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Toxic environmental carcinogens promote cancer via genotoxic
and nongenotoxic pathways, but nongenetic mechanisms remain
poorly characterized. Carcinogen-induced apoptosis may trigger
escape from dormancy of microtumors by interfering with inflam-
mation resolution and triggering an endoplasmic reticulum (ER)
stress response. While eicosanoid and cytokine storms are well-
characterized in infection and inflammation, they are poorly charac-
terized in cancer. Here, we demonstrate that carcinogens, such as
aflatoxin B, (AFB,), induce apoptotic cell death and the resulting cell
debris stimulates hepatocellular carcinoma (HCC) tumor growth via an
"“eicosanoid and cytokine storm.” AFB;-generated debris up-regulates
cyclooxygenase-2 (COX-2), soluble epoxide hydrolase (sEH), ER stress-
response genes including BiP, CHOP, and PDI in macrophages. Thus,
selective cytokine or eicosanoid blockade is unlikely to prevent
carcinogen-induced cancer progression. Pharmacological abrogation
of both the COX-2 and sEH pathways by PTUPB prevented the
debris-stimulated eicosanoid and cytokine storm, down-regulated
ER stress genes, and promoted macrophage phagocytosis of debris,
resulting in suppression of HCC tumor growth. Thus, inflammation
resolution via dual COX-2/sEH inhibition is an approach to prevent
carcinogen-induced cancer.
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flatoxins, a group of natural carcinogens, represent one of

the critical causes of hepatocellular carcinoma (HCC), the
second leading cause of cancer mortality worldwide. Aflatoxin By
(AFB,), a mycotoxin produced by Aspergillus fungi, is a con-
taminant of a large portion of the world’s food supply, causing
over 5 billion people to be at high risk for HCC (1, 2). Aflatoxins
may play a causative role in 4.6 to 28.2% of all HCC cases
worldwide (3). While AFB;-induced DNA damage mediates
HCC, AFB;-derived DNA adducts alone may not be sufficient to
cause and promote HCC or predict its progression (4-6). In
addition to DNA damage or DNA adduct formation, other key
characteristics of carcinogens include their ability to induce ox-
idative stress, promote chronic inflammation, be immunosup-
pressive, and stimulate angiogenesis (7-9). Aflatoxins are also
cytotoxic and various types of cell death can induce lineage
switching of hepatocytes to produce HCC or intrahepatic chol-
angiocarcinoma, supporting nongenetic mechanisms in tumori-
genesis (10). HCC ensues in the presence of excessive hepatic
apoptosis and nonresolving inflammation in the tumor micro-
environment (10, 11). Apoptotic cell death stimulates production
of tumor-promoting eicosanoids, including cyclooxygenase
(COX)-derived prostaglandins, through the arachidonic acid
pathway in the tumor microenvironment (12-15). Aflatoxins
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trigger proinflammatory cytokines (e.g., TNF-a and IL-6) as well
as caspase activation, leading to apoptotic cell death of multiple
cell types, including hepatocytes, lymphocytes, splenocytes, mac-
rophages, and endothelial cells (16-18). AFB, can also negatively
impact the innate immune defense by impairing macrophage
functions, such as phagocytosis (19), a critical process in the res-
olution of inflammation (15, 20, 21).

While environmental carcinogens can cause cancer, their
nongenotoxic mechanisms are not well understood. Cell death
(“debris”)-mediated hyperinflammation generated by cytotoxic
drugs stimulates the growth of surviving tumor cells via a cyto-
kine storm of proinflammatory and proangiogenic mediators (14,
15, 22, 23). Chronic inflammation and proinflammatory cyto-
kines cause hyperplasia, oxidative stress, and act synergistically
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with DNA damage to drive mutations and carcinogenesis
(24-27). Carcinogens induce reactive oxygen and nitrogen spe-
cies, resulting in oxidative stress and inflammation (28). Acti-
vation of the mitochondrial apoptotic pathway in hepatocytes
generates reactive oxygen species (ROS), leading to oxidative
damage and liver tumorigenesis (29). Inflammatory cells and
cancer cells generate free radicals and soluble mediators, such as
metabolites of arachidonic acid, cytokines, and chemokines, which
act by further producing reactive species (27). These mediators,
including proinflammatory cytokines (e.g., IL-6, CCL2/MCP-1,
and TNF-a), are stimulated by carcinogens and correlate with
poor patient survival. Neutralization of these proinflammatory
cytokines has been demonstrated to suppress carcinogen-induced
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cancer and HCC progression (30, 31). AFB;-induced HCC is
suppressed by a potent antiinflammatory, synthetic triterpenoid,
which only partially reduces the AFB; adduct burden (4). Acti-
vation of endogenous inflammation resolution programs counter-
regulates a series of proinflammatory cytokines via clearance of
debris (15, 20, 21, 32), eliminates micrometastases, and prevents
tumor recurrence (33).

Selective cytokine or eicosanoid pathway blockade by antiin-
flammatory agents, such as COX-2 selective inhibitors (coxibs),
have resulted only in transient antiinflammatory and antitumor
activity in patients (34—41). Coxibs cause a shunting of arachi-
donic acid metabolism to cytochrome P450 (CYP450) and lip-
oxygenase (LOX) pathways, which counteracts the antitumor
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Fig. 1. AFB;-generated cell death stimulates HCC via up-regulation of sEH and COX-2. Annexin V/PI analysis of (A) Hepa 1-6 murine and (B) HepG2 human

