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Resolvins suppress tumor growth and enhance
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Cancer therapy reduces tumor burden by killing tumor cells, yet it simultaneously creates tumor cell debris that may stimulate
inflammation and tumor growth. Thus, conventional cancer therapy is inherently a double-edged sword. In this study, we show
that tumor cells killed by chemotherapy or targeted therapy (“tumor cell debris") stimulate primary tumor growth when coin-
jected with a subthreshold (nontumorigenic) inoculum of tumor cells by triggering macrophage proinflammatory cytokine
release after phosphatidylserine exposure. Debris-stimulated tumors were inhibited by antiinflammatory and proresolving lipid
autacoids, namely resolvin D1 (RvD1), RvD2, or RvE1. These mediators specifically inhibit debris-stimulated cancer progression
by enhancing clearance of debris via macrophage phagocytosis in multiple tumor types. Resolvins counterregulate the release
of cytokines/chemokines, including TNFa, IL-6, IL-8, CCL4, and CCL5, by human macrophages stimulated with cell debris.
These results demonstrate that enhancing endogenous clearance of tumor cell debris is a new therapeutic target that may
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complement cytotoxic cancer therapies.

INTRODUCTION

For decades, cancer therapy has focused on killing cancer cells,
from broad cytotoxic therapy to the inhibition of specific mo-
lecular pathways, in order to reduce tumor burden. However,
cancer therapy may inherently be a double-edged sword as
radiation-induced apoptotic tumor cells can promote tumor
growth (the Révész phenomenon; Révész, 1956; Huang et
al., 2011; Chaurio et al., 2013; Ford et al., 2015; Gunjal et
al., 2015; da Silva-Jr et al., 2017). Moreover, irradiation and
chemotherapy trigger a cytokine storm in the tumor stroma,
including the release of tumor-promoting cytokines IL-6 and
TNFa (Poth et al., 2010; Reers et al., 2013;Vyas et al., 2014)
as well as activation of macrophage production of proinflam-
matory mediators by apoptotic tumor cells (Ley et al., 2013).
Conversely, cell debris can also stimulate antitumor immu-
nity (Casares et al., 2005). Thus, dead and dying tumor cells
contribute to an underappreciated component of the tumor
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microenvironment that may promote tumor progression
(Connell and Weichselbaum, 2011; Lauber and Herrmann,
2015; Gregory et al., 2016; Ichim and Tait, 2016). However,
the tumor-promoting activity of this treatment byproduct,
i.e., tumor cell debris, has not been systematically examined.

In this study, we show that tumor cells killed by che-
motherapy or targeted therapy drastically stimulate tumor
growth in animal models when coinjected with a subthresh-
old inoculum of tumor cells that would otherwise not result
in macroscopic tumors. Thus, conventional chemotherapy
and targeted therapy directly contribute to tumor progres-
sion and relapse as tumor cell debris stimulates the survival
and growth of living tumor cells. We further demonstrate that
chemotherapy-generated tumor cell debris promotes tum-
origenesis by stimulating the release of proinflammatory cy-
tokines by macrophages. Overcoming the dilemma between
killing tumor cells and debris-induced tumor progression is
paramount to preventing tumor recurrence after therapy. In
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this study, we address this with resolvin D1 (RvD1), RvD2, or
RvVET, proresolving lipid autacoids that stimulate the natural
debris-clearing process and promote the termination of in-
flammatory processes (Serhan, 2014). RvD1, RvD2, or RvE1
stimulated the resolution of tumor-promoting inflammation
by activating macrophage clearance of cellular debris in tumors.

