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surveillance during the early stages of tumorigenesis.

Introduction

Transformation of normal cells to a neoplastic state requires multiple
genetic changes, resulting in the activation of oncogenes and inhibi-
tion of tumor-suppressor genes (1). In this process, transformed cells
attract innate and adaptive immune cells (1). Immune cells that infil-
trate into the site of an initiating tumor exhibit antitumor activities as
part of an “immune surveillance” function (2). Overcoming immune
surveillance is essential for tumor development and is considered a
critical hallmark of cancer (3). Indeed, current cancer immunother-
apies take advantage of this feature by pharmacologically enabling
key events that mediate antitumor surveillance (4).

Macrophages are the predominant population of immune
cells that infiltrate an early developing tumor. These infiltrating
macrophages are subsequently activated by a host of factors, such
as damage-associated pattern molecules and tumor cell DNA (5,
6). Upon activation, macrophages function to directly eliminate
tumor-initiating cells by secreting cytotoxic factors such as TNF
and nitric oxide (NO) or by relaying tumor antigens to activate
cytotoxic T cells (4, 5).

NF-kB is a transcription factor known to participate in the
communication between tumor and immune cells (7). The NF-xB
subunit p65 (also named RelA) is ubiquitously expressed in mam-
malian cells and, when constitutively activated, is associated
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Macrophages are attracted to developing tumors and can participate in immune surveillance to eliminate neoplastic cells. In
response, neoplastic cells utilize NF-kB to suppress this killing activity, but the mechanisms underlying their self-protection
remain unclear. Here, we report that this dynamic interaction between tumor cells and macrophages is integrally linked

by a soluble factor identified as growth and differentiation factor 15 (GDF-15). In vitro, tumor-derived GDF-15 signals in
macrophages to suppress their proapoptotic activity by inhibiting TNF and nitric oxide (NO) production. In vivo, depletion of
GDF-15 in Ras-driven tumor xenografts and in an orthotopic model of pancreatic cancer delayed tumor development. This
delay correlated with increased infiltrating antitumor macrophages. Further, production of GDF-15 is directly regulated by
NF-xB, and the colocalization of activated NF-kB and GDF-15 in epithelial ducts of human pancreatic adenocarcinoma
supports the importance of this observation. Mechanistically, we found that GDF-15 suppresses macrophage activity by
inhibiting TGF-B-activated kinase (TAK1) signaling to NF-kB, thereby blocking synthesis of TNF and NO. Based on these
results, we propose that the NF-kB/GDF-15 regulatory axis is important for tumor cells in evading macrophage immune

with cellular transformation (8). Studies indicate that constitutive
NF-«B activity contributes to cancer cell proliferation, survival, and
metastasis (9). Although established as an oncogene during the late
stages of cancer progression, comparatively little is known about
the effects of this pathway at the earlier stages of tumor develop-
ment. Recent work from our laboratory showed that NF-«xB func-
tions as an oncogene by protecting Ras-expressing transformed
cells from the actions of infiltrating innate immune cells (10). How-
ever, the mechanism by which NF-kB evades the antitumor effects
of macrophages has not been established. Here, we identify growth
and differentiation factor 15 (Gdf-15), also known as macrophage
inhibitory cytokine 1 (Mic-1), as an NF-kB-regulated gene whose
production by tumor cells and signaling in macrophages serves as
an important promoter of early cancer development.

Results

GDF-15 protects transformed cells against macrophage-mediated
killing. We recently discovered that transformed cells contain-
ing NF-kB are capable of circumventing the antitumor activity of
activated macrophages (10). To determine whether this protec-
tive activity was mediated through a soluble factor, we utilized a
coculture system containing peritoneal macrophages along with
P65+ or p657/-immortalized mouse embryonic fibroblasts (MEFs)
transformed with oncogenic HRas (Ras MEFs). Previous results
had shown that, compared with p65**Ras cells, p657"Ras MEFs
were more sensitive to the killing activity of macrophages (10).
However, the killing of p657/"Ras MEFs by macrophages was com-
pletely blocked when conditioned medium from p657*Ras MEFs
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was added to the culture (Figure 1A). Similar results were obtained
when cocultures were performed with bone marrow macrophages,
indicating that the cytotoxic effect was not limited to a specific
source of activated macrophages (Supplemental Figure 1, A-C;
supplemental material available online with this article; https://
doi.org/10.1172/JCI91561DS1). Together, these findings suggest
that an NF-kB-dependent secreted factor protects transformed
cells against the cytotoxic activity of inflammatory macrophages.

To identify the secreted factor, we performed RNA sequenc-
ing on p657* and p657- MEFs. We found that 1,946 genes were
downregulated in p657- MEFs in comparison with p657* cells.
Gene ontology (GO) analysis revealed that 138 of these differen-
tially regulated genes coded for secreted proteins. These genes
were then grouped based on their biological function. From this
grouping, 51 were classified under response to endogenous stim-
uli, a category defined by the function of a gene that participates