HCC tumor cells treated with AFB, (25 pM, 48 h) compared to vehicle. Quadrants containing dead tumor cells are outlined in pink. Bar graphs represent means
of percent cell death £SEM. n = 3 per group. **P < 0.01, ****P < 0.0001 vs. vehicle. (C) Hepa 1-6 tumor growth stimulated by AFB;-generated dead cells
coinjected with a subthreshold inoculum of living cells. n = 5 to 15 mice per group. The two-tailed unpaired Student’s t test was used for final tumor
measurements throughout. *P < 0.05 vs. 10° living cells alone (no dead cells). (D) Percent survival of mice coinjected orthotopically into the liver with AFB;-
generated Hepa 1-6 dead cells and a subthreshold inoculum of Hepa 1-6 living cells. n = 5 mice per group. Kaplan-Meier analysis indicated significantly
shortened survival of mice injected with a combination of dead and living cells as depicted by the area under the Kaplan-Meier survival curves. *P < 0.05.
(Scale bar, 1 cm.) (E) Western blot analysis of caspase-3 and cleaved caspase-3 expression in killed and surviving Hepa 1-6 tumor cells treated with AFB (25 pM,
48 h) or vehicle. Control = vehicle-treated Hepa 1-6 living cells. Levels of f-actin demonstrate protein loading. (F) Gene expression of sEH (EPHX2) and COX-2
(PTGS2) in human monocyte-derived macrophages coincubated with AFB;-generated HepG2 dead cells; analyzed by qPCR and normalized by GAPDH. n = 3
per group. *P < 0.05, **P < 0.01 vs. control.
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activity of COX-2 inhibition (42, 43). Whereas standard antiin-
flammatory agents, such as steroids, coxibs, and selective cyto-
kine antagonists do not clear debris and can be “resolution toxic”
(20, 44, 45), CYP450-derived epoxyeicosatrienoic acids (EETs)
promote the clearance of cellular debris by local macrophages
and activate antiinflammatory programs (46-50). EETs are en-
dogenously produced small-molecule lipid autacoid mediators
that act as autocrine or paracrine factors to regulate inflamma-
tion and angiogenesis (46, 50). While EETs stimulate the pro-
duction of proresolution lipoxins and macrophage phagocytosis
of debris (47, 48, 51, 52), their specific role in inflammation
resolution in cancer is poorly characterized. Moreover, EETs are
rapidly metabolized in the body by soluble epoxide hydrolase
(sEH) to their corresponding dihydroxyeicosatrienoic acids
(DiHETES). Inhibition of sEH can stabilize eicosanoids, such as
EETs and other epoxy-fatty acids, which stimulate the endoge-
nous production of proresolving lipid mediators, such as lipoxins,
to trigger the resolution of inflammation (53, 54). Deficiency of
lipoxin A4 production is associated with increased sEH, which
can result in impaired resolution (53, 55). sEH inhibitors can also
suppress endoplasmic reticulum (ER) stress and hepatic fibrosis,
a risk factor for HCC (56). In fact, the targeted antitumor agent
sorafenib, widely used for advanced HCC treatment, is a potent
sEH inhibitor (57, 58).

In particular, sEH inhibitors synergize with coxibs to reduce
protumorigenic mediators while ameliorating the adverse car-
diovascular and gastrointestinal side effects associated with
coxibs (5§9-61). Dual COX-2/sEH inhibitors [e.g., 4-(5-phenyl-3-
{3-[3-(4-trifluoromethyl-phenyl)-ureido]-propyl }-pyrazol-1-yl)
benzenesulfonamide (PTUPB)] inhibit various inflammation-
driven diseases, including cancer, fibrosis, sepsis, fatty liver dis-
ease, diabetes, allergic inflammation, and neurodegenerative
diseases by counter-regulating multiple proinflammatory cyto-
kines and inhibiting inflammasome activation (14, 61-68).
PTUPB may act as a “surge protector” against cancer therapy-
induced protumorigenic cytokines and bioactive lipid mediators
in the tumor microenvironment to prevent tumor recurrence
(14). Thus, dual COX-2/sEH inhibition may have clinical im-
plications for use in combination with cytotoxic cancer therapies
to alleviate debris-mediated inflammation (14). PTUPB potently
inhibits hepatosteatosis and improves high-fat diet-induced
nonalcoholic fatty liver disease (NAFLD) (63). Both COX-2
and sEH are up-regulated in the liver of NAFLD (63). NAFLD
and nonalcoholic steatohepatitis, characterized by unresolved
chronic inflammation associated with fibrosis, cirrhosis, and ox-
idative stress, are highly prevalent world-wide and are major
causes of HCC (69). Failure of resolution of inflammation, in-
cluding impaired debris clearance, is an emerging hallmark of
cancer and other inflammation-driven diseases (11, 15, 20, 21,
32, 45, 70-75). Thus, we hypothesize that dual COX-2/sEH in-
hibition may stimulate inflammation resolution that is disrupted
by carcinogens such as aflatoxins.

Here, we demonstrate that tumor cells killed by AFB; stim-
ulate primary HCC growth when coinjected with a subthreshold
(nontumorigenic) inoculum of tumor cells via a macrophage-
derived “eicosanoid and cytokine storm” of proinflammatory and
proangiogenic mediators. AFB,-generated debris up-regulates the
expression of PTGS2 (encoding COX-2), EPHX?2 (encoding sEH),
and ER stress-response genes (e.g., C/EBP-homologous protein
[CHOP), binding Ig protein [BiP], and protein disulfide isomerase 1
[PDI]) in debris-stimulated macrophages. We demonstrate that
combined pharmacological abrogation of the COX-2 and sEH-
mediated eicosanoid pathways via PTUPB prevents AFB;-induced
HCC progression. PTUPB counter-regulates the cytokine storm, in-
cluding TNF-a, MIP-10/CCL3, MIP-1/CCLA, IL-1ra/IL-1F3, MIP-2/
CXCL2, serpin E1/PAI-1, and IL-8/CXCLS, by macrophages stimu-
lated with AFB;-generated debris. Dual COX-2/sEH inhibition
stimulates macrophage phagocytosis of AFB;-generated debris and

21578 | www.pnas.org/cgi/doi/10.1073/pnas.2007412117

suppresses the up-regulation of ER stress-response genes in debris-
stimulated macrophages. Dual COX-2/sEH inhibition may provide a
strategy to address the toxicities and limitations of COX-2 inhibitors in
clinical cancer trials. Thus, dual COX-2/sEH inhibition may be a host-
directed therapeutic approach to the treatment of carcinogen-induced
cancers by targeting the innate immune response via inflammation
resolution.

Results

AFB;-Generated and Caspase-3—Mediated Cell Death Stimulates HCC
via Up-Regulation of sEH and COX-2. To evaluate whether AFB;-
generated debris is biologically relevant in liver cancer, we de-
veloped carcinogen debris-stimulated HCC models. We con-
firmed the generation of cell death (apoptotic cells, necrotic
cells, and cell fragments; hereafter referred to as “debris”) in cell
cultures treated with AFB, via flow cytometry analysis of annexin
V/propidium iodide (PI)-stained cells, and counted the number
of dead cell bodies as a surrogate quantity for titrating its tumor-
stimulatory potency. AFB; increased cell death of Hepa 1-6 and
HepG2 HCC tumor cells by 2.2-fold and 3.0-fold, respectively
(Fig. 1 A and B). AFB,-generated dead cells were collected and
coinjected with a subthreshold (nontumorigenic) inoculum of
living tumor cells into mice (Fig. 1 C and D). A low number of
injected living tumor cells mimics tumor dormancy or minimal
tumor growth (15, 33). In a widely used HCC model (58), AFB;-
generated Hepa 1-6 debris potently stimulated Hepa 1-6 HCC
tumor growth (Fig. 1C). Increasin% the amount of AFB,-gener-
ated Hepa 1-6 debris (10°, 3 x 10°, 9 x 10°, or 1.8 x 10° dead
cells) coinjected with Hepa 1-6 (10° living cells) resulted in
accelerated tumor growth in a dose-dependent manner com-
pared to mice injected with living cells alone or dead cells alone
(Fig. 1C). Tumor cell debris alone did not produce any visible
tumors at 80 d postinjection (Fig. 1C). AFB;-generated debris
also stimulated tumor dormancy escape and shortened survival
in an orthotopic HCC (Hepa 1-6) model compared to mice in-
jected with a subthreshold inoculum of living tumor cells alone
(Fig. 1D). Debris implanted orthotopically into the liver without
living tumor cells did not affect survival (Fig. 1D).