RESULTS
Chemotherapy-generated or targeted therapy-generated
tumor cell debris stimulates primary tumor growth
To interrogate the tumor growth—stimulating activity of tumor
cell debris, we first developed a mouse debris-stimulated
tumor model applicable to many cancer types in which debris
generated in vitro can stimulate the growth of grafted tumors
from a subthreshold inoculum of tumor cells, which would
otherwise not generate a growing tumor. We prepared tumor
cell debris in vitro by treating tumor cells with chemother-
apy (cisplatin, vincristine, gemcitabine, or docetaxel), targeted
therapy (erlotinib or cetuximab), or cycloheximide plus TNFa
(a canonical inducer of apoptosis; Niwa et al., 1997; Spite
et al., 2009; Chiang et al., 2012). These treatments produced
dead cells (apoptotic cells, necrotic cells, and cell fragments;
see the Generation of debris by chemotherapy or targeted
therapy: General note section of Materials and methods),
hereafter referred to as “drug-generated debris” or “debris,”
which were collected for coinjection with living tumor cells.
In Lewis lung carcinoma (LLC), a widely used mouse tumor
model (O’Reilly et al., 1994; Panigrahy et al., 2012), cispla-
tin-generated LLC debris stimulated LLC tumor growth in a
dose-dependent manner up to 100-fold (Fig. 1 A). Increasing
the amount of cisplatin-generated LLC debris (10°, 3 X 10°,
or 9 X 10° dead cells) coinjected with a subthreshold inoc-
ulum of LLC (10* living cells) resulted in accelerated tumor
growth (Figs. 1 A and S1 A). Implantation of a low number of
LLC (10 or 10" living cells) mimicked dormancy or minimal
growth as these tumor cells survived in the tissue for >110
d (Panigrahy et al., 2012). Tumor cell debris alone without
living cells did not produce any visible tumors at 400 d after
injection. We assessed cell death of drug-generated debris via
flow cytometry analysis of annexin V/propidium iodide (PI)
and counted the number of dead cell bodies as a surrogate
quantity for titrating its tumor-stimulatory potency (Fig. S1,
A-K). Using GFP-labeled LLC cells, we verified that de-
bris-stimulated tumors arose from the subthreshold inoculum
of living tumor cells (Fig. ST L). Next, we titrated the number
of living tumor cells for a fixed quantity of drug-generated
debris (9 x 10° dead cells). LLC debris (9 % 10° dead cells)
promoted rapid LLC tumor growth, even from a living tumor
cell inoculum as low as 10% cells (Fig. S2 A). LLC alone (10?
or 10° living cells) did not result in growing tumors, even at
300 d after injection (Fig. S2 A).

To exclude that stimulation of primary tumor growth
by chemotherapy-generated tumor cell debris was an id-
iosyncrasy of the cisplatin and LLC combination, we
examined several chemotherapeutics and tumor types. Vin-
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cristine-generated lymphoma (EL4) debris (10°,3 x 10°,9 x
10°, or 1.8 X 10° dead cells) coinjected with a subthreshold
inoculum of EL4 (10* living cells) resulted in progressive ac-
celeration of tumor growth (Fig. 1 B). Debris alone without
living cells did not produce visible tumors at 400 d after in-
jection. Gemcitabine-generated debris also shortened survival
in an orthotopic pancreatic adenocarcinoma (PancOH?7)
model (Fig. 1 C). However, debris-stimulated tumor growth
was not altered in immunocompromised mouse strains (Fig.
S2 B). Human tumor cell debris generated by chemother-
apy (e.g., docetaxel, gemcitabine, or cisplatin) also stimulated
the growth of a subthreshold inoculum of living tumor cells,
including human oral squamous cell carcinoma (HSC-3),
pancreatic adenocarcinoma (BxPC3), and prostate carcinoma
(PC3M-LN4) xenografts (Fig. S2, C-E).

To determine whether debris-stimulated tumor growth
required that both debris and living cells are of the same
tumor type, we used LLC or EL4 debris to stimulate the
growth of other tumor types. Cisplatin-generated LLC debris
(9 x 10° dead cells) stimulated tumor growth from a sub-
threshold inoculum of 10* LLC,T241 (fibrosarcoma), B16F10
(melanoma), or PancOH7 living cells (Fig. 1 D). Vincris-
tine-generated EL4 debris (9 X 10° dead cells) also stimulated
tumor growth from 10* EL4, LLC, B16F10, or PancOH7 liv-
ing cells (Fig. 1 E). To exclude that debris-stimulated tumor
growth was caused by nonspecific cytotoxicity caused by re-
sidual chemotherapy in the debris inoculum, we evaluated
whether debris generated by the targeted drugs erlotinib
or cetuximab (epidermal growth factor receptor inhibitors)
could stimulate tumor growth. Erlotinib-generated debris
from both therapy-sensitive lung adenocarcinoma (HCC827)
or LLC stimulated tumor growth (Fig. S2, F and G). Sim-
ilarly, cetuximab-generated PancOH7 debris stimulated
tumor growth (Fig. S2 H).