in cellular movement, secretion, enzyme production, and gene
expression (Supplemental Figure 1D). Within this gene set, one
gene in particular, Gdf-15, drew our attention, since this cytokine
is elevated in numerous cancers and has been shown to alter the
activation of macrophages in response to lipopolysaccharide (11).
GDF-15 is a member of the TGF-B superfamily of cytokines, yet
how this cytokine regulates macrophage activation and whether
such regulation is relevant in oncogenesis has not been explored.
To initiate our investigation of GDF-15, we first validated the
findings from our RNA sequencing (RNA-seq) data set. Real-time
quantitative real time PCR (qRT-PCR) results showed that Gdf-15
was higherin p65** compared with p657- MEFs (Supplemental Fig-
ure 1E). Similar results were obtained from Ras-expressing p65*/*
and p657- MEFs (Figure 1B), demonstrating that Gdf-15 regulation
is maintained in Ras-transformed cells. ELISAs performed with
conditioned media also showed that the level of secreted GDF-15
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Figure 2. GDF-15 is required for early development of Panc02 tumors. (A) Kaplan-Meier curve assessing the effects of GOF-15 expression on patient sur-
vival obtained from 165 patients in TCGA and 108 patients from a published study on the GEO database (ref. 13). Blue line represents PDAC patients with
low GDOF-15 expression, white line represents patients with medium GDF-15, and red line indicates patients with high GDF-15. Asterisks compare GDF-15
high and low groups. (B) Panc02 cells expressing an shRNA against Gdf-15 (2 clones, numbers 12 and 15) were cocultured with peritoneal macrophages for
48 hours. The cells were then stained for annexin V, 7-AAD, and CD11b and analyzed by flow cytometry. CD11b cells positive for annexin V, 7-AAD, or both
were graphed as percentage of cell death. Data represent mean + SEM from 2 individual experiments, performed in triplicate. *P < 0.05, 1-way ANOVA. (C)
Panc02 control and Panc02 Gdf-15-knockdown cells (described above as clone 12) were injected orthotopically into the tail of the pancreas in C57BL/6 mice.
Tumor weight was measured as weight of pancreas with tumor minus average weight of Matrigel-injected pancreas. Data represent the average tumor
weight from cohorts of 5 to 7 mice per group per time point + SEM. *P < 0.05, SPSS repeated measures, general linear model. (D) Control and Gdf-15-
knockdown orthotopic tumors described in C were sectioned and analyzed for H&E, Ki67, and CC3. Original magnification, x20. Scale bars: 15 um. (E) Ki67
and CC3 staining was quantitated and graphed from 5 mice per condition at each time point, from 5 random fields of view of the tumor area per mouse.
Mean + SEM. *P < 0.05, Student’s t test.
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Figure 3. GDF-15 is required for development of KRas-induced PDAC. (A) KPC cells expressing an shRNA against Gdf-15 were generated (2 clones, 1and 4).
Data are plotted as average gene expression (normalized to Gapdh) + SEM. n = 3. *P < 0.05, Student’s t test. (B) KPC control and KPC Gdf-15-knockdown
cells (described above as clone 1) were injected orthotopically into the tail of the pancreas in C57BL/6 albino mice. Tumor growth was tracked by biolumi-
nescence imaging. Shown are representative images tracking tumor growth of the mice. (C) The graph represents tumor growth derived from biolumines-
cence measured in B. n = 6 per cohort. Data are shown as mean + SEM. *P < 0.05, SPSS repeated measures, general linear model. (D) KPC control and KPC
Gdf-15-knockdown cells (described above as clone 1) were injected orthotopically into the tail of the pancreas in C57BL/6 albino mice. The graph represents
the average weight of tumors obtained from cohorts of 5 mice per condition similar to what is shown in Figure 2C. *P < 0.05, Student’s t test. (E) Control
and Gdf-15-knockdown orthotopic tumors were analyzed for H&E, CK19, and Ki67 colocalization and CC3. Original magnification, x20. Scale bar: 15 um. (F)
CK19 (cytoplasmic, pink)/ Ki67 (nuclear, brown) dual staining was quantitated and graphed from 5 mice per condition from at least 5 fields of view of the
tumor area per mouse. Data are shown as mean + SEM. *P < 0.05, Student’s t test. For CC3 staining, quantitation from staining signal was graphed as a
ratio of the percentage of CC3" cells to the percentage average of proliferating cells. Data are shown as mean + SEM. Student’s t test, NS. (G) Kaplan-Meier
curve assessing survival of C57BL/6 albino mice (n = 10 per cohort) injected with either KPC control or KPC Gdf-15-knockdown cells.

jci.org  Volume127  Number10  October 2017 3799



3800

RESEARCH ARTICLE

was higher in p657*Ras than in p657"Ras MEFs (Figure 1C). These
results indicate that Gdf-15 expression in Ras-transformed cells is
NF-kB dependent.

Next, we asked whether GDF-15 is necessary and sufficient
for p65*/*Ras MEFs to overcome the cytotoxic activity of activated
macrophages. In a coculture system containing p657*Ras MEFs
and peritoneal macrophages, we observed that inhibiting GDF-15
activity with increasing doses of a GDF-15-neutralizing antibody
led to a corresponding increase in cell death of p657*Ras MEFs
(Figure 1D). Conversely, the addition of increasing concentrations
of recombinant GDF-15 progressively reduced the elimination of
p657°Ras MEFs by activated macrophages (Figure 1E). The purity
of recombinant GDF-15 protein was confirmed by mass spectrom-
etry (Supplemental Table 1), ruling out the possibility that protec-
tion of p657"Ras MEFs was manifested by a contaminating fraction
of TGF-B present in the recombinant protein preparation that we
commercially obtained. Furthermore, growth of p65**Ras MEFs
or p657"Ras MEFs was not altered by incubating cells with either
the GDF-15 antibody or recombinant protein, suggesting that the
effects of GDF-15 act directly on macrophages (Supplemental Fig-
ure 1, F and G). Together, these results imply that NF-«B regula-
tion of GDF-15 in tumor cells is necessary and sufficient for evad-
ing macrophage-mediated killing.

GDF-15 promotes tumor development in vivo. To investigate
whether GDF-15-mediated inactivation of macrophages plays a
role in tumor development, we subcutaneously injected a mix-
ture of p657*Ras cells with either a neutralizing antibody against
GDF-15 or IgG as control. Xenografts were performed in SCID
mice, which maintain a functional innate immune system. Addi-
tional weekly intravenous injections of an anti-GDF-15 antibody
or IgG were administered. Results showed delayed tumor develop-
ment in mice that were given anti-GDF-15 antibody compared with
IgG (Figure 1F). To determine whether GDF-15 specifically arising
from tumor cells is important for this protection, we repeated the
xenografts, this time with p65”*Ras MEF cells stably expressing a
GDF-15 shRNA. Similar to antibody neutralization, the depletion of
GDF-15 in p657*Ras MEFs caused a delay in tumor development,
as compared with shRNA control (Figure 1G and Supplemental
Figure 1H). To substantiate these findings, we performed a gain-of-
function experiment by injecting SCID mice with a mixture of
p657°Ras MEFs and recombinant GDF-15. An additional intrave-
nous injection of recombinant protein was administered again after
1 week. Results showed that treating mice with GDF-15 trended
toward accelerating tumor growth over that in saline controls (Sup-
plemental Figure 1I). Taken together, these data support that GDF-
15 confers a permissive environment for tumor development in vivo.