Apoptosis-mediated caspase-3 activation stimulates wound
healing and tissue regeneration via the “Phoenix Rising” path-
way (76). Moreover, therapy-generated apoptotic cell death can
stimulate a caspase-3—-mediated arachidonic acid pathway, in-
creasing production of PGE, (12, 13). Therefore, we determined
whether debris generated by AFB; could activate caspase-3. In-
deed, AFB;-generated dead cells up-regulated cleaved caspase-3
expression, as opposed to caspase-3, via Western blot analysis,
confirming that apoptotic cells activate caspase-3 following AFB;
exposure (Fig. 1E). We next determined whether eicosanoid
pathway enzymes are stimulated by AFB;-generated debris. Gene-
expression levels of EPHX2 (sEH) and PTGS2 (COX-2) were up-
regulated in human monocyte-derived macrophages stimulated
with AFB;-generated HepG2 tumor cell debris (Fig. 1F).

Cytokine Storm Triggered by Carcinogen Debris-Stimulated Macrophages
Is Prevented by Dual Eicosanoid Pathway Inhibition. Chemotherapy-
generated debris can trigger a storm of proinflammatory and
proangiogenic cytokines (14, 15, 22). Similarly, AFB;-generated
debris stimulated a proinflammatory and proangiogenic “cytokine
storm,” including MIP-2/CXCL2, TNF-o, CCL2/MCP-1, G-CSF,
and IGFBP-1, by RAW 264.7 murine macrophages (Fig. 2 A-C).
We next assessed the release of cytokines by RAW 264.7 murine
macrophages treated with a dual COX-2/sEH inhibitor (PTUPB) or
vehicle prior to stimulation with AFB;-generated Hepa 1-6 debris.
PTUPB (5 uM) prevented the proinflammatory and proangio-
genic cytokine storm released by macrophages (Fig. 2.4-C). These
cytokines were macrophage-derived as only traces of cytokines
were detected in conditioned medium of debris alone without
macrophages (Fig. 2).
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Fig. 2. Cytokine storm triggered by carcinogen debris-stimulated macrophages is prevented by dual eicosanoid pathway inhibition. (A-C) Inflammatory and
angiogenic cytokine array of conditioned media from RAW 264.7 murine macrophage treated with vehicle or PTUPB (5 pM, 2 h) and stimulated with AFB;-
generated Hepa 1-6 tumor cell debris vs. debris alone without macrophages. ELISA quantification of TNF-a and CCL2/MCP-1 released by RAW 264.7 mac-
rophages treated with vehicle or PTUPB (5 pM, 2 h) and stimulated with AFB;-generated Hepa 1-6 tumor cell debris. Data are presented as means (pg/mL) +
SEM. n = 7 per group; 3 biological repeats. ***P < 0.001. n.d., not detectable. (D) Inflammatory cytokine array of conditioned media from human monocyte-
derived macrophages treated with vehicle or PTUPB (5 pM, 2 h) and stimulated with AFB;-generated HepG2 tumor cell debris vs. debris alone. (E) Inflam-
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endothelial cell debris vs. debris alone.

To exclude that the AFB;-generated debris-stimulated cyto-
kine storm and its suppression via dual COX-2/sEH inhibition
were specific to the RAW 264.7 macrophage cell line, we per-
formed cytokine array screening of conditioned medium from
primary human monocyte-derived macrophages stimulated with
AFB;-generated debris. Indeed, AFB;-generated HepG2 debris
also triggered a cytokine storm, including MIF/GIF/DERS, ser-
pin E1/PAI-1, IL-8/CXCLS, and MIP-1a/MIP-1p/CCL3/CCLA4 by
human monocyte-derived macrophages, compared with macro-
phages not exposed to the debris (Fig. 2D). Remarkably, PTUPB
prevented the cytokine storm in human monocyte-derived mac-
rophages (Fig. 2D). AFB; exposure can increase lipopolysaccha-
ride (LPS) levels in the liver, and LPS-stimulated inflammation
can stimulate tumor dormancy escape in mice (77). LPS-generated
endothelial cell debris (MS-1) stimulated a macrophage-derived
cytokine storm, including MIP-1a/CCL3, MIP-1p/CCL4, MIP-2/
CXCL2, G-CSF, and TNF-o, that was suppressed by PTUPB
(Fig. 2E). Thus, the protumorigenic and proangiogenic cytokine
storm triggered by carcinogen debris-stimulated macrophages was
prevented by the dual COX-2/sEH inhibitor PTUPB.

Dual COX-2/sEH Inhibition Stimulates Macrophage Phagocytosis of
AFB;-Generated HCC Debris. We reasoned that since carcinogen-
generated debris can promote tumor growth, clearance of debris
may suppress this growth. A critical function of inflammation

Fishbein et al.

resolution is nonphlogistic macrophage phagocytosis of debris
(20, 45, 78, 79). Thus, we next assessed macrophage phagocytosis
of AFB;-generated tumor cell debris in response to inhibition of
COX-2 and/or sEH enzymes. Neither murine nor human
monocyte-derived macrophage phagocytosis of AFB,-generated
Hepa 1-6 or HepG2 debris, respectively, was affected by cele-
coxib treatment (Fig. 34), which is consistent with studies
demonstrating that inflammation resolution can be impaired by
COX-2 inhibition (20, 44, 45). In contrast, treatment of human
monocyte-derived and primary murine peritoneal macrophages
with an sEH inhibitor (TPPU) at 0.01 to 10 uM stimulated
phagocytosis of AFB;-generated human (HepG2) and murine
(Hepa 1-6) HCC tumor cell debris (Fig. 3B). Moreover, the dual
COX-2/sEH inhibitor PTUPB potently promoted RAW 264.7
and peritoneal murine macrophage phagocytosis of AFB;-gen-
erated Hepa 1-6 tumor cell debris by 100 to 250% above vehicle
(Fig. 3C). Thus, stimulation of the resolution of inflammation by
dual COX-2/sEH inhibition not only prevents the proinflammatory
cytokine storm, but also enhances macrophage phagocytosis of
AFB;-generated HCC debris.