We next determined whether cell debris generated by
chemotherapies that induce immunogenic cell death (e.g.,
oxaliplatin or idarubicin; Tesniere et al., 2010; Pol et al., 2015)
could stimulate tumor growth when coinjected with a sub-
threshold inoculum of tumor cells. To compare nonimmuno-
genic cell debris to immunogenic cell debris, we generated
tumor cell debris not only with cisplatin but also with ox-
aliplatin or idarubicin in MC38 or CT26 colon carcinoma
cells (Fig. S1, I and J). Both cisplatin-generated and oxal-
iplatin-generated MC38 colon cancer cell debris stimulated
tumor growth in immunocompetent and immunocompro-
mised mice, including C57BL/6] and RAG1KO (Fig. S2, 1
and J). In addition, idarubicin-generated CT26 colon cancer
cell debris also stimulated tumor growth in immunocompe-
tent BALB/c¢ mice (Fig. S2 K).

We next asked whether systemic chemotherapy could
also stimulate tumor growth by generating cell debris in vivo.
Systemically administered cisplatin or vincristine inhibited
the growth of LLC or EL4 tumors produced by a conven-
tional high inoculum of 10° living cells; in contrast, the same
treatment stimulated tumor outgrowth from a subthreshold
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Figure 1. Chemotherapy-generated tumor cell debris stimulates primary tumor growth. (A and B) Debris-stimulated LLC (A) and EL4 (B) tumor
growth from chemotherapy-generated dead cells coinjected with a subthreshold inoculum of 10* living cells. n = 5-15 mice/group. Two-way repeat-
ed-measure mixed-effects ANOVAs for tumor growth rates and two-tailed Student's t test for final tumor measurements were used throughout unless
specified; *, P < 0.05 versus 10* living tumor cells alone ("No dead cells;" blue). (C) Percent survival of mice coinjected orthotopically into the pancreas
with gemcitabine-generated PancOH7 dead cells and a subthreshold inoculum of PancOH7 living cells. n = 5 mice/group. *, P = 0.004 (Fisher's exact test).
Kaplan-Meier analysis indicated a 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 (log-rank test = 9.14; *, P < 0.05). (D and E) Debris-stimulated tumor growth from cisplatin-generated LLC dead
cells (D) coinjected with 10* LLC, B16F10, T241, or PancOH7 living cells as well as vincristine-generated EL4 dead cells (E) coinjected with 10* EL4, B16F10,
LLC, or PancOH7 living cells. n = 5-10 mice/group. * P < 0.05 versus corresponding living tumor cells alone. (F) Tumor growth from 10° versus 10* LLC
living cells with systemic cisplatin. Chemotherapy was initiated on the day of tumor cell injection (dashed lines). n = 5-14 mice/group. *, P < 0.05 versus

JEM Vol. 215, No. 1 17

920z Arenigad 60 uo 1senb Aq 4pd-1.890/ 102 Wel/8rzez61/SL L/L/SLZ/Pd-ajone/wal/Bio sseidny//:dpy woly pepeojumoq



inoculum of 10* LLC or EL4 living cells (Fig. 1, F and G).Al-
though fast-growing tumors can contain a substantial number
of spontaneously dying cells (Kornbluth, 1994; de Jong et al.,
2000;Alcaide et al., 2013; Gregory et al., 2016; Ichim and Tait,
2016), analysis of dissociated tumor cells by flow cytometry
for annexin V/PI confirmed that systemic chemotherapy in-
deed increased cell death in tumors derived from a subthresh-
old inoculum (10" cells) and whose growth was stimulated
by the treatment. Tumors of comparable volume, which were
established using the inoculum (10° cells) without drug treat-
ment, were used as controls (Fig. 1, H and I).