GDF-15 is required for the development of early pancreatic tumors.
Having shown the tumor-promoting potential of GDF-15 in Ras-
MEF cells, we next sought to validate our observations using a
tumor model that better recapitulated human disease. A recently
published study involving several types of cancers showed that cir-
culating levels of GDF-15 are elevated in patients with pancreatic
ductal adenocarcinoma (PDAC) (12). This finding was confirmed
by measuring plasma GDF-15 levels from patients with PDAC
compared with control subjects whose tissue was obtained from
our own institutional pancreatic cancer tissue bank (Supplemen-
tal Figure 2A). Such data suggest that GDF-15 might be relevant in
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pancreatic cancer development. Supporting this notion, RNA-seq
analysis of tumor tissue from 183 PDAC cases from The Cancer
Genome Atlas (TCGA) (http://genome-cancer.ucsc.edu) showed
that patients with PDAC have higher GDF-15 expression (Supple-
mental Figure 2B). In addition, we also evaluated survival data for
patients suffering from PDAC obtained from TCGA and found a
trend indicating that PDAC patients with elevated GDF-I5 expres-
sion have a poorer prognosis. This conclusion was also supported by
a second data set (13) that revealed that PDAC patients with elevat-
ed GDF-15 have a worse outcome compared with those with lower
expression of GDF-15 (Figure 2A). However, as is common in clinical
studies, several patients from both data sets were censored, mak-
ingit hard to evaluate statistical significance of the observed trends.
Hence, we combined the 2 data sets, thereby increasing the power
of the data, and found that PDAC patients with elevated GDF-15
expression have significantly shorter survival times (Supplemen-
tal Figure 2C). Together, these data indicate a clinically relevant
trend warranting preclinical studies to investigate the relevance of
GDF-15 in pancreatic cancer development. To test this, we gener-
ated murine Panc02 pancreatic cancer cell lines stably expressing a
GDF-15 shRNA (clones 12 and 15), which significantly silenced Gdf
15 expression (Supplemental Figure 2D). These clones were cocul-
tured with primary, peritoneal macrophages to determine whether
GDF-15 was capable of neutralizing the antitumor activity of macro-
phages as we had observed with p657*Ras MEFs. Similarly to what
occurred in transformed MEFs, the level of cell death, as analyzed
by flow cytometry staining for annexin V and 7-AAD, was higher in
Panc02 cells lacking GDF-15 compared with control cells (Figure 2B
and Supplemental Figure 2E). In addition, similar to MEF results,
the growth rate of PancO2 cells was unaffected by silencing GDF-
15 (Supplemental Figure 2F), demonstrating that the increased cell
death in PancO2 cells lacking GDF-15 is not due to a proliferation
defect, but rather an inability to neutralize the killing activity of
peritoneal macrophages.

To determine whether these findings could be translated to a
model of pancreatic cancer, we performed orthotopic injections
of control and Gdf-15-knockdown PancO2 cells into the tail of the
pancreas of immune-competent C57BL/6 mice. We observed that
tumors from Panc02 control cells began to develop in the pancreas
starting at 5 days after injection and continued to progress out to
14 days of observation (Figure 2C). In strong contrast, although
tumors from Panc02 cells silenced for Gdf-15 formed at 5 days,
they were substantially smaller and remained smaller than con-
trol tumors out to the 14-day time point. Histological sections
of tumors taken at 5, 10, and 14 days after injection showed that
silencing Gdf-15 decreased the number of proliferating tumor cells
(Ki67*) while increasing the number of apoptotic cells (cleaved
caspase-3 [CC3)]) relative to WT Panc02 tumors (Figure 2, D and
E). Minimal numbers of Gr-1* (Ly6G) granulocytes were observed
in cancerous lesions from Gdf-15-knockdown Panc02 and control
PancO2 tumors (Supplemental Figure 2G), suggesting that infil-
trating granulocytes contribute to only a very small fraction of
cells present in the tumor microenvironment. We also observed
that both the Panc02 and Panc02 tumors with Gdf-15 knockdown
are capable of activating stroma,as seen by staining for levels of
a-SMA (Supplemental Figure 2H), suggesting that silencing Gdf-15
does not affect stromal activation in the tumor.
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Figure 4. NF-xB is a direct regulator of Gdf-15. (A) p657/- MEFs were infected with retrovirus for full-length (p65WT) or truncated p65 (p65ATAD). Gdf-15
expression by gRT-PCR was assayed following TNF treatment (5 ng/ml) for 2 hours. n = 3. Data are shown as mean + SEM. *P < 0.005, 1-way ANOVA. (B)
ELISA from conditioned media from transfected cells in A. n = 3. Data are shown as mean + SEM. *P < 0.05, 1-way ANOVA. (C) Schematic of Gdf-15 gene
with NF-kB consensus site in exon 2, compared with consensus site in mouse and human. (B) EMSA from TNF-treated Ras MEFs using NF-kB consen-
sus site probe shown in C. Supershift assay from Ras MEFs incubated with antisera specific for p65 and p50. Asterisks indicate supershifted complexes.
Specificity of the complexes was tested by adding x1000 molar excess of labeled WT probe or nonlabeled mutant probe. (E) ChIP assays for p65 binding
from Ras MEFs. DNA was amplified with oligonucleotides spanning the NF-xB site on exon 2 of Gdf-15. Fold enrichment over IgG controls (normalized to
input) are indicated. n = 3. *P < 0.05, Student’s t test. (F) ChIP for pPol Il (serine 2 version), as described in Figure 4E. DNA was amplified with the same
oligonucleotides as shown in E. Fold enrichment over IgM controls (normalized to input) are indicated. n = 3. *P < 0.05. Student’s t test. (G) MEFs were
transfected with a luciferase reporter with WT or mutated NF-kB consensus sites, as shown in C. Cells were cotransfected with H-Ras®?, and after 48
hours, luciferase activity was measured. n = 3. *P < 0.05 compared with p65*/* MEFs with WT construct+ H-Ras, 2-way ANOVA. (H) MEFs were transfected
with WT and mutant luciferase reporters and treated with 1 pl/ml of TNF for 2 hours. Luciferase activity was measured. n = 3. *P < 0.05 when compared
with p65** MEFs with WT construct with TNF, 2-way ANOVA.
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One of the caveats of using Panc02 cells is their absence of
the mutant KRas oncogene, which is mutated in 90% of PDAC
patients (14). Therefore, we expanded our analysis generating
additional Gdf-15-knockdown cell lines (clones 1 and 4) derived
from KRas®2?; p537-; Pdx-Cre*/- (KPC) mice (15, 16) that also sta-
bly expressed a luciferase reporter gene that was used for biolu-
minescence imaging (17) (Figure 3A). KPC control or KPC Gdf-15-
knockdown clones were then orthotopically injected into the tail
of the pancreas of C57BL/6 albino mice, and tumor development
was visualized. Similar to PancO2 results, mice injected with KPC
cells knocked down for Gdf-15 had considerably smaller tumors
than control cells (Figure 3, B and C), a finding that was confirmed
when orthotopic injections were repeated and tumor weights were
measured as early as 5 days after injection (Figure 3D). Histologi-
cal analysis revealed that control tumors contained a greater num-
ber of cells double-positive for Ki67 and the ductal marker CK-19
compared with the tumors obtained from Gdf-15-knockdown
KPC cells (Figure 3, E and F). These same control tumor cells also
exhibited a lower tendency to undergo apoptosis (Figure 3, E and
F). Notably, mice with KPC tumors lacking GDF-15 survived lon-
ger compared with mice with control tumors (Figure 3G). Similar
to results observed with the other cell lines, the ex vivo growth rate
of KPC cells was unaffected by silencing GDF-15 (Supplemental
Figure 3A). Taken together, our results indicate that GDF-15 plays
an important role in the development of pancreatic cancer.

NF-xBis a divect regulator of Gdf-15. Having shown that GDF-15
is important for tumor development and survival of cancer cells
against macrophage-mediated killing, we now sought to explore
the mechanism of this regulation. We started by asking whether
production of GDF-15 from tumor cells was under direct control
of NF-«B. As shown earlier in Figure 1, B and C, and Supplemen-
tal Figure 1E, GDF-15 expression was reduced in MEFs lacking the
p65 subunit, which drives NF-kB transcriptional activity. Howev-
er, reconstitution of a full-length version of p65 (p65WT) restored
Gdf-15 mRNA and protein (Figure 4, A and B, and Supplemental
Figure 4, A and B). In contrast, the reconstitution of a truncated
version of p65 lacking the transactivation domain (p65ATAD)
was unable to rescue Gdf-15 expression in p657- MEFs. Thus, the
transcriptional activity of NF-kB is necessary to produce GDF-15.
Next, we searched by rVista for NF-kB consensus binding sites
throughout the Gdf-15 gene. A site conserved between mice and
humans was located in exon 2 (Figure 4C). EMSAs performed
with the predicted consensus sequence and extracts from TNF-
stimulated p657*Ras MEFs showed NF-«B binding (Figure 4D).
Furthermore, super-shift analysis showed that these NF-kB com-
plexes contained the p65 and p50 subunits, and competition
EMSAs confirmed the specificity of these complexes (Figure 4D).
ChIP assays verified p65 binding on exon 2 of Gdf-15, which was
higher in p657*Ras MEFs compared with the p657"Ras MEFs (Fig-
ure 4E). Binding of p65 also corresponded to enhanced occupancy
of phosphorylated RNA polymerase II (pPol II, which is phosphor-
ylated on serine 2) (Figure 4F), suggesting that the binding of p65
to exon 2 of Gdf-15 promotes active transcription. To further sub-
stantiate these findings, we constructed a luciferase reporter plas-
mid containing the NF-kB-binding element from exon 2 of Gdf-
15. Results showed that GDF-15 reporter activity was enhanced in
p657*Ras MEFs and in cells stimulated by TNF (Figure 4, G and
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H). Importantly, this activity diminished when similar assays were
repeated with a luciferase reporter containing a mutation in the
NF-«B consensus site from exon 2 of Gdf-15. Collectively, these data
demonstrate that Gdf-15 is a direct transcriptional target of NF-«B.

NF-«B and GDF-15 are coexpressed in tumor cells of patients with
PDAC. Given that GDF-15 levels are elevated in pancreas tumors
and, as we showed, required for pancreatic tumor development
in mice, we explored whether the regulation of Gdf-15 by NF-«xB
was relevant in PDAC patients. Dual immunofluorescence stain-
ing using antibodies recognizing GDF-15 and the activated form
of p65 (pp65) showed clear evidence of colocalization in epithelial
cells lining the pancreatic ducts in 9 patients with PDAC (Figure
5 and Supplemental Figure 5A). Specifically, pp65 staining was
localized to the nuclei of ductal epithelial cells, while GDF-15
expression predominated in the cytoplasm of these cells. Although
GDF-15 expression was also present in the surrounding stromal
compartment, little colocalization was observed with pp65, sug-
gesting that the majority of GDF-15 regulation by NF-«kB is spe-
cific to pancreatic ductal epithelial cells. To verify that regulation
of GDF-15 by NF-«B occurs in pancreatic cancer cells, we utilized
CRISPR-Cas9 gene editing to generate a KPC cell line lacking p65
(KPC Ap65°RISPR) which we confirmed at both the DNA and pro-
tein levels (Supplemental Figure 5, B and C). Compared with con-
trol cells, KPC Ap65°FS*® had a pronounced reduction in Gdf-15
expression (Supplemental Figure 5D). Together, these data sug-
gest that increased GDF-15 in PDAC patients derives largely from
pancreatic epithelial tumor cells and that such expression is under
the control of NF-«B.

GDF-15 suppresses macrophage cytotoxic activity by inhibiting the
production of TNF and iNOS. Having demonstrated that GDF-15
production from PDAC cells is under direct control of NF-«B, we
next explored the mechanism by which GDF-15 suppresses the
antitumor activity of inflammatory macrophages. Recent reports
indicate that macrophages participate in immune surveillance in
the early phases of pancreatic cancer (4). To confirm this notion,
we subcutaneously injected KPC cells silenced for Gdf-15 and then
performed an intraperitoneal injection of clodronate liposomes,
which function to deplete circulating monocytes, into C57BL/6
mice. Results showed that tumor development was enhanced in
clodronate liposome-treated mice compared with the controls
(Figure 6A). As an additional control, we also treated C57BL/6 mice
subcutaneously injected with KPC control cells. Consistent with
the function of macrophages to switch to assisting tumor growth
during the progressive phase of tumor development, KPC tumors
were significantly reduced in the clodronate-treated group (Sup-
plemental Figure 6A). Together, these data support the hypothesis
that macrophages possess antitumor activity in the development of
pancreatic cancer and that macrophages are at least one of the cell
types targeted by GDF-15 during early tumor development.

Work from our laboratory and others have shown that mac-
rophages mediate their killing activity through secretion of the
proapoptotic factors TNF and NO (10, 18). To confirm this in pan-
creatic tumor cells, we treated KPC Ap65°%StR cells with TNF or
the NO donor SNP. Both treatments induced strong cell killing
compared with KPC vector control cells (Figure 6, B and C). No
killing was seen when similar treatments were performed with
macrophage-producing cytokines IFN-B-1, IL-12, or IL-15 (Sup-
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Figure 5. NF-xB and GDF-15 expression
is colocalized in human PDAC cells. (A)
Representative images for 4 patient
samples with histologically confirmed
PDAC. (A-D) H&E images; (E-H)
immunofluorescence staining for pp65
(nuclear stain) and nuclei counter-
stained with DAPI; (I-L) immunofluo-
rescence staining for GDF-15 (cytoplas-
mic stain) and nuclei counterstained
with DAPI; (M-P) merged images of
pp65, GDF-15, and DAPI staining. (Q)
Magnified images show colocalization
of nuclear pp65 and cytoplasmic GDF-
15. Original magnification, x20. Scale
bars: 15 um (A-D); 100 um (E-Q).

Patient 1

Patient 2
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plemental Figure 6, C-E). However, KPC Ap65°RSPR cells were
moderately affected when treated with ROS (Supplemental Fig-
ure 6B), indicating that KPC cells are sensitive to ROS and further
suggesting that p65 may be regulating endogenous mechanisms
to protect these cells from ROS-mediated cell death. Therefore,
as previously demonstrated with other cell types (10), pancreatic
cancer cells appear to utilize NF-«B to suppress the surveillance of
macrophages, mainly by resisting the cytotoxic effects of TNF and
NO. To determine whether this resistance to macrophage activity
is mediated through GDF-15, we performed cocultures with KPC
Gdf-15-knockdown cells and peritoneal macrophages that were
either WT or genetically ablated for Tnf and iNOS alleles (Tnf
iNOS double-knockout mice, herein referred to as DKO; iNOS is
the major enzyme responsible for the production of NO in macro-
phages). Results showed that, while KPC control cells were resis-
tant to WT macrophages, KPC cells lacking GDF-15 were more
sensitive to WT macrophage-mediated killing (Figure 6, D and
E). The killing activity in KPC cells lacking GDF-15 was markedly
reduced, albeit not completely, when these cells were cul-
tured with DKO macrophages. The incomplete rescue of DKO
macrophage-mediated killing implies that other factors, perhaps
ROS, may be involved in mediating this killing activity. However,
since GDF-15 protected KPC cells from macrophage-mediated
killing, these data indicate that GDF-15 is needed by pancreatic
cancer cells to suppress the proapoptotic activity of macrophages,
derived through TNF, NO, and likely ROS.

To determine whether macrophage suppression by GDF-15
occurs in vivo, we injected p657*Ras cells silenced for GDF-15
into the peritoneum of SCID mice and then measured by flow
cytometry the number of F4/80* macrophages expressing TNF.
Results showed that whereas only 26 % of macrophages expressed
TNF after the injection of control cells, injection of p65”*Ras cells
silenced for GDF-151ed to the recruitment of 46% of macrophages
positive for TNF (Figure 6F and Supplemental Figure 6F). A sim-
ilar difference in TNF* macrophages was observed following the
peritoneal injection of Panc02 cells knocked down for GDF-15
expression (Figure 6G and Supplemental Figure 6F). To confirm
these findings, we stained orthotopic PancO2 tumor sections 5
days after tumor cell injection for F4/80 and TNF. Results showed
that Panc02 tumors exhibited fewer F4/80* TNF* macrophages
compared with the Panc02 tumors with Gdf-15 knockdown (Fig-
ure 6H, Supplemental Figure 6G, and Supplemental Video 1). In
comparison, no differences were detected for the granulocyte cell
marker Gr-1 (Ly6G) (Supplemental Figure 2G), demonstrating
that the effect of GDF-15 activity was specific to macrophages in
these tumors. Importantly, when results were verified with KPC
tumors lacking GDF-15, a similar increase in F4/80*; TNF* mac-
rophages was observed compared with that in control tumors (Fig-
ure 61). Together, these data suggest that GDF-15 suppresses the
antitumor activity of inflammatory macrophages by limiting the
production of proapoptotic factors, such as TNF and NO.

GDF-15 signals in macrophages to suppress NF-kB signaling via
TAK-1. To probe into the mechanism by which GDF-15 inhibits mac-
rophage production of TNF and NO, we treated RAW264.7 macro-
phages or primary bone marrow-derived macrophages with recom-
binant GDF-15 and measured gene expression of Tnf and iNOS.
Results showed that GDF-15 strongly reduced the expression of

jci.org  Volume127  Number10  October 2017

The Journal of Clinical Investigation

both genes (Figure 7A and Supplemental Figure 7A). Since Tnfand
iNOS are well-established NF-kB target genes (19, 20) we queried
whether GDF-15 induced the suppression of these factors by inhib-
iting NF-kB. Consistent with this notion, ChIP analyses revealed
that p65 occupancy on both Tnf'and iNOS promoters was strongly
reduced in response to GDF-15 treatment in RAW264.7 cells (Figure
7B). These data suggest that GDF-15 suppression of TNF and NO
occurs via the inhibition of NF-«B. Taken together, our results reveal
that while NF-«B is responsible for the synthesis and secretion of
GDF-15 from pancreatic tumor cells, GDF-15 inhibits NF-«B activity
in macrophages to overcome immune surveillance.

Finally, we analyzed how GDF-15 inhibits NF-kB in macro-
phages. Limited evidence exists that GDF-15 signals through the
canonical TGF-p receptor and pathway (21-23). Phospho-SMAD2
and -3 (pSMAD2 and pSMAD3) mediate activation of canonical
TGF-B signaling while the noncanonical pathway of TGF- signals
through the activation of phosphorylated TGF-B-activated kinase
(pTAK1), leading to further downstream activation of NF-kB or
the p38 MAP kinase (24, 25). Consistent with these findings, we
observed that treatment of RAW264.7 macrophages with GDF-15
increased the levels of pSmad2 and pSmad3 (Supplemental Figure
7B). However, in contrast to the typical noncanonical activation of
TAK]1 in response to TGF-B, GDF-15 treatment of RAW264.7 and
primary bone marrow macrophages led to a steady decline in TAK1
activity (Figure 7C and Supplemental Figure 7C). Active TAK1
stimulates the IxB kinase (IKK) complex that in turn signals to clas-
sical NF-kB and the p65 subunit (25). However, in GDF-15-treated
macrophages, IKK kinase activity was also reduced, as measured
by decreasing levels of phospho-IkB protein (pIkBa; Figure 7D).
In comparison with suppression of NF-kB, GDF-15 treatment had
minimal effects on p38 activity (pp38; Supplemental Figure 7D).
Therefore, although GDF-15 signaling in macrophages resembles
the canonical TGF-B pathway, its signaling is distinct from the
noncanonical TGF-B pathway in macrophages, acting instead to
repress TAK1 and NF-«B target genes. Together, these data support
the concept that NF-xB induces GDF-15 expression in tumor cells,
which upon its secretion, neutralizes the cytotoxic activity of infil-
trating macrophages through inhibition of the TAK1/IKK/NF-«B
pathway and downstream production of TNF and NO.

Discussion

Constitutive activation of NF-kB in cancer cells is believed to
contribute to functions intrinsic to the tumor cell, regulating
genes that promote cell survival, proliferation, migration, and the
epithelial-to-mesenchymal transition (9). In contrast, much less
is known about the cell-extrinsic functions of NF-kB that influ-
ence tumor development, specifically with regard to the stroma
within the tumor microenvironment. In this study, we describe
such an interaction between tumor cells and host macrophages,
revealing a feature of NF-«xB during tumorigenesis. Our findings
support a model illustrated in Figure 7E, in which activated mac-
rophages function in immune surveillance by secreting cytotoxic
factors TNF and NO. Tumor cells are able to overcome this
macrophage-Kkilling activity by utilizing NF-xB to promote the
expression of GDF-15. Secreted GDF-15 inactivates tumor-
infiltrating macrophages by negatively regulating TAK1, which in
turn causes NF-«B activity to be downregulated, leading to the
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Figure 6. GDF-15 suppresses macrophage cytotoxicity by inhibiting TNF. (A) KPC Gdf-15-knockdown cells were injected into mice and treated with clo-
dronate liposomes or control liposomes biweekly. Tumor sizes were measured. n = 5 per cohort. Data are shown as mean + SEM. *P < 0.05, SPSS repeated
measures, general linear model. (B and C) MTS assay following TNF and SNP treatment of KPC control and Ap65%'s*R cells. Data represent the mean of 2
independent experiments performed in triplicate. *P < 0.05, 2-way ANOVA. (D and E) KPC control and Gdf-15-knockdown cells were cocultured with WT
or Tnf and iNOS DKO macrophages. Graph represents cell survival. n = 6. Data are shown as mean + SEM. *P < 0.05 compared with 0:1; *P < 0.05 com-
pared with 20:1 WT macrophages, 1-way ANOVA. (F) Ras MEFs knockdown for Gdf-15 were injected into SCID mice, and macrophages were harvested and
analyzed by FACS for F4/80* and TNF*. Graph represents mean + SEM of F4/80*; TNF* double-positive cells from 6 mice in 2 independent experiments.
*P < 0.05, Student’s t test. (G) FACS analysis similar to F performed on SCID mice (n = 5 for each group) following intraperitoneal injections with Panc02
control and Gdf-15-knockdown cells. Graph represents mean + SEM of F4/80*; TNF* double-positive macrophages. *P < 0.05, Student’s t test. (H) Immu-
nohistochemistry on tumors following injections of Panc02 control and Gdf-15-knockdown cells. Tumors were harvested, sectioned, and stained for F4/80
and TNF and nuclei counterstained with DAPI. Inset represents magnified image of F4/80*, TNF* macrophages in Gdf-15-knockdown Panc02 tumors. (1)
Tumors harvested from KPC control and Gdf-15 shRNA-injected C57BL/6 albino mice 5 days after injection were sectioned and stained in the same way as
the Panc02 cells. Inset represents magnified image of F4/80*, TNF* macrophages in Gdf-15-knockdown KPC tumors. Original magnification, x20. Magnifi-
cation in insets x20. Scale bar: 100 pm.

further downregulated expression of NF-kB target genes Tnfand
iNOS. Inthe absence of TNF and NO, macrophages are no longer
able to eliminate tumor cells, thus allowing the expansion of a
developing tumor. Although less clear, our data also indicate that
GDF-15 protects tumor cells from ROS-mediated toxicity, which
isincluded in the model, but will require further testing and vali-
dation with genetic studies.

Since macrophages participate in immune surveillance (2),
our model argues that regulation of GDF-15 by NF-kB might be
relevant during the early stages of tumor development. How
NF-«B functions during these early events has not been as well
studied in comparison with the role of NF-kB in later stages
of tumor progression (26). However, recent findings provided
insight on the potential functions of NF-«B in tumor initiation.
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Figure 7. GDF-15 signals in macrophages to suppress NF-kB signaling via TAK1. (A) Raw 264.7 macrophages were treated with 5 ng/ml of rGDF-15 for 120
minutes, and then Tnf and iNOS expression was quantitated by gRT-PCR. n = 3. *P < 0.05, Student’s t test. (B) ChIPs were performed on chromatin from
Raw 264.7 macrophages treated with rGDF-15 for 60 minutes. Precipitated DNA was amplified with oligonucleotides spanning each of the 2 NF-«xB consen-
sus sites on the promoters of the respective Tnf and iNOS genes. Fold enrichment over I1gG controls and normalized to input are indicated. n = 3 each.

*P < 0.05, Student’s t test. (C) Western blot was performed from Raw 264.7 macrophages treated with 5 ng/ml rGDF-15, and cell lysates were probed for
pTAK1 and total TAK1. a-Tubulin was used as a loading control. (D) Similar to C, except that cell lysates were probed for IxBa. phosphorylation and total
IkBa with a-tubulin served as a loading control. (E) A model for how NF-«B regulates macrophage immune surveillance through GDF-15. The diagram
shows that tumor cells utilize NF-«kB for protection against infiltrating macrophages. Macrophages mediate this surveillance response through the
secretion of proapoptotic factors TNF, NO, and ROS, but tumor-derived NF-kB overcomes these proapoptotic factors by synthesizing and secreting GDF-15,
which signals in macrophages to suppress the production of TNF and NO, in turn inhibiting NF-«B signaling in the macrophages.

Schwitalla and colleagues proposed that NF-«B participates in ~ come immune surveillance in the initiating stages of tumor devel-
the initiation of colon cancer by maintaining the stemness of the ~ opment had not been resolved.

crypt cells as a way to form a reservoir of tumor-initiating cells Tumor-infiltrating macrophages can have both tumor-
(27). Investigators further used an inflammation-induced model  eliminating and tumor-promoting functions. Macrophages are
of colon cancer to show that stromal fibroblast-derived NF-xB  well established as facilitating tumor progression (31), but evi-
secretes IL-6 to activate STAT3 in epithelial cells to promote their ~ dence also indicates that prior to becoming tumor-associated
proliferation (28). In our own laboratory, we used an MEF model =~ macrophages (TAMs), these cells participate in antitumor
of senescence to show that NF-«B is capable of exhibiting dif-  responses, similar to what we describe in our current study. More
ferent oncogenic properties based on the staging of an initiating  recent results reveal that treating both murine and human pancre-
tumor. In preneoplastic cells, the p65 subunit of NF-kB functions  atic cancers with a CD40 agonist leads to tumor regression and
as a tumor suppressor by maintaining cells in senescence (29).  increases the efficiency of chemotherapy by improving macro-
In this model, maintenance of senescence was associated witha  phage activation (4). Clodronate liposome-mediated depletion
more stable genome that p65 controlled through its involvement ~ of macrophages has also been shown to accelerate tumor forma-

in DNA repair in response to genotoxic stress during the senes-  tion in a xenograft tumor model (10), a finding we also showed
cent condition (29). Furthermore, following the loss of tumor sup-  in this study, which supports the idea that inflammatory macro-
pressors and escape from senescence, expression of oncogenic  phages participate in early tumor immune surveillance. At least
Ras causes p65 to switch its function to a tumor promoter to pro-  with respect to the surveillance property of macrophages, our cur-

tect transformed cells against immune surveillance (10). This  rent results indicate that NF-«B is able to modulate this function
concept of NF-«B switching from a tumor suppressor to tumor  through direct regulation of GDF-15. We modeled this function of
promoter during an early phase of tumorigenesis was recently =~ NF-«B primarily in pancreatic cancer because NF-«kB is constitu-
supported in a genetically engineered mouse model of pancreatic  tively activated in this tumor type (32-34) and there is substantial
cancer (30), but the mechanism by which NF-kB was able to over-  evidence in pancreatic cancer that supports the involvement of
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a dense stroma with infiltration of innate immune cells (35, 36).
In addition, GDF-15 is highly expressed in PDAC compared with
other cancers (12). However, interest in this cytokine has been
mostly restricted to its role as a potential biomarker, and there-
fore no mechanism has been proposed for how this cytokine might
function during the development of PDAC. Our data suggest
that the elevation of GDF-15 in the circulation of PDAC patients
derives from the activation of the p65 subunit of NF-«B in malig-
nant ductal epithelial cells, since GDF-15 was also found to colo-
calize in these same cells in PDAC cases, and we further identified
Gdf-15 as a direct transcriptional target of NF-kB. Mechanistically,
our orthotopic data showed that knocking down Gdf-15 in Panc02
and KPC cells delayed the formation of pancreatic tumors and
increased overall survival in mice, which correlated tightly with
the increase in macrophages expressing TNF. Thus, adhering to
our model, we propose that Gdf-15 is directly regulated by NF-«xB
in the early phases of pancreatic cancer development to circum-
vent the immune surveillance activity of infiltrating inflamma-
tory macrophages. We do not believe that this role for NF-kB and
GDF-15is limited to pancreatic cancer, since immune surveillance
is considered a general feature of tumorigenesis (3) and numerous
cancer types depend on the constitutive activation of NF-«B (9).
Although levels of GDF-15 have also been shown to be elevated
in prostate cancet, the function of GDF-15 in this cancer type is
unclear, as both tumor-promoting and tumor-suppressing activi-
ties are associated with this cytokine (37).

In addition to identifying Gdf-15 as an NF-kB transcriptional
target, our study also sheds light on the mechanism by which
GDF-15 signals in macrophages. Although GDF-15 bears some
structural redundancy with other TGF-f family members that
can activate canonical SMAD2/3 signaling, the ability of GDF-15
to inhibit NF-kB through TAKI1 inactivation highlights the diver-
gent signaling of GDF-15 from other TGF-f family members. Also
revealing is the ability of GDF-15 to inhibit TAK1, which appears
specific to IKK/NF-«B signaling, since only a minimal effect
was seen on the other TAK1 target, p38. Furthermore, GDF-15-
mediated IKK suppression and subsequent NF-xB inhibition led
to decreased expression of TNF and NO. While our study shows
that GDF-15 can inhibit TAK1 activation, the signaling mechanism
that leads to TAK1 inactivation remains to be resolved. Based on
the differences in the timing of the signaling between activation
of the canonical TGF-B pathway and inactivation of TAK1 (Sup-
plemental Figure 7B and Figure 7C), we speculate that inhibition
of TAK1 could be occurring at the level of the TGF- receptor, a
possibility that will need to be tested in subsequent studies. Also,
TAK1 is a central node of NF-kB activation, not just via TGF-p sig-
naling, but also through other signaling pathways such as the TNF
receptor. Hence, it is possible that GDF-15 may be signaling via
more than one receptor and inhibition of TAK1 may be occurring
through multiple mechanisms. Taken together, our results reveal
the complex activities of NF-«xB during tumor development. While
tumor-associated activity of NF-kB is required to overcome mac-
rophage surveillance, GDF-15-mediated inhibition of NF-«B sig-
naling in infiltrating macrophages blocks the antitumor immune
response. To the best of our knowledge, this type of NF-«xB-
arbitrated regulatory loop between tumor and immune cell is the
first to be described with relevance to pancreatic cancer.

RESEARCH ARTICLE

Methods

Celllines. p657+and p657"Ras MEFs and p657+and p657~-MEFs were main-
tained as described previously, cultured in DMEM with 10% FBS (10, 29).
Panc02 (provided by T. Williams, OSU) cells were cultured in RPMI with
10% FBS, and Raw 264.7 cells were cultured on sterile nontissue culture
dishes using RPMI with 5% FBS. KPC luciferase cell lines (provided by Z.
Cruz-Monserrate, OSU) were cultured in DMEM with 10% FBS.

Coculture and cell-survival assays. p65”* and p657/Ras MEFs
were cocultured with primary peritoneal macrophages (20:1) in 100
ul of medium with heat-inactivated FBS in a 96-well plate. After 48
hours, cells were trypsinized and surviving cells counted by a trypan
blue exclusion assay. Control conditions contained MEF cells alone
without macrophages. Isolation of peritoneal macrophages was done
as previously described (10). 1 ml of Brewer’s thioglycolate medi-
um was injected intraperitoneally into the mice at about 8 weeks of
age. Peritoneal cells were then isolated using DMEM with 10% heat-
inactivated FBS after about 4 to 5 days. These cells were cultured for
3 hours and, after 2 rounds of trypsinization and washing to remove
nonadherent or loosely adherent cells, adherent macrophages (>90%)
were harvested and resuspended. For cell-survival assays using the
Panc02 cells and the Panc02 shGDF-15 cells, cocultures were carried
out in 35-mm dishes using a 2:1 ratio of macrophages to cancer cells.
After incubating for 48 hours, cells were harvested and stained with
FITC-conjugated rat anti-mouse CD11b (BioLegend, clone M1/70)
and then washed with annexin V buffer. This was followed by staining
with annexin V and 7-AAD using the Phycoerythrin-Annexin V Stain-
ing Kit (BD Biosciences — Pharmingen, catalog 559763), and then the
cells were analyzed using Flowsight 2 Imaging flow cytometry. Murine
spleen cells were used to run isotype controls to determine the speci-
ficity of the CD11b antibody.

Orthotopic tumor implantation. Panc02 or Panc02 shGdf-15 cells
and KPC control or KPC shGdf-15 (1 x 10%) were suspended in a 40 pl
mixture of Matrigel (Sigma-Aldrich) and subsequently injected into
the tail of the pancreas using a survival surgery procedure described
previously (38) on age-matched C57BL/6 and C57BL/6 albino female
mice, respectively, of approximately similar weight. Control mice
cohorts were injected with Matrigel alone. Tumor measurements were
made by harvesting and weighing the pancreas at the designated time
points. Final tumor weights were calculated by normalizing to weights
of the Matrigel-injected control pancreas using the following formu-
la: tumor weight = weight of pancreas with tumor - average weight of
Matrigel-injected pancreas. In the cases of the KPC orthotopic tumors,
bioluminescence imaging was done by injecting 15 mg/ml of D-lucifer-
in solution (Sigma-Aldrich) in PBS intraperitoneally into the mice that
were subsequently imaged on a PerkinElmer IVIS Illumina-II Imaging
system. Differences in bioluminescence of the KPC control and KPC
shGdf-15 cells were established as described previously (39) using seri-
ally diluted numbers of the cells (1 x 10° to 1 x 10?) and estimating dif-
ferences in slopes between the 2 standard curves by linear regression
analysis. It was established by bioluminescence imaging that KPC cells
knocked down for Gdf-15 were approximately 6 times more lumines-
cent than control cells and hence ROI calculations were used to com-
pensate for the difference.

Patients. Blood samples were obtained at time of surgery from men
and women with suspected PDAC, which was histologically confirmed
in resected tumors or metastases. Patients receiving preoperative che-
motherapy were excluded from the analysis. Patients utilized as con-
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trol subjects were undergoing abdominal surgery for other conditions
and were not suspected to have cancer. GDF-15 was measured with a
standard ELISA (R&D Systems, catalog SGD150). Samples were ana-
lyzed in duplicate. For localization of GDF-15 and activated NF-«B, a
subset of resected tumors from the above patients were formalin fixed,
paraffin embedded, and subsequently stained for phosphorylated p65
and GDF-15 and visualized using immunofluorescence.

For further information, see Supplemental Methods.

RNA-seq analysis. All original RNA-seq analysis data were depos-
ited in the NCBI’s Gene Expression Omnibus (GSE101092).

Statistics. ANOVA was adopted to analyze differences between
groups in experiments in which more than 2 groups were compared
at a single time, including tumor growth studies. Correlation repeated
measure was utilized to analyze differences in tumor growth. Two-
tailed Student’s ¢ tests were used for analyzing all other experiments.
Kaplan-Meier analysis was used in animal survival studies. Statistical
software, such as GraphPad Prism and SPSS (IBM), was used for all
analysis. A P value less than or equal to 0.05 was considered signifi-
cant for all statistical analysis.
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