Dual COX-2/sEH Inhibition Suppresses AFB; Debris-Stimulated ER
Stress and an Eicosanoid Storm. Carcinogen-induced ER stress
accelerates HCC via proinflammatory cytokines and caspase-activated
cell death (80, 81). To determine whether carcinogen-induced cell
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Fig. 3. Dual COX-2/sEH inhibition stimulates macrophage phagocytosis of AFB;-generated HCC debris. Human monocyte-derived, peritoneal or RAW 264.7
murine macrophage phagocytosis of CFDA-labeled AFB;-generated tumor cell debris measured as relative fluorescent units and normalized to percent in-
crease above vehicle-treated macrophages. One-way ANOVA used throughout. n = 12 per group. **P < 0.01, ***P < 0.001 vs. vehicle. (A) Celecoxib (2 h) did
not stimulate RAW 264.7 (Left) nor human monocyte-derived (Right) macrophage phagocytosis of AFBj-generated Hepa 1-6 or HepG2 debris, respectively. (B)
sEH inhibitor (TPPU; 2 h) stimulated murine peritoneal (Left) and human monocyte-derived (Right) macrophage phagocytosis of AFB;-generated Hepa 1-6 or
HepG2 debris, respectively. (C) Dual COX-2/sEH inhibitor (PTUPB; 2 h) stimulated RAW 264.7 (Left) and murine peritoneal (Right) macrophage phagocytosis of

AFBq-generated Hepa 1-6 debiris.

death stimulates ER stress, we coincubated human monocyte-derived
macrophages with AFB;-generated dead cells. AFB;-generated
HepG?2 debris dramatically up-regulated the expression of ER
stress-response genes in macrophages, including CHOP, BiP,
and PDI (Fig. 44). In contrast, PTUPB inhibited debris-stimulated
expression of ER stress-response genes in human monocyte-
derived macrophages (Fig. 44). Additionally, macrophages stim-
ulated by AFB;-generated HepG2 debris exhibited increased
protein levels of BiP and PDI, which were inhibited by PTUPB
(Fig. 4B). Up-regulation of COX-2 protein expression by AFB;-
generated debris in human monocyte-derived macrophages was
also neutralized by PTUPB to near baseline expression (Fig. 4B).
To determine whether AFB;-generated debris triggers the release
of eicosanoids by macrophages, we performed LC-MS/MS-based
oxylipin profiling of RAW 264.7 macrophages stimulated with
AFB;-generated Hepa 1-6 debris. Indeed, the debris triggered
an “eicosanoid storm” of COX-derived lipid mediators, including

21580 | www.pnas.org/cgi/doi/10.1073/pnas.2007412117

8-iso-PGF,,, PGE,, and PGD, compared with macrophages not
exposed to the debris or debris alone without macrophages
(Fig. 4 C and D and Table 1). In contrast, PTUPB suppressed this
debris-stimulated eicosanoid storm released by the macrophages and
increased the LOX metabolite (20-COOH-LTB,) as well as a COX
metabolite derived from 20-HETE (20-OH-PGF,,) (Fig. 4 C and D).
Interestingly, EETs (EpETrEs) and DHETs (DiHETtEs) were
highly expressed in the AFB;-generated debris (Fig. 4D). Thus,
PTUPB potently inhibited the up-regulation of ER stress-response
genes/proteins and the proinflammatory eicosanoid storm in
AFB; debris-stimulated macrophages.

Prevention of AFB, Debris-Stimulated HCC and Cytokine Storm In Vivo
by Dual COX-2/sEH Inhibitor PTUPB. To determine whether PTUPB
suppresses carcinogen debris-stimulated HCC tumor growth,
AFB,-generated Hepa 1-6 debris was coinjected subcutaneously
with a subthreshold inoculum of living Hepa 1-6 tumor cells.
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Fig. 4. Dual COX-2/sEH inhibition suppresses AFB; debris-stimulated ER stress and eicosanoid storm. (A) gPCR analysis of ER stress-response gene (CHOP, BiP,
PDI) expression in human monocyte-derived macrophages treated with PTUPB (5 uM, 2 h) or vehicle and stimulated with AFB;-generated HepG2 tumor cell
debris. Results were normalized by GAPDH. n = 3 per group. *P < 0.05, **P < 0.01. (B) Western blot analysis of ER stress response (BiP, PDI) and COX-2 protein
expression in human monocyte-derived macrophages treated with PTUPB (5 pM, 2 h) or vehicle and stimulated with AFB;-generated HepG2 debris. Levels

of p-actin demonstrate protein loading. n = 2 per group. (C) UPLC-MS/MS-based

oxylipin analysis of RAW 264.7 macrophages treated with PTUPB (5 uM, 2 h)

or vehicle and stimulated with AFB;-generated Hepa 1-6 HCC debris or AFB;-generated Hepa 1-6 debris alone. n = 2 per group. ***P < 0.001. (D) Heatmap of
eicosanoid storm via UPLC-MS/MS-based oxylipin analysis in macrophages exposed to AFB;-generated Hepa 1-6 HCC debris. n = 2 per group.

Growth of established carcinogen debris-stimulated tumors (126
to 146 mm3) was suppressed by systemic treatment of the dual
COX-2/sEH inhibitor PTUPB without overt toxicity compared
to control (Fig. 54). Remarkably, PTUPB also prevented debris-
stimulated orthotopic HCC tumor growth and prolonged survival
(Fig. 5B). To determine whether AFB;-generated debris could
induce a cytokine storm in vivo, we assessed the plasma for proin-
flammatory and proangiogenic cytokines in mice bearing debris-
stimulated orthotopic HCC tumors compared to mice injected
with living Hepa 1-6 cells alone or AFB;-generated debris alone.
Indeed, AFB; debris-stimulated tumors stimulated an in vivo cy-
tokine storm, including increased plasma levels of BLC/CXCL13/
BCA-1, TIMP-1, M-CSF, PTX-3/TSG-14, serpin E1/PAI-1, and
tissue factor/coagulation factor III as compared to plasma from
mice injected with living Hepa 1-6 cells alone or AFB;-generated
tumor cell debris alone (Fig. 5 C and D). Moreover, treatment with
PTUPB prevented the debris-stimulated cytokine storm in vivo as
compared to mice not treated with PTUPB (Fig. 5 C and D).

Fishbein et al.

Discussion

Carcinogen (e.g., AFB;)-induced cancer is a leading cause of
HCC cancer death (1). Dietary aflatoxins adversely affect billions
of people who are chronically exposed to a large amount of the
toxin (1). Aflatoxin-induced HCC is most prevalent in develop-
ing countries due to poor postharvest management and regular
consumption of food contaminated with aflatoxins (82). The
incidence of HCC, the most common primary liver malignancy
worldwide, is rising (83). Here, we demonstrate that AFB;-
generated and caspase-3-mediated cell death (debris) triggers
HCC tumor dormancy escape via a proinflammatory eicosanoid
and cytokine storm. Debris up-regulates expression of EPHX2
(sEH) and PTGS2 (COX-2), as well as genes involved in ER
stress in macrophages, which may be contributing factors for the
ensuing eicosanoid and cytokine storm. Thus, targeting a single
proinflammatory mediator or eicosanoid pathway is unlikely to
prevent carcinogen-induced HCC progression. Proresolving lipid
mediators induce clearance of cellular debris by macrophages to
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Table 1. Oxylipin analysis: Levels of eicosanoid metabolites in RAW 264.7 macrophages

Macrophages Macrophages Macrophages + Macrophages + Macrophages + Macrophages + AFB;-generated AFB;-generated

alone alone debris debris debris + PTUPB debris + PTUPB Hepa1l-6 debris Hepal-6 debris

12,13-EpOME 1.481 1.275 0.951 1.007 0.949 0.760 1.653 2.436
9,10-EpOME 0.473 0.582 0.689 0.626 0.613 0.731 1.120 1.061
EKODE 1.480 0.208 1.462 1.148 3.778 3.226 8.590 n.d.

12,13- 0.005 n.d. n.d. n.d. n.d. n.d. 0.091 0.074

DiHOME

9,10-DiIHOME n.d. n.d. n.d. n.d. n.d. n.d. 0.017 0.021
11,12-EpETrE 0.751 0.969 0.814 0.918 1.113 1.009 1.096 1.083
14,15-EpETrE 0.763 0.840 0.825 0.874 0.849 0.996 0.962 1.031
5,6-EpETrE 12.111 10.280 9.392 12.866 12.154 12.831 26.813 29.411
8,9-EpETrE 0.917 0.905 0.748 0.854 1.052 0.946 1.632 1.786
11,12-DiHETrE 0.259 0.283 0.295 0.290 0.265 0.262 0.868 0.727
14,15-DiHETrE 0.244 0.247 0.315 0.292 0.249 0.247 1.713 0.637
5,6-DiHETrE n.d. n.d. n.d. n.d. n.d. n.d. 0.278 0.008
8,9-DIiHETrE 0.436 0.447 0.423 0.447 0.431 0.434 1.112 0.998
19,20-EpDPE 0.586 0.688 0.533 0.713 0.561 0.510 1.483 0.604
PGD, 3.056 2.273 11.345 19.134 0.459 0.161 3.088 3.949
PGE, n.d. 0.042 0.829 1.749 0.154 0.036 0.026 n.d.

8-iso PGFy, Il 0.321 0.317 1.001 0.984 0.363 0.327 0.292 0.280
20-COOH-LTB,4 0.695 0.303 0.394 0.472 0.361 0.640 0.262 0.442
TXB3 43.484 62.116 58.543 44.921 101.601 52.075 174.125 241.198
20-OH-PGF,, 21.963 10.102 17.484 17.175 15.844 26.322 0.045 2.935
TXB, 0.778 0.794 0.803 0.783 0.785 0.779 0.929 0.848
6-keto-PGF,, 2.051 2.051 2.065 2.054 2.057 2.053 2.100 2.060

Full report of concentrations (nM) of oxylipins in cell pellets is listed. UPLC-MS/MS-based oxylipin analysis in RAW 264.7 macrophages exposed to AFB;-
generated Hepa 1-6 HCC debris and/or PTUPB. n = 2 per group; n.d., not determined.

resolve inflammation, resulting in reduced proinflammatory cy-
tokines (15, 20, 21, 32, 78, 79, 84). Carcinogens, including afla-
toxins, disrupt inflammation resolution by impairing host-
protective neutrophil and macrophage phagocytosis of debris
(19, 85). Standard antiinflammatory drugs and biologics, such as
steroids, nonsteroidal antiinflammatory drugs (NSAIDs), coxibs,
and cytokine antagonists do not stimulate debris clearance. We
now show that dual COX-2/sEH inhibition prevents AFB,;
debris-induced HCC progression by preventing the eicosanoid
and cytokine storm via macrophage phagocytosis of debris and
inhibition of ER stress in AFB; debris-stimulated macrophages.

An active stromal response in the tumor microenvironment to
carcinogen-induced cytotoxicity and apoptosis supports both
cell-autonomous and noncell-autonomous essential mechanisms
for carcinogen-induced cancer, including the ability of a carcin-
ogen to act as an electrophile, be genotoxic, cause genomic in-
stability, induce epigenetic alterations, induce oxidative stress,
induce chronic inflammation, be immunosuppressive, modulate
receptor-mediated effects, cause immortalization, and alter cell
proliferation, cell death, or angiogenesis (8, 9, 86, 87). AFB; is a
potent liver carcinogen via genotoxic mechanisms involving for-
mation of DNA adducts. However, genotoxic mechanisms alone
may not be sufficient for carcinogenesis or increased tumor risk
(4, 6), and nongenotoxic mechanisms are emerging as key char-
acteristics of carcinogens (8, 9). Carcinogen-induced mutagenesis of
normal cells leads to apoptotic cell death that creates a protu-
morigenic microenvironment consisting of proinflammatory medi-
ators. Carcinogen-induced chronic inflammation in the tumor
microenvironment via aberrant inflammatory cytokine release may
enable cancer progression (6, 8, 9). Carcinogens such as dibenzo[a,/]
pyrene can potently transform cells, even in the absence of detected
DNA adducts (88). Triterpenoid oleanane, a highly potent antiin-
flammatory agent, prevents HCC while only partially reducing
AFB;-DNA adducts (4). Interestingly, protostane-type triterpenoids
inhibit SEH (89). Inflammation is a hallmark of cancer (90) and is
essential for cancer growth by oncogenes in a genetically engineered
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cancer model (91). Stress-induced apoptotic cell death, cyto-
toxicity, and inflammation caused by carcinogens, wounding,
surgery, chemotherapy, and radiation can trigger activation of
dormant micrometastases (33, 92). Sustained proliferative sig-
nals from cellular debris and proinflammatory cytokines in the
tumor microenvironment can act synergistically with cell-
autonomous mechanisms to promote tumorigenesis (15, 93).
Chronic inflammation and inflammation-induced cell prolifera-
tion, oxidative stress, and reactive chemical species (e.g., ROS)
potentiate DNA damage and inhibit DNA repair to drive muta-
tions and tumor progression (24, 26, 94). Thus, there is a vicious
protumorigenic feedback loop between apoptosis, inflammation,
DNA damage, and carcinogenesis.

Macrophages stimulate inflammation resolution in cancer via
the clearance of tumor cell debris (15, 20, 21, 32). Macrophages
can phagocytose cellular debris to resolve hepatic fibrosis, a risk
factor for HCC (95). However, the failure of macrophages to
clear apoptotic cells results in the accumulation of debris within
the tissue, which stimulates an inflammatory response that may
promote cancers (15, 96). In 1956, Révész (97) demonstrated
that coinjection of irradiated dead cells (debris) with tumor cells
dramatically reduced the inoculum of tumor cells needed to
produce tumors in rodents, which has been confirmed in multiple
tumor models (12, 98-101). Tumor cell debris generated by cy-
totoxic cancer therapies, including chemotherapy and targeted
therapy, can stimulate tumor growth (14, 15, 22). Phosphati-
dylserine, a marker for apoptotic cell death, activates an in-
flammatory feedback loop within a microenvironment that can
result in a cytokine storm (15). Sterile inflammation is sustained
by debris as “danger signals” (e.g., damage-associated molecular
patterns) are released from dying hepatocytes that activate liver
macrophages to release proangiogenic cytokines that initiate
inflammation (11, 102, 103). Spontaneous apoptotic cell death
rates are elevated in tumors of cancer patients that, along with
the systemic inflammatory response, correlates with poor prog-
nosis (102, 104-107). Apoptotic cell death may play a causative

Fishbein et al.

www.manaraa.com


https://www.pnas.org/cgi/doi/10.1073/pnas.2007412117

Downloaded at Palestinian Territory, occupied on December 12, 2021

A Hepa 1-6 B Orthotopic Hepa 1-6
1600 Control
Aflatoxin B4-generated '|' PTUPB
- Hepa1-6 dead cells (9x10%) 100 *
ME 1200 *
£ Living Hepa1-6 cells (1x10%) = 80
© 2
: ; :
S 800} » 60
= =
<] . 8 o]  Afatoxin By-generated
E & Hepa1-6 dead cells (4.5x10%)
400t = +
PTUPB ’f 201 Living Hepa1-6 cells (5x105)
= Control
0 T T T T 0 T T T T T T T ]
0 5 10 15 20 10 20 30 40 50 60 70 80

Treatment days

Aflatoxin B,-generated
Hepa1-6£ead cells

C Plasma

Living Living Hepa1-6 cells
| ——

cells Dead cells

alone PTUPE  alone
Control “ “ e o0
C5/C5a [N NN RSN S

i |
13/
BLCICXB(:éAi e 2

M-CSF ..
TIMP-1 LR

Fig. 5.

1 1
Start End
treatment treatment

Days post injection

Aflatoxin B;-generated
HEPai-GEead cells

D Plasma

Living Living Hepa1-6 cells
cells Dead cells

alone PTUPB alone
Ccntrol“ ” .' '.
Serpin E1/PAI-1 e |
ewry § 1 B
PTX3/TSG-14 | ae
e ekl | —

Prevention of AFB, debris-stimulated HCC and cytokine storm in vivo by dual COX-2/sEH inhibitor PTUPB. (A) Tumor volume of debris-stimulated Hepa
1-6 HCC tumors systemically treated with PTUPB (30 mg/kg/d) vs. vehicle. Treatment initiated once tumors reached 100 to 200 mm?. n = 5 mice per group. The
two-tailed unpaired Student'’s t test was used for final tumor measurements. *P < 0.05. (B) Percent survival of mice coinjected orthotopically into the liver with

MEDICAL SCIENCES

AFB;-generated Hepa 1-6 debris (4.5 x 10° dead cells) and Hepa 1-6 living cells (5 x 10°). Systemic treatment with PTUPB (30 mg/kg/d) or vehicle initiated 10 d
postinjection. n = 5 mice per group. Kaplan—Meier analysis indicated significantly prolonged survival in mice treated with PTUPB compared with control. *P <
0.05. (C) Inflammatory and (D) angiogenic cytokine array of plasma from control or PTUPB-treated mice bearing debris-stimulated orthotopic HCC. Plasma

was collected on day 60 postinjection.

role in tumor growth providing clinical evidence of the Révész
phenomenon (107-110). Stimulating the clearance of debris may
not only alleviate carcinogen-induced inflammation, but also
reduce carcinogen-induced DNA damage (e.g., AFB;-DNA ad-
duct formation). Thus, as inflammation and tissue injury result-
ing from carcinogen exposure can lead to the promotion of liver
cancer, shifting the production of lipid mediators in the micro-
environment from the proinflammatory to the proresolving type
may prevent debris-stimulated tumor growth (14, 15, 33).
Aflatoxins, alcohol, hepatitis B virus, chemotherapy, and other
stress-inducing carcinogens may be major risk factors for liver cancer
due to their ability to induce both an eicosanoid and a cytokine
storm (6). We have established an AFB, debris-stimulated murine
tumor model applicable to other carcinogens, such as nitrosamines,
polycyclic aromatic hydrocarbons, and carbon-tetrachloride. In ad-
dition, we have identified an eicosanoid and cytokine storm re-
sponsible for nongenotoxic inflammation-mediated carcinogenesis.
Proinflammatory cytokines released by cell lysis stimulate inflam-
mation via arachidonic acid-derived eicosanoids and ROS (111).
Cytokine storms generate a hyperinflammatory response that may
be exhibited in individuals infected with viruses such as coronavirus
disease 2019 (COVID-19; SARS-CoV-2) or rtheumatic diseases, and
also in a subset of cancer patients that have received immunotherapy
(84, 112, 113). Many of the severely ill COVID-19 patients develop a
fatal “cytokine storm syndrome” (84, 112, 114). SARS-CoV-2 can
activate inflammasomes in the innate immune defense system with
release of proinflammatory cytokines such as IL-1 (115). The
chemotherapy-induced cytokine storm may be used as a new diagnostic
tool for cancer patients (23). Inflammasome activation can quickly
induce an eicosanoid storm, a pathological release of bioactive lipids,
including prostaglandins and leukotrienes, that rapidly initiates in-
flammation (116). While the eicosanoid storm is well-characterized in
infection and inflammation (116, 117), further studies are required to
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characterize the eicosanoid storm in cancer and its modulation by
various cytotoxic cancer therapies and carcinogens.

A paradigm shift has emerged in our understanding of path-
ological inflammation, which is now known to occur due to the
loss of active resolution mechanisms (20, 45). CYP450 enzymes
generate EETS, which regulate ER-stress pathways via eicosanoids
and cytokines to stimulate inflammation resolution (46-48). In
contrast, antiinflammatories, such as corticosteroids, coxibs, or
NSAIDs, may be immunosuppressive, impair resolution, and ex-
acerbate the cytokine storm (20, 44, 45, 114, 118). Stabilizing
EETs and epoxy-fatty acids via dual COX-2/sEH inhibition sup-
presses proinflammatory eicosanoids and cytokines. Thus, dual
COX-2/sEH eicosanoid pathway regulation is a mechanism to
potently inhibit the eicosanoid and cytokine storm.

Mitochondrial dysfunction associated with oxidative and ER
stress stimulates apoptosis and survival factors contributing to
the persistent cycle of cell death and tissue regeneration, con-
sistent with the “Phoenix Rising” pathway (76). Additionally,
while oxidative stress, including the carcinogen-induced ER
stress response, is followed by an increase in inflammatory cy-
tokines, suppression of the unfolded protein response can inhibit
multiple cytokines, including TNF-a, MCP-1, and IL-6, and thus
inhibit carcinogenesis (81). Several genes have been associated
as biomarkers for ER stress, including CHOP, BiP, and PDI. PDI
is up-regulated in patients with HCC and antagonism of PDI has
been shown to synergize with the commonly used HCC thera-
peutic sorafenib, a potent sEH inhibitor, in experimental models
(57, 119). Oxidative stress may, in addition to inducing muta-
genesis or cytotoxic activity, enhance survival and proliferation of
cells with DNA mutations. Additionally, lipid mediators PGE,,
PGD,, and 8-iso-PGF,,, a prostaglandin-like F2-isoprostane that
has been used in patients as a marker for oxidative stress in in-
flammatory diseases (120), create a proinflammatory stress
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response in the tumor microenvironment. Dietary omega-3
PUFA supplementation may enhance sorafenib therapy in
HCC patients via higher levels of omega-3 epoxyeicosanoids,
such as 19-20-EDP (121).

Dual COX-2/sEH inhibitors were developed by linking two
pharmacophores of COX-2 and sEH inhibitors. The sEH in-
hibitor component blocks the cardiovascular and gastrointestinal
side effects associated with NSAIDs and synergizes with the
COX-2 inhibitor to reduce pain and inflammation (46, 59, 122).
While these compounds inhibit both COX-2 and sEH in nano-
molar ranges, their oral bioavailability is challenging for in vivo
studies due to their limited water solubility, metabolic stability,
and PK profile (60). sEH inhibitors are in clinical development
for hypertension [Aréte Therapeutics (123, 124)], chronic ob-
structive pulmonary disorder [GlaxoSmithKline (125-127)], and
chronic pain (EicOsis Human Health). Dual COX-2/sEH inhibi-
tors are also currently in clinical development for multiple in-
flammatory diseases, which can be rapidly translated to the
carcinogenesis field. Our in vivo studies suggest that administra-
tion of the dual COX-2/sEH inhibitor PTUPB during and im-
mediately after periods of high exposure to aflatoxins may prevent
carcinogen-induced HCC. Dual COX-2/sEH pathway inhibition
polarizes the arachidonic acid metabolism cascade from a pattern
of initiation of inflammation to a pattern of resolution of in-
flammation. Thus, targeting the debris-mediated eicosanoid and
cytokine storm via clearance of tumor debris through dual eicos-
anoid pathway inhibition may provide a strategy for the prevention
of carcinogen-induced cancer.

Materials and Methods

Cell Culture. HepG2 human HCC cells (ATCC) were cultured in Eagle’s mini-
mum essential medium. RAW 264.7 murine macrophage cells (ATCC) and
MS-1 murine endothelial cells were cultured in Dulbecco’s modified eagle
medium (ATCC). Hepa 1-6 (ATCC) murine HCC cells were cultured in RPMI 1640
medium (ThermoFisher). Human monocyte-derived macrophages were isolated
from blood provided by healthy volunteers at the Children’s Hospital Boston
blood bank using density-gradient Histopaque-1077 (Sigma-Aldrich). Human
monocytes were differentiated into macrophages using RPMI supplemented
with 10 ng/mL GM-CSF (R&D Systems) for 7 d. Murine resident peritoneal mac-
rophages were isolated via peritoneal gavage using sterile PBS, counted via
hemocytometer, pelleted, and plated in RPMI medium. All cell culture media
were supplemented with 10% FBS and 1% L-glutamine-penicillin-streptomycin
(GPS) except the medium for MS-1 cells, which was supplemented with 5% FBS
and 1% GPS. Cells were incubated in 5% CO, atmosphere at 37 °C.

Preparation of Debris. Debris was prepared by refeeding 70% confluent T150
flasks with complete media as described above containing 25 pM AFB, (Cayman
Chemical), or 500 ng/mL LPS, and incubated for 48 or 72 h, respectively, at
37 °C. The resulting floating population was collected, pelleted, washed with
PBS, counted via hemocytometer, pelleted, and resuspended in PBS at the
desired concentration.

Flow Cytometry. Tumor cells were treated with 25 pM AFB; or vehicle (DMSO).
Media containing the floating dead cell population was collected and the
remaining cells were detached with trypsin and combined with the dead cells.
Total cells were counted via hemocytometer, pelleted, and resuspended in PBS
at 1 x 10 cells/mL. Suspensions of 2 x 10° cells were then stained with Annexin
V and Pl according to the Dead Cell Apoptosis Kit protocol (ThermoFisher) and
assessed using BD LSR Fortessa at the Dana Farber Core and Flowlo
software analysis.

gRT-PCR. Human monocyte-derived macrophage cells were treated with
vehicle (DMSO) or PTUPB (5 uM) for 2 h, and then coincubated with AFB;-
generated dead cells in complete medium for 1 h. Plates were refed with
serum-free medium and incubated overnight at 37 °C. The medium was
decanted, the cells were washed with cold PBS, and a TRIzol reagent was
added to the cells. Total RNA was isolated from the macrophages according
to the manufacturer’s instructions of the TRIzol reagent. The quality and
quantity of the extracted RNA were measured using a Thermo Fisher Sci-
entific NanoDrop Spectrophotometer. Isolated RNA was reverse-transcribed
into cDNA using a High Capacity cDNA Reverse Transcription kit (Applied
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Biosystems) according to the manufacturer’s instructions. gRT-PCR was an-
alyzed by Bio-Rad CFX gPCR Instruments with Maxima SYBR-Green Master
Mix (Thermo Fisher Scientific). The results of target genes were normalized
to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene and
compared to control cells using the 274" method. The primers of target
genes were: CHOP (sense) 5-GGAAACAGAGTGGTCATTCCC-3’ and (anti-
sense) 5'-CTGCTTGAGCCGTTCATTCTC-3, BiP (sense) 5'-CATCACGCCGTCCTA-
TGTCG-3’' and (antisense) 5-CGTCAAAGACCGTGTTCTCG-3’, PDI (sense) 5'-
GGTGCTGCGGAAAAGCAAC-3' and (antisense) 5-ACCTGATCTCGGAACCTT-
CTG-3', EPHX2 (sense) 5'-GTGCTCCGAGACCGCTAAAG-3’ and (antisense) 5'-
GCTGAAATCGCCTTGTCAAAGAT-3/, PTGS2 (sense) 5-TTCAACACACTCTAT-
CACTGGC-3' and (antisense) 5'-AGAAGCGTTTGCGGTACTCAT-3', GAPDH
(sense) 5'-ACAACTTTGGTATCGTGGAAGG-3’ and (antisense) 5-GCCATCACG-
CCACAGTTTC-3".

Western Blot.

Caspase-3 signaling. Thirty micrograms of protein from untreated living cells
(control), AFB;-treated living cells (collected from adhered population), and
AFB-treated dead cells (collected from floating population) were run on a 4
to 12% Bis-Tris gel and transferred to a nitrocellulose membrane. Mem-
branes were blocked in 3% BSA and incubated with caspase-3 or cleaved
caspase-3 primary antibodies (1:1,000; Cell Signaling) at 4 °C overnight. The
membranes were then incubated with secondary anti-rabbit or anti-mouse
1gG with HRP-linked antibody for 1 h (1:3,000; Cell Signaling) and imaged
using SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher,
catalog #34580) and film in a photo processor. Membranes were then
stripped using Restore Western blot stripping buffer (ThermoFisher). p-Actin
(1:5,000; Cell Signaling) was used as a loading control.

ER stress. Human monocyte-derived macrophage cells were treated with
vehicle (DMSO) or PTUPB (5 pM) for 2 h, and then coincubated with AFB;-
generated dead cells in complete medium for 1 h. Plates were refed with
serum-free medium and incubated overnight at 37 °C. The medium was
decanted, and the cells were washed with cold PBS and lysed. The cell lysates
were resolved using SDS/PAGE and transferred onto a nitrocellulose mem-
brane. The membranes were blocked in Odyssey Blocking Buffer (LI-COR) for
1 h at room temperature and incubated with primary antibodies overnight
at 4 °C. The primary antibodies used were BiP (1:1,000; Cell Signaling Tech-
nology), PDI (1:1,000; Cell Signaling Technology), COX-2 (1:1,000; Cayman
Chemical), and B-actin (1:10,000; Sigma-Aldrich). The membranes were then
incubated with secondary anti-rabbit or anti-mouse 19G with HRP-linked an-
tibody for 1 h, visualized using Clarity Western ECL Substrate kit (Bio-Rad), and
then detected using Bio-Rad ChemiDoc Imaging Systems.

Mouse Plasma Collection. Mice were bled retro-orbitally using microhematocrit
capillary tubes (FisherBrand) into blood collection tubes with K2E (BD Biosci-
ences) and centrifuged at 10,000 rpm at 4 °C for 10 min. Supernatant was
collected in a separate tube and centrifuged at 0.2 relative centrifugal force at
4 °C for 5 min. Plasma was isolated and stored at —80 °C.

Cytokine Array and ELISA. Macrophages were plated at 1 x 10° cells per well
in six-well dishes and incubated in PBS with calcium and magnesium (PBS**)
for 2 h at 37 °C. Plates were refed with vehicle (DMSO) or PTUPB (5 uM) in
PBS** and incubated for 2 h at 37 °C. Tumor cell debris generated as de-
scribed above was collected and added at a 1:4 macrophage:dead cell ratio
in PBS. Debris-alone groups represent debris incubated in PBS without
macrophages. After incubating for 1 h, plates were refed with serum-free
medium and incubated overnight at 37 °C. Conditioned media from each
well was collected and centrifuged at 1,100 rpm for 5 min to remove par-
ticulates, and then stored at —80 °C or analyzed immediately.

Conditioned media and mouse plasma were prepared and collected as
described above. Samples were assessed according to each Proteome Profiler
Kit or ELISA kit protocol (R&D Systems). Array control allows for comparison
between membranes.

Phagocytosis Assay. Primary macrophages were plated in 96-well plates at 5 x
10* cells per well in complete RPMI medium for 18 to 24 h. Cells were refed
with PBS and incubated 1 to 2 h at 37 °C prior to treatment with drugs. RAW
264.7 macrophages were plated in 96-well plates at 5 x 10 cells per well in
PBS and incubated for 1 to 2 h at 37 °C. Dead cell bodies were collected,
counted and fluorescently stained with carboxyfluorescein diacetate (CFDA).
Macrophages were treated with vehicle, PTUPB, TPPU, or celecoxib (0.01 to
10 pM) for 2 h at 37 °C. CFDA-stained dead cell bodies (HepG2 dead cells for
human monocyte-derived macrophage phagocytosis assays and Hepa 1-6
dead cells for murine peritoneal macrophage or RAW 264.7 macrophage
assays) were added to 96-well plates at a 1:4 macrophage:dead cell body
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ratio and incubated for 1 h at 37 °C. Plates were quenched with Trypan blue,
and fluorescence was measured using a Spectra Max M5 plate reader (Mo-
lecular Devices). Relative fluorescent units were used to measure phagocy-
tosis compared to macrophages without treatment.

Oxylipin Analysis by UPLC-MS/MS. Extraction of oxylipins from cell pellets
(~5 million cells) or media was performed prior to UPLC-MS/MS analysis.
For extracting lipid mediators from cell pellets, 200 uL of cold methanol
was added to the cell pellets in Eppendorf tubes after addition of 10 pL of
deuterated internal standards. The tubes were centrifuged for 5 min at
13,200 rpm. The supernatants were combined with another 200 uL of wash
solution (ethyl acetate) and dried using speed vac. The residues were
reconstituted with 100 nM CUDA methanol solution before analysis by
UPLC-MS/MS; 1 mL of cell media was extracted according to previous
protocol (61).

Tumor Studies. Animal studies were all reviewed and approved by the Animal
Care and Use Committee of Beth Israel Deaconess Medical Center. Mice were
housed at a maximum of five mice per cage in a specific pathogen-free facility
with unlimited access to water and daily chow. Daily welfare evaluations
and killings were performed. Six-week-old male C57BL/6 mice obtained from
Jackson Laboratory were injected subcutaneously with debris and/or living
tumor cells in equal volumes of PBS (100 uL per mouse). For orthotopic
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injections, cells were prepared as described above and injected directly into
the liver of C57BL/6 mice in a volume of 20 L per mouse. Mice were sys-
temically treated with PTUPB (30 mg/kg/d) or vehicle (DMSO and PEG400) via
mini osmotic pumps (Alzet) implanted into the peritoneum of mice on day
10 posttumor cell injection.

Statistics. Statistical analyses were performed using student’s two-tailed
unpaired t test between two groups and one-way ANOVA among more
than two groups. Data are represented as mean + SEM with P values less
than 0.05 considered statistically significant. The Kaplan-Meier product-limit
method was used to evaluate survival differences over time after the day of
tumor cell injection between mice coinjected with tumor cell debris and
living cells vs. living cells alone. Data are represented as percent survival with
P values less than 0.05 considered statistically significant.
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