Debris-stimulated primary tumor growth is
phosphatidylserine (PS) dependent
To determine the extent to which either apoptotic or ne-
crotic cells contributed to debris-stimulated tumor growth,
we used flow cytometry to cell sort debris into apoptotic
(annexin V¥ PI7), necrotic (annexin V™ PI™), and living (an-
nexin V- PI") cell populations. Apoptotic cells from cispla-
tin-generated LLC or gemcitabine-generated PancOH7
debris potently stimulated tumor growth, whereas living cells
isolated from debris exhibited minimal tumor-stimulatory
activity (Fig. 2, A and B). Necrotic cells alone exhibited no
apparent tumor-stimulatory activity (Fig. 2, A and B).
Because apoptotic debris stimulated tumor growth, we
asked whether PS, which is presented on the surface of apop-
totic cells and is detected by annexinV, could be a molecular
mediator of tumor stimulation by the debris. Coinjection of
PS liposomes (Hosseini et al., 2015) in lieu of debris with a
subthreshold inoculum of 10* living tumor cells, i.e., LLC,EL4,
or PancOH7, stimulated tumor growth in a dose-dependent
manner in comparison with phosphatidylcholine (PC) lipo-
somes (Fig. 2, C—E). Additionally, blocking PS in the debris
with an annexin V-recombinant protein or an anti-PS neu-
tralizing antibody drastically, albeit not completely, suppressed
debris-stimulated tumor growth in a dose-dependent man-
ner (Fig. 2, F-H). Intriguingly, chemotherapy alone did not
exhibit therapeutic activity in debris-stimulated EL4 tumors
(Fig. 2 G). In contrast, debris-stimulated tumors in which
debris was treated with annexin V or anti-PS neutralizing
antibody before injection were responsive to chemotherapy
(cisplatin or vincristine; Fig. 2, G and H).

Chemotherapy-generated debris stimulates primary tumor
growth via proinflammatory cytokines

To further evaluate the potential mechanism or mecha-
nisms by which drug-generated debris stimulates tumor
growth, we next measured the extent to which debris pro-

motes an inflammatory infiltrate, which is known to propa-
gate tumor growth and progression (Mantovani et al., 2008).
Debris-stimulated tumors exhibited an increased proportion
of infiltrating leukocytes (CD45"), specifically macrophages
(CD45" F4/80"), compared with nondebris tumors as as-
sessed by flow cytometry analysis of cells from dissociated
tumors (Fig. S3 A). In contrast, the number of infiltrating my-
eloid-derived suppressor cells (CD11b*Gr1") and neutrophils
(CD11b"Gr1"Ly6G") was not altered compared with tumors
derived from living cells alone (Fig. S3, B and C). We also
found that conditioned media from RAW264.7 mouse mac-
rophages cocultured with tumor cell debris stimulated the
proliferation of tumor and endothelial cells while not altering
tumor cell viability or apoptosis (Fig. S3, D—F).

Proinflammatory cytokines released by activated im-
mune cells in the tumor stroma mediate the tumor-promoting
activity of inflammatory infiltrates (Mantovani et al., 2008).
Cytokine array screening of conditioned media from human
monocyte—derived macrophages revealed an increase in
proinflammatory cytokine release by macrophages cocultured
with tumor cell debris (HSC-3 or PC3M-LN4), including
IL-6, IL-8, TNFa, CCL2, CCL3, CCL4, CCL5, and GRO«q,
compared with macrophages alone (Fig. S3 G). This was in-
dependent of tumor type and the treatment used to gener-
ate debris. PS liposomes but not PC liposomes stimulated
macrophages to release the same series of proinflammatory
cytokines as drug-generated debris, including IL-6, CCLA4,
and CCL5 (Fig. S3 H). Intriguingly, treatment with annexinV
recombinant protein inhibited the production of proinflam-
matory cytokines, such as CCL4, by debris-stimulated mouse
macrophages (RAW?264.7), consistent with the PS-dependent
activity of debris (Fig. S3 I). Further, liquid chromatography—
tandem mass spectrometry (MS; LC-MS-MS)—based profiling
of plasma from debris-stimulated tumor-bearing mice revealed
elevated inflammatory and tumor-promoting mediators, in-
cluding prostaglandin E, (PGE,; Wang and DuBois, 2010) and
leukotriene B, (LTB,; Fig. S3, ] and K). Immunohistochem-
istry studies showed that debris-stimulated (PC3M-LN4) tu-
mors exhibited increased levels of proinflammatory cytokines
IL-6,IL-8, and TNFa compared with nondebris tumors gen-
erated from only living tumor cells (Fig. S3 L).

To determine whether these proinflammatory cytokines
were critical for the tumor-promoting activity of debris and/or
PS liposomes, we depleted these cytokines in debris-stimulated
and PS liposome—stimulated tumor models using neutralizing
antibodies. The cytokines CCL4, CCL5, IL-6, and TNFa were
chosen for in vivo depletion as these cytokines were consis-
tently released by macrophages when exposed to tumor cell

control (living tumor cells alone; solid lines). (G) Tumor growth from 10° versus 10* EL4 living cells with systemic vincristine. Chemotherapy was initiated
on the day of tumor cell injection (dashed lines); n = 5-10 mice/group. *, P < 0.05 versus control (living tumor cells alone; solid lines). (H and 1) Flow
cytometry analysis for total cell death (sum of percent annexin V* PI=, annexin V= PI*, and annexin \V/* PI*) of comparable sized tumors from 10* LLC (H) or
EL4 (1) living cells treated with systemic cisplatin or vincristine versus control (10° LLC or EL4 living cells). n = 4-6 mice/group; *, P < 0.05 versus control.

Error bars represent SEM.
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Figure 2. Debris-stimulated primary tumor growth is PS-dependent. (A and B) Growth of apoptotic (annexin VV* PI7), late apoptotic/necrotic
(annexin V* PI*), necrotic (annexin V= PI*), and living (annexin V™ PI7; unstained; A) cisplatin-generated LLC and gemcitabine-generated PancOH7
(B) debris-stimulated tumors. n = 4-10 mice/group. One-factor ANOVA for tumor growth rates and two-tailed Student's t test for final tumor
measurements were used throughout unless specified; *, P < 0.05 versus 10* living tumor cells alone. (C=E) PS or PC liposomes coinjected with a
subthreshold inoculum of 10* LLC (C), EL4 (D), or PancOH7 (E) living cells. n = 5-15 mice/group. *, P < 0.05 versus PC liposomes. (F) Debris-stimulated
EL4 tumor growth from annexin V-treated vincristine-generated EL4 debris coinjected with a subthreshold inoculum of 10* EL4 living cells. Debris
was pretreated with annexin V recombinant protein (10 uM) or vehicle. n = 5 mice/group. *, P < 0.05 versus control. (G) Debris-stimulated EL4
tumors with systemic chemotherapy (vincristine or cisplatin). Chemotherapy was initiated on the day of tumor cell injection. Debris was pretreated
with annexin V recombinant protein (10 pM) or vehicle. n = 5-10 mice/group. *, P < 0.05 versus control (green). (H) Debris-stimulated EL4 tumor
growth with systemic vincristine. Chemotherapy was initiated on the day of tumor cell injection. Debris was pretreated with anti-PS antibody (2 pg)
or control IgG. n = 5 mice/group. *, P < 0.05 versus control. Error bars represent SEM.
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Figure 3. Chemotherapy-generated debris stimulates primary tumor growth via proinflammatory cytokines. (A-C) Debris-stimulated LLC tumor
growth (A) and PS liposome-stimulated LLC and EL4 tumor growth (B and C) in mice systemically depleted of CCL4, CCL5, IL-6, TNFa, or IL-6/CCL4/CCL5/
TNFa versus isotype control. Cytokine depletion was initiated on the day of tumor cell injection. n = 5-10 mice/group. (D) PS liposome-stimulated EL4 tumor
growth in mice with or without multiple cytokine depletion (IL-6/CCL4/CCL5/TNFa) versus isotype control. Systemic chemotherapy (vincristine or cisplatin)
and/or cytokine depletion were initiated on the day of tumor cell injection. n = 5 mice/group. *, P < 0.05 versus control or IL-6/CCL4/CCL5/TNFa depletion
alone. Two-way repeated-measures mixed-effects ANOVAs for tumor growth rates and two-tailed Student's ¢ test for final tumor measurements were used

throughout. *, P < 0.05 versus isotype control. Error bars represent SEM.

debris and/or PS liposomes (Fig. S3, G-I). Although depletion
of asingle cytokine (CCL4, CCL5,IL-6,0rTNFa) only delayed
debris- and PS liposome—stimulated tumor growth, the simul-
taneous depletion of all four cytokines (IL-6/CCL4/CCL5/
TNFa) not only prevented debris- and PS liposome—stimu-
lated growth of LLC tumors but also potently suppressed the
growth of EL4 tumors stimulated by PS compared with mice
administered isotype control antibodies (Fig. 3, A—C). Systemic
cytokine depletion also sensitized PS liposome—stimulated tu-
mors to chemotherapy (cisplatin or vincristine; Fig. 3 D).

Resolvins, chemotherapy, and anti-inflammatories exhibit
differential tumor-inhibitory activity on debris-stimulated
versus nondebris tumor models

We reasoned that if drug-generated debris promotes tumor
growth, clearance of debris may mitigate this growth. Re-
solvins are endogenous proresolving and antiinflammatory
mediators that stimulate the resolution of inflammation by
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increasing macrophage phagocytosis of debris and counter-
ing proinflammatory molecules (Serhan et al., 2002; Serhan,
2014). Therefore, we examined whether resolvins (RvD1,
RvD2, or RvE1; Spite et al., 2009; Chiang et al., 2012) could
accelerate removal of drug-generated debris. Indeed, RvD1,
RvD2,and RvE1 each delayed the onset of debris-stimulated
tumor growth of a variety of tumors (LLC, BxPC3, PancOH?7,
or PC3M-LN4), achieving sustained suppression after 12—70
d of treatment (Fig. 4, A and B; and Fig. S4, A—C). In con-
trast, chemotherapy exhibited less therapeutic activity than
resolvins in debris-stimulated tumors (Fig. 4, A and B; and
Fig. S4 C). In the corresponding nondebris tumor models
(10° LLC, BxPC3, PancOH7, or PC3M-LN4 living cells),
resolvins exhibited antitumor activity equivalent to chemo-
therapy (docetaxel, cisplatin, gemecitabine, or 5-fluorouracil
[5-FU]; Fig. 4, C and D; and Fig. S4, D and E).

Resolvins differ from classic anti-inflammatories in that
they stimulate, as agonists, the resolution of inflammation, act
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Figure 4. Resolvins, chemotherapy, and antiinflammatories exhibit differential tumor inhibitory activity on debris-stimulated versus nondebris
tumor models. (A-F) Debris-stimulated or nondebris LLC or BxPC3 tumors treated with systemic resolvins (RvD1, RvD2, or RvE1), docetaxel, cisplatin,
gemcitabine, 5-FU, dexamethasone, or indomethacin. Treatment was initiated once tumors reached 100-200 mm® throughout unless otherwise specified.
n = 4-10 mice/group. Two-way repeated-measures mixed-effects ANOVAs assessed by the F test for tumor growth rates and post hoc Tukey comparisons
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at significantly lower doses, and are not immunosuppressive
(Serhan, 2014; Fullerton and Gilroy, 2016). To assess the con-
tribution of resolution in the observed tumor suppression
by resolvins, we compared their tumor-inhibitory activity to
anti-inflammatories (dexamethasone and indomethacin). Re-
solvins, and to a lesser extent dexamethasone, inhibited de-
bris-stimulated growth of BxPC3,LLC, and PancOH7 tumors
(Fig. 4, B and E; and Fig. S4 B). Dexamethasone, indometh-
acin, and resolvins (RvD1, RvD2, or RvE1) also inhibited
nondebris tumor growth (BxPC3, LLC, or PancOH?7 living
cells), albeit not completely (Fig. 4, D and F; and Fig. S4 F).
This is consistent with the known activity of dexamethasone
to stimulate the resolution of inflammation, including macro-
phage phagocytosis of apoptotic cells (Maderna et al., 2005).
However, dexamethasone (2 mg/kg/d) required a 1,000-fold
higher dose compared with resolvins (6 pg/kg/d) to inhibit
debris-stimulated tumor growth. Importantly, resolvins do
not exhibit the immunosuppressive actions associated with
dexamethasone (Serhan, 2014). Resolvins (RvD1, RvD2, or
RvET1) also inhibited PS liposome—stimulated tumor growth
(EL4 and LLC; Fig. 4, G and H). Furthermore, resolvins inhib-
ited the growth of orthotopic (PC3M-LN4) and spontaneous
tumors (genetically engineered mouse models, transgenic ad-
enocarcinoma of the mouse prostate [TRAMP], and mouse
mammary tumor virus [MMTV]-PyMT; Fig. S4, G-I).
Using a well-established model in which resection of a
primary tumor reproducibly stimulates development of dis-
tant metastasis 14—17 d after resection (O’Reilly et al., 1994;
Panigrahy et al., 2012), we investigated whether resolvins
could inhibit spontaneous metastatic growth. Resolvins sup-
pressed metastasis in the lung, as measured by lung weight
and number of surface lung metastases, compared with con-
trol mice (Fig. S4 ]). To determine whether the inhibitory
activity of resolvins was limited to the LLC model, we in-
jected B16F10 melanoma cells into the tail vein, a common
(nonspontaneous) hematogenic metastasis model in which
B16F10 cells exclusively colonize the lung and produce pul-
monary metastases (Parhar and Lala, 1987). Administration of
RvD1 or RvD2 inhibited B16F10 lung metastasis (Fig. S4 K).
Given the unique ability of resolvins to stimulate
clearance of debris (Serhan, 2014), we next treated de-
bris-stimulated tumors with resolvins in combination with
the debris-generating chemotherapy or targeted therapy.
Chemotherapy (gemcitabine or cisplatin) or targeted ther-
apy (cetuximab or erlotinib) in combination with resolvins
resulted in pancreatic tumor regression in debris-stimulated
tumors (PancOH7) and had additive antitumor activity in
debris-stimulated LLC and spontaneous (MMTV-PyMT and
TRAMP) tumor models over a treatment period of 17-84
d (Fig. 5, A—E). The combination of resolvins and cisplatin

treatment delayed MMTV-PyMT cancer onset and growth
(Fig. 5 D). Furthermore, the antitumor activity of immuno-
genic chemotherapy (e.g., oxaliplatin) was improved when
combined with resolvins in debris-stimulated tumors (Fig.
S4 L). Finally, treatment with a combination of annexin V
recombinant protein, cytokine depletion, and resolvins had
the most potent activity in suppressing both debris-stimulated
and chemotherapy-stimulated EL4 tumor growth (Fig. 5, F
and G). Whereas systemic vincristine stimulated the out-
growth of a subthreshold inoculum of EL4 (10" living cells),
the combination of vincristine with annexinV, cytokine de-
pletion, and/or resolvins inhibited tumor growth (Fig. 5 G).

Antitumor activity of resolvins is receptor dependent

To confirm the specificity of resolvin action, we generated
debris-stimulated and nondebris tumors in mice with a
genetic deletion (KO) of the resolvin D1 receptor (ALX/
FPR2; Dufton et al., 2010), resolvin E1 receptor (ChemR 23/
ERV; Arita et al., 2007), or resolvin D2 receptor (GPR18/
DRV2; Chiang et al., 2015). Debris-stimulated LLC, EL4,
and PancOH7 tumors exhibited accelerated growth in ALX/
FPR2 KO, ChemR23/ERV KO, and GPR18/DRV2 KO
mice in comparison with WT mice (Fig. 6, A, D, G, and
H). Nondebris LLC and PancOH7 tumors (10° living cells)
also displayed accelerated growth in ALX/FPR2 KO and
ChemR23/ERV KO mice (Fig. 6, B and C). In ChemR23/
ERV—overexpressing transgenic mice (high expression of the
RvVE1 receptor in BALB/c background; Gao et al., 2013),
mammary tumor growth (4T1) was inhibited compared with
WT mice (Fig. 6 E). Lung, liver, and lymph node metastases
after primary tumor resection (O’Reilly et al., 1994; Pani-
grahy et al., 2012) were enhanced in ALX/FPR2 KO mice
compared with WT mice (Fig. 6 F). These findings suggest
that endogenous resolvins may restrict growth of both de-
bris-stimulated and nondebris tumors. Indeed, measurement
of resolvin production by macrophages revealed that de-
bris stimulates resolvin production (Fig. S5, A and B). The
antitumor activity of administered RvD1, RvE1, or RvD2
was lost in RvD1 receptor (ALX/FPR2), RvE1 receptor
(ChemR23/ERV), and RvD?2 receptor (GPR18/DRV2) KO
mice, respectively (Fig. 6, G and H).

Resolvins stimulate macrophage phagocytosis of tumor

cell debris and counterregulate macrophage secretion of
protumorigenic cytokines

A critical function of resolvins is to stimulate nonphlogistic
macrophage phagocytosis of debris (Serhan, 2014). To es-
tablish whether the antitumor activity of resolvins is mac-
rophage dependent, we depleted macrophages in mice via
clodronate liposomes (Zeisberger et al., 2000). As expected,

for final tumor measurements were used throughout unless specified. *, P < 0.05 versus control in A-F; additionally, *, P < 0.05 RvD2 versus dexamethasone
in E. (G and H) Growth of PS liposome-stimulated EL4 or LLC tumors treated systemically with resolvins (RvD1, RvD2, or RvE1). Treatment was initiated on
the day of tumor cell injection. n = 5 mice/group. *, P < 0.05 versus control. Error bars represent SEM.
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Figure 5. Resolvins exhibit additive antitumor activity in combination with chemotherapy or targeted therapy in debris-stimulated and ge-
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Treatment initiated once tumors reached 100-200 mm? throughout unless otherwise specified. Two-way repeated-measