBR green PCR master
mix (Applied Biosystems, CA) in a 15 ul volume. PCR cycling
was as followed as: 2 min at 50 °C, 10 min at 95 °C for 1 cycle,
followed by 40 cycles at 15 s at 95 °C, 1 min at 60 °C.

Enzyme-linked Immunosorbent Assays (ELISA)—Superna-
tants from murine peritoneal macrophage and RAW cell cul-
tures were harvested 24 h after stimulation and stored at
—70 °C. Mouse CCL5 was detected using the DuoSet ELISA
kits (R&D Systems, Minneapolis, MN) according to the man-
ufacturer’s instructions. The concentration of PGE, in serum
and supernatants was detected using the prostaglandin E2
EIA kit (Cayman Chemical, Ann Arbor, MI). Concentrations
were calculated by regression analysis of a standard curve.

Transfection Assay— Transient transfections were per-
formed by electroporation. Briefly, for each condition 0.4 ml
of a RAW cell suspension containing 1 X 107 cells was mixed
with 16 ug of total DNA (including reporter, effector, internal
control and carrier DNA) and electroporated in 0.45 cm elec-
troporation cuvettes (Gene Pulser II, Bio-Rad) at 975 microfa-
rade and 300 V in RPMI 1640 medium without serum. The
transfected cells from different cuvettes were resuspended in
RPMI 1640 containing 10% FBS, 2 mM glutamine, 10 um chlo-
roquine, and antibiotics, added to 24-well plates, and incu-
bated for 48 h prior to harvesting. To measure luciferase ac-
tivity, cells were pelleted by centrifugation and resuspended in
100 wl of lysis buffer containing 125 mm Tris-phosphate pH
7.8, 10 mMm DTT, 10 mm 1-2-diaminocyclohexane-tetraacetic
acid, 50% glycerol, 5% Triton X-100. Luciferase activity was
measured in cell lysates. Transfection efficiency was routinely
monitored by -galactosidase (3-gal) assay by co-transfection
with 3 pug of pPCMV-B-galactosidase plasmid. Variability in
-gal activity between samples was typically within 5%. Ly-
sates were used for both luciferase and 3-gal assays.
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Primary Transcript Measurement—To determine primary
transcript of CCL5 gene, cDNA were synthesized with ran-
dom primers using 1 ug of DNase-treated RNA generated
from mouse macrophages stimulated with LPS, LPS plus tu-
mor-conditioned medium, and LPS plus PGE,. The two sets
of primers used for measurement of primary transcript by
qRT-PCR were: CCL5 intron 1 (sense): TAAAGAGCCCAG-
CATAGCTGGCAA; CCL5 exon 2 (antisense): ACGACTG-
CAAGATTGGA GCACTTG, for the first set; CCL5 intron 2
(sense): TGCCTCTGGTTCCAAAGGAGAAGA, CCL5 exon
3 (antisense): TCTTCTCTGGGTTGGCACACACTT, for the
second set.

Statistical Analysis—Student’s t test was performed wher-
ever applicable. Standard deviation of the mean is shown un-
less otherwise indicated. *: p < 0.05, **: p < 0.01, ***: p <
0.001.

RESULTS

CCLS5 Expression Is Reduced in Tumor-bearing Mice during
Endotoxic Shock—To investigate the effects of mammary
gland tumor on CCL5 expression during infection, we used an
endotoxic shock model by injecting LPS into 4T1 tumor-bear-
ing mice, followed by measurement of CCL5 mRNA expres-
sion and protein production. Consistent with our previous
studies (38, 39), the sizes of tumors reached about 8 mm in
diameter 19 days after 4T1 tumor cell injection (Fig. 14). At
this time point, the levels of CCL5 protein in serum (Fig. 1B)
and mRNA expression in spleen (Fig. 1C) in tumor-bearing
mice were significantly reduced compared with tumor-free
mice. To induce endotoxic shock we injected LPS into the
peritoneal cavity of both tumor-free and tumor-bearing mice
and collected sera and spleens for CCL5 detection 4 h later.
LPS injection significantly increased CCL5 secretion (Fig. 1D)
and mRNA expression (Fig. 1E) in both tumor-free and tu-
mor-bearing mice compared with the mice without LPS treat-
ment (Fig. 1, B and C). However, CCL5 protein secretion (Fig.
1D) and mRNA expression (Fig. 1E) in tumor-bearing mice
were markedly reduced compared with tumor-free mice. To
determine whether tumor-bearing mice indeed were more
susceptible to infection, we employed a cecal-ligation and
puncture (CLP) model to induce peritonitis with endogenous
bacteria. As shown in Fig. 1F, tumor-bearing mice not only
died earlier than tumor-free mice but none of them survived
CLP-induced peritonitis, suggesting that the reduced CCL5
production in tumor-bearing hosts during endotoxemia may
compromise host immune competence against bacterial
challenge.

Soluble Factors Secreted by Tumor Cells Inhibit LPS-in-
duced CCLS Expression in Macrophages—To investigate the
effects of tumor on host CCL5 expression, we tested whether
tumor-secreted molecules that can suppress CCL5 expression
in macrophages since macrophages are a major producer of
CCL5. RAW cells were stimulated with LPS and TCM col-
lected from 4T1 mammary gland tumor cells, followed by
measurement of CCL5 protein production and mRNA ex-
pression. 4T1 TCM suppressed LPS-induced CCL5 protein
production (Fig. 24) and mRNA expression (Fig. 2B) about
2-fold, which is similar to the levels of inhibition seen in tu-
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FIGURE 1. CCL5 protein and mRNA expression are impaired in tumor-bearing mice during endotoxic shock. A, 1 X 10° 4T1 tumor cells were injected
s.c. in the abdominal mammary gland of female Balb/c mice. Tumor size in diameter (horizontal and vertical) was measured. 19 days after 4T1 cell injection,
tumor-free and tumor-bearing mice were either left untreated (B and C) or injected intraperitoneal with LPS (25 mg/kg) (D and E). Four hours after LPS injec-
tion, mice were sacrificed, and serum was collected for measurement of CCL5 protein production by ELISA (B and D). Meanwhile spleens were used to ex-
tract total RNA for detection of CCL5 mRNA expression by qRT-PCR (C and E). qRT-PCR data were normalized relative to GAPDH mRNA expression levels in
each respective sample and further normalized to the sample from the tumor-free group, which was set as 1. *, p < 0.05 and ***, p < 0.001 between two
groups. Data shown represent one of three experiments with similar results and 10 mice in each group. F, 19 days after 4T1 cell injection, CLP was per-
formed on tumor-free and tumor-bearing mice (n = 7 for each group) and survival was closely monitored in every 2 h. Data shown represent one of two

experiments with similar results.

mor-bearing mice (Fig. 1, D and E). Mouse peritoneal macro-
phages had similar responses to TCM as the RAW cells (sup-
plemental Fig. S1, A and B). To exclude the possibility that the
soluble factors secreted from normal mammary gland epithe-
lial cells may inhibit CCL5 expression, we collected the condi-
tioned medium (CM) from the CommaD Bgeo cells (normal
mammary gland epithelial cells isolated from Balb/c mice)
and treated the macrophages with both CommaD Bgeo CM
and LPS followed by measurement of CCL5 protein and
mRNA expression. The results show that CommaD CM did
not inhibit CCL5 protein (Fig. 2C) and mRNA (Fig. 2D) ex-
pression, indicating that the soluble factors secreted from tu-
mor cells can suppress LPS-induced CCL5 expression. To
evaluate whether the inhibitory effect is restricted to TLR4
signaling pathway, we stimulated the macrophages with
TNEF-« in the presence of 4T1 TCM. In contrast to LPS stim-
ulation, 4T1 TCM enhanced TNF-a-induced CCL5 protein
(Fig. 2E) and mRNA (Fig. 2F) expression in a dose-dependent
manner, suggesting that soluble factors secreted from 4T1
tumor cells selectively target TLR4 signaling.
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We noticed that 4T1 tumor cells secret a lot of CCL5 by
themselves (Fig. 2G), which may affect macrophage CCL5
expression in an autocrine manner. To exclude this possibil-
ity, we cultured two different mammary gland tumor cell lines
lacking of CCL5 expression, 168 and B4 cells, collected TCMs
from these two types of tumor cells, and applied these TCMs
to LPS-treated cells as described above. Interestingly, both
TCMs collected from the 168 (Fig. 2H) and B4 (Fig. 2/) tumor
cells were still able to suppress LPS-induced CCL5 expression,
indicating that the inhibitory effect of tumor cells on CCL5
expression is not mediated by tumor-secreted CCL5.

The Inhibitory Effect of TCM on CCLS5 Expression Is Regu-
lated at the Post-transcriptional Level—To investigate the
molecular mechanisms of tumor-mediated CCL5 inhibition,
we measured primary transcript rates of the CCL5 gene in
response to 4T1 CM in RAW cells, with two pairs of primers
corresponding to two different regions of the CCL5 gene. The
use of primers specific for an intron/exon boundary region
allowed us to assess the primary transcript rate of CCL5
inside the nucleus. Supplemental Fig. S2 shows a schematic
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FIGURE 2. 4T1 tumor-conditioned medium inhibits LPS-induced CCL5 protein and mRNA expression in mouse macrophages. 1 X 10° RAW cells were
stimulated with LPS (1 wg/ml) plus different amounts of 4T1 TCM as indicated for different times, followed by collection of culture supernatants (24 h after
treatment) and total RNA (4 h after treatment) for measurement of CCL5 protein production by ELISA (A) and mRNA expression by qRT-PCR (B), respectively.
1 X 10° RAW cells were stimulated with LPS (1 ug/ml) in the absence or presence of different amounts of culture supernatants collected from the CommaD
Bgeo cells as indicated to detect CCL5 protein (24 h after treatment) and mRNA expression (4 h after treatment) by ELISA (C) and qRT-PCR (D), respectively.

The same number of RAW cells were stimulated with TNF-« (25 ng/ml) in the absence or presence of different amounts of 4T1 TCM as indicated to detect
CCLS5 protein (24 h after treatment) and mRNA expression (8 h after treatment) by ELISA (E) and gRT-PCR (F), respectively. G, different amounts of 4T1 TCM
as indicated were directly used to measure the CCL5 protein levels by ELISA. Different amounts of conditioned medium collected from 168 (H) and B4 (/)
tumor cells as indicated were either used directly or added to 1 X 10° RAW cells stimulated with LPS (1 ug/ml) for 24 h for measurement of CCL5 protein
production in supernatants by ELISA. All data shown are means plus S.D. from three different experiments. ¥, p < 0.05; **, p < 0.07 between LPS-stimulated

group and groups treated with LPS plus various amounts of TCM.

of the primers used in these experiments. As shown in Fig.
3, A and B, CCL5 primary transcript was induced by LPS as
early as 30 min and increased up to 3 h after LPS simula-
tion when both primer pairs were used. To our surprise,
the 4T1 TCM did not inhibit LPS-induced CCL5 primary
transcript but rather increased it (Fig. 3, A and B), indicat-
ing that the inhibitory effect of tumor cells on CCL5 ex-
pression is mediated at the post-transcriptional level. To
further verify the post-transcriptional inhibition of CCL5
by tumor cells, we transiently transfected the mouse CCL5
promoter into RAW cells and treated the transfected cell
with different amounts of 4T1 TCM, followed by measure-
ment of luciferase activities in cell lysates. As shown in Fig.
3C, consistent with the primary transcript results, LPS
strongly activated the CCL5 promoter and 4T1 TCM fur-
ther increased LPS-induced CCL5 promoter activity in a
dose-dependent manner. Because our previous studies
demonstrated that 4T1 tumor cells secret many molecules,
including prostaglandin E, (PGE,) that can suppress host
immunity (38), we reasoned that PGE, might mediate

JANUARY 21, 2011 +VOLUME 286+NUMBER 3

CCL5 inhibition by tumor cells. Therefore, we first mea-
sured the effects of PGE, on LPS-induced CCL5 primary
transcript. To our surprise, PGE, had similar effects on
CCL5 primary transcript as the 4T1 TCM in that PGE, en-
hanced LPS-induced CCL5 primary transcript (Fig. 3, D
and E). Furthermore, PGE, also increased LPS-induced
CCL5 promoter activity (Fig. 3F). Taken together, these
data indicate that tumor-secreted molecules suppress
CCL5 expression at the post-transcriptional level and PGE,
has a similar effect as the TCM on CCL5 primary
transcription.

The Inhibitory Effect of TCM on CCLS5 Expression Is Medi-
ated by Tumor-secreted PGE,—Because the above data show-
ing that PGE, has similar effect as 4T1 TCM on CCLS5 pri-
mary transcription, next we wanted to know whether PGE,,
like 4T1 TCM, inhibited LPS-induced CCL5 production. In-
deed, PGE, suppressed LPS-induced CCL5 protein (Fig. 4A)
and mRNA (Fig, 4B) expression in a dose-dependent manner.
Thus, we treated the 4T1 cells with NS398, a specific COX2
inhibitor which can effectively block PGE, production, col-
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as indicated for 7 h in the presence of LPS (1 ug/ml), followed by measurement of luciferase activity. 3 X 10° RAW cells were stimulated with LPS (1
wg/ml) plus 1 X 10~ '° m PGE, for different times as indicated, followed by extraction of total RNA to measure the CCL5 gene primary transcript as
described above (D and E). 10 X 10° RAW cells were transiently transfected with 5 wg mouse CCL5 luciferase reporter construct as described above
and the transfected cells were stimulated with different amounts of PGE, as indicated for 7 h in the presence of LPS (1 wg/ml), followed by measure-
ment of luciferase activity (F). Luciferase data were normalized to the activity obtained with non-treated cells and represented as fold induction. All

data shown are means plus S.D. of three-four experiments.

lected the culture supernatants, and stimulated RAW cells
with the supernatants collected from the NS398-treated 4T'1
cells, followed by measuring CCL5 protein (Fig. 4C) and
mRNA (Fig. 4D) expression by ELISA and qRT-PCR, respec-
tively. As shown in Fig. 4, C and D, the inhibitory effect of
TCM on CCL5 expression was almost completely reversed by
blocking tumor PGE, production, suggesting that PGE, se-
creted by mammary gland tumor cells inhibits CCL5 expres-
sion in macrophages stimulated with LPS. To confirm the
effect of NS398 on PGE, production, we measured the con-
centration of PGE, in 4T1 TCM. 4T1 TCM secreted high
amounts of PGE, and NS398 treatment almost completely
abrogated PGE, secretion from the 4T1 tumor cells (supple-
mental Fig. S3).

To further characterize the molecular mechanism whereby
4T1 TCM inhibits CCL5 production through PGE,, we used
various PGE, receptor antagonists to block PGE, signaling,
followed by testing whether the inhibitory effect of 4T1 TCM
was affected. Because there are four prostanoid receptors
(EP1-EP4) involved in PGE, signaling, we blocked these PGE,
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receptors individually with SC-51322 (a selective EP1 antago-
nist), AH-6809 (the EP2 receptor antagonist), and AH-23848
(a selective antagonist for EP4) prior to LPS and 4T1 TCM
stimulation. EP1 antagonist had no effect on TCM-mediated
CCL5 inhibition whereas EP2 and EP4 antagonists each could
partially block the inhibitory effect of TCM on CCL5 protein
(Fig. 4E) and mRNA (Fig. 4F) expression. More importantly,
blocking both EP2 and EP4 receptors with AH23848 and AH
6809 could completely abolish the inhibitory effect of TCM
on CCL5 protein (Fig. 4E) and mRNA (Fig. 4F) expression,
further demonstrating that the PGE, secreted from 4T1 tu-
mor cells mediates the inhibition through binding to the EP2
and EP4 receptors.

The Inhibitory Effect of TCM on CCL5 Expression Is Medi-
ated through cAMP/PKA Signaling Pathway—To determine
whether the cAMP/PKA signaling pathway is involved in
TCM-mediated CCL5 inhibition, we first blocked PKA func-
tion by H89 prior to 4T1 TCM and LPS stimulation, followed
by measuring CCL5 expression. Blocking PKA by H89 dose-
dependently reversed the inhibitory effect of 4T1 TCM on
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FIGURE 4. The inhibitory effect of TCM on CCL5 expression is mediated by tumor-secreted PGE,. 1 X 10° RAW cells were stimulated with LPS (1 wg/ml)
and various concentrations of PGE, as indicated for different times to measure CCL5 protein (24 h after treatment) by ELISA (A) and mRNA expression (4 h
after treatment) by qRT-PCR (B), respectively. PGE, was dissolved in ethanol and added to a final concentration as indicated (each contained 0.01% ethanol
in final concentration). 1 X 10° RAW cells were cultured with normal media (NM), 400 wl/ml of 4T1 TCM, or 400 wl/ml of TCM collected from 4T1 cells
treated with NS398 in the presence or absence of LPS (1 wg/ml) for 4 h. Note that in the fifth and sixth bar from the left, NS398 was added to the macro-
phage culture, not to the 4T1 culture. CCL5 protein production and mRNA expression were measured by ELISA (C) and gRT-PCR (D), respectively. 1 X 10°
RAW cells were pretreated with 10 um SC51322 (EP1 antagonist), 3 um AH6809 (EP2 antagonist) and 30 um AH 23848 (EP4 antagonist) or AH6809 plus
Ah23848 for 30 min, then stimulated with LPS (1 wg/ml) and 400 ul 4T1 TCM for different times for detection of CCL5 protein and mRNA expression by
ELISA (E) and gRT-PCR (F), respectively. Data shown are means plus S.D. of three-four experiments. gRT-PCR data were normalized relative to GAPDH mRNA
expression levels in each respective sample and further normalized to the sample from the untreated group, which was set as 1. *, p < 0.05 and **, p < 0.01

between two groups as indicated.

LPS-induced CCLS5 protein (Fig. 54) and mRNA (Fig. 5B) ex-
pression, with a complete recovery of CCL5 expression when
10 um H89 used. In addition, forskolin, a cAMP analog, sup-
pressed LPS-induced CCLS5 protein (Fig. 5C) and mRNA (Fig.
5D) expression similar to the 4T1 TCM, further supporting
the involvement of cAMP/PKA signaling in 4T1 TCM-medi-
ated CCL5 inhibition. Moreover, PGE,-mediated CCL5 inhi-
bition also signals through PKA because H89 could dose-de-
pendently rescue PGE,-inhibited CCL5 protein (Fig. 5E) and
mRNA (Fig. 5F) expression. Taken together, these results in-
dicate that the PGE, secreted from tumor cells inhibits LPS-
induced CCL5 expression through cAMP/PKA signaling
pathway.

Blocking PGE ., Synthesis by NS398 in vivo Partially Recovers
CCLS5 Production during Endotoxic Shock—Our results sug-
gest that tumor-secreted PGE, suppresses LPS-induced CCL5
production in vitro. To verify whether PGE, also mediates
CCL5 inhibition in vivo, we blocked the PGE, synthesis by
NS398 in tumor-bearing mice and then challenged the mice
with LPS, followed by measuring CCL5 expression in serum
and spleen. Similar as the data shown in Fig. 1B-E, tumor-
bearing mice displayed reduced CCL5 protein (Fig. 64) and
mRNA (Fig. 6B) expression compared with tumor-free mice.
More importantly, the reduced CCL5 expression was partially
recovered after blocking PGE, synthesis by NS398 (Fig. 6, A
and B), suggesting that PGE, mediates the suppression of
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CCL5 in tumor-bearing host during infection. Indeed, tumor-
bearing mice produced more PGE, than tumor-free mice and
the treatment with NS398 blocked 70% PGE, production
compared with DMSO-treated tumor-bearing mice (Fig. 6C).
Because macrophages are a major producer of CCL5 in re-
sponse to LPS stimulation, we isolated peritoneal macro-
phages from tumor-free and tumor-bearing mice treated, re-
spectively, with DMSO and NS398, and collected the culture
supernatants and total RNA from these cells to measure
CCLS5 protein and mRNA expression. As shown in Fig. 6, D
and E, macrophages isolated from tumor-bearing mice se-
creted less CCL5 and the levels of CCL5 were enhanced after
NS398 treatment compared with the cells isolated from the
DMSO treated mice. To evaluate the effects of NS398 on
mammary gland tumor growth, we measured the sizes of tu-
mors in DMSO and NS398 treated mice every 3 days after
4T1 cell inoculation. The sizes of tumors in NS398-treated
mice were slightly smaller than DMSO-treated mice though
the difference had no statistical significance (Fig. 6F). Taken
together, these data demonstrate that PGE, secreted from
tumor cells inhibits host CCL5 production in macrophages
during infection.

DISCUSSION

Previous studies with large numbers of patients at multi-
centers or hospitals in the US and Europe reported that tu-
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FIGURE 5. The inhibitory effect of TCM on CCL5 expression is mediated through cAMP/PKA signaling pathway. 1 X 10° RAW cells were pretreated
with various amounts of H89 as indicated for 60 min, then stimulated with LPS (1 wg/ml) and 400 ul 4T1 TCM for different times followed by collection of
culture supernatants (24 h after treatment) and total RNA (4 h after treatment) to measure CCL5 protein by ELISA (A) and mRNA expression by qRT-PCR (B),
respectively. 1 um and 10 um of forskolin were added to LPS-stimulated RAW cells to measure CCL5 protein (24 h after treatment) by ELISA (C) and mRNA
expression (4 h after treatment) by qRT-PCR (D), respectively. Same amount of dissolvent, DMSO was used as a negative control. H89 at various concentra-
tions as indicated was added to 1 X 10° RAW cells 60 min prior to LPS (1 wg/ml) and PGE, (1 X 10~ '° m) treatments. CCL5 protein and mRNA expression
were measured by ELISA (E) and qRT-PCR (F), respectively. Same amount of ethanol was used as a negative control. Data shown are means plus S.D. of 2-4
independent experiments. gRT-PCR data were normalized relative to GAPDH mRNA expression levels in each respective sample and further normalized to

the sample from the untreated group, which was set as 1. ***, p < 0.001 between two groups as indicated.

mor patients have a high risk of infection (32, 33). Our study
further demonstrates that tumor-bearing mice are more vul-
nerable to bacterial infection than tumor-free mice (Fig. 1F),
and that the reduced CCL5 production during endotoxic
shock (Fig. 1, D and E and Fig. 6, D and E) might be responsi-
ble for the impaired protective immunity in tumor-bearing
mice. Because macrophages are known to play essential roles
in infection, inflammation, and bacterial clearance by produc-
ing a large variety of mediators, including CCL5 (40, 41), in
this study we focused on the effect of mammary gland tumor
on CCL5 expression in macrophages. Kinetics of CCL5
mRNA expression are different from LPS and TNF-« treat-
ments in that TNF-a-induced CCL5 mRNA expression
peaked at 8 h (supplemental Fig. S4A4) and LPS-induced CCL5
peaked at 2 h (supplemental Fig. S4B) after stimulation. We
found that tumor-secreted molecules specifically inhibited
LPS-induced CCL5 expression and had the opposite effect of
TNEF-« stimulation in macrophages (Fig. 2, E and F). These
differential effects of TCM on LPS- and TNF-a-induced
CCL5 expression further support our hypothesis that tumor-
bearing host have impaired immunity against pathogen infec-
tion. Using normal mammary gland epithelial cells, we further
demonstrate that the inhibition of CCL5 expression is re-
stricted to tumor cells because conditioned medium collected
from the CommaD cells did not suppress CCL5 expression
(Fig. 2, C and D). Consistent with previous reports that breast
tumor cells secrete CCL5 (27, 28, 42—44), our data show that
4T1 conditioned medium contained large amounts of CCL5
and this tumor-derived CCL5 did not mediate the inhibition
of host CCL5 expression (Fig. 2, G-I). Considering the detri-
mental role of CCL5 in breast cancer development and its
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protective role in host defense against infection, it will be in-
teresting to further dissect the differential roles of tumor-
derived and host-derived CCL5 in tumorgenesis and host
defense.

It has been reported that transcription factors such as in-
terferon regulatory factor-3, STAT1, and NF-«B mediate
CCL5 transcription and production (45, 46). Using an Helico-
bacter pylori infection model, Kudo et al. (47) showed that
maximal H. pylori-induced CCL5 gene transcription required
the presence of the interferon-stimulated response element
(ISRE) and the cyclic AMP-responsive element. Our previous
studies further mapped the IFN+y-inducible ISRE in the CCL5
promoter as IRF1-RE (40, 48). Collectively, these data suggest
that transcription factors induced by multiple stimuli are re-
sponsible for control of CCL5 expression. However, to our
surprise, 4T1 conditioned medium did not inhibit LPS-in-
duced CCL5 primary transcript (Fig. 3, A and B) and CCL5
promoter activity (Fig. 3C) but rather increased it, indicating
that tumor-mediated CCL5 inhibition is regulated at the post-
transcriptional level. We are currently investigating the mo-
lecular mechanisms of tumor-mediated post-transcriptional
inhibition of CCL5 expression in macrophages.

Significant elevations of COX-2 protein levels were ob-
served in 43% of human invasive breast cancers and 63% of
ductal carcinoma in situ (49). Because the effects of 4T1 TCM
on CCL5 transcription were similar to PGE, (Fig. 34), we rea-
soned that PGE, secreted from tumor cells may be involved in
the inhibition of CCL5 production. In line with our hypothe-
sis, the inhibitory effect of tumor-secreted molecules on
CCL5 expression was reversed by blocking PGE, synthesis
with COX-2 inhibitor (Fig. 4B) and by blocking PGE, receptor
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FIGURE 6. Blockade of PGE, synthesis by NS398 in vivo partially recovers CCL5 production in tumor-bearing mice during endotoxic shock. A, 1 X
10° 4T1 tumor cells were injected s.c. in the abdominal mammary gland in 0.1 ml PBS as described previously in Fig. 1. Seven days later, NS398 (10 mg/kg)
and an equal amount of DMSO were given intraperitoneal every 3 days for total four times. 19 days post 4T1 cell injection, blood was drawn by cardiac
puncture, and serum was collected for measurement of CCL5 concentration by ELISA. Meanwhile spleens were used to extract total RNA for detection of
CCL5 mRNA expression by gRT-PCR (B) and the levels of PGE, in serum were measured (C). Peritoneal macrophages were collected from tumor-free and
tumor-bearing mice treated with DMSO and NS398 after LPS injection and cultured for 24h in vitro, followed by collection of culture supernatants to mea-
sure CCL5 protein by ELISA (D) or by extraction of total RNA to test CCL5 mRNA expression by qRT-PCR (E). qRT-PCR data were normalized relative to
GAPDH mRNA expression levels in each respective sample and further normalized to the sample from the tumor-free group, which was set as 1. F, tumor
growth was measured every 2-3 days after 4T1 cell injection in both DMSO and NS398 injected mice as described previously in Fig. 1. Each group includes
four mice and data shown represent one of two experiments with similar results.

EP2 and EP4 (Fig. 4, E and F). Though we did not use the EP3
antagonist in the blocking experiments, a complete rescue of
the CCL5 expression by using EP2 and EP4 antagonists indi-
cates the sole involvement of these two PGE, receptors in
signaling the cells (Fig. 4, E and F). These results are also con-
sistent with a previous study that PGE, suppressed LPS-stim-
ulated IFN-B and CCL5 expression in J774A.1 cells (50). Our
results further demonstrate that 4T1 TCM-mediated CCL5
inhibition is mediated by cAMP/PKA signaling pathway since
blockade of PKA by H89 completely rescued TCM-inhibited
CCLS5 expression (Fig. 5, A and B) and cAMP analog displayed
a similar suppression on CCL5 expression as the 4T1 TCM
(Fig. 5, C and D). Taken together, our data demonstrate that
PGE, secreted by tumor cells suppresses CCL5 production in
LPS-stimulated macrophages through cAMP/PKA signaling
pathway.

To confirm the in vitro findings that PGE, is responsible
for tumor-mediated CCL5 inhibition, we treated the tumor-
bearing mice with NS398 to block PGE, synthesis. Though
the NS398 treatment significantly inhibited the PGE, synthe-
sis in tumor-bearing mice to a level even lower than tumor-
free mice (Fig. 6C), the levels of CCL5 in tumor-bearing mice
were not recovered to the levels of CCL5 in tumor-free mice
(Fig. 6, A and B), suggesting that other molecules other than
PGE, may also involve in inhibition of CCL5 expression dur-
ing endotoxic shock. Because it has been shown by previous
studies that PGE, is involved in tumor growth (51), we
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wanted to know whether NS398 had any effect on tumor
growth in our systems. Our data indicate that blocking PGE,
synthesis by NS398 had little effect on tumor growth (Fig. 6F)
but rather increasing CCL5 expression (Fig. 6, A-E), which is
also consistent with our previous report (38).

In summary, our data demonstrate that tumor-bearing
hosts display impaired CCL5 production during endotoxemia,
which may partially explain why cancer patients are vulnera-
ble to infection. The inhibition of CCL5 expression in tumor-
bearing hosts is mediated by tumor-secreted PGE, at the
post-transcriptional level through cAMP/PKA signaling path-
way. These findings will likely have a significant impact on
our understanding of the orchestration of an immune re-
sponse in breast cancer patients.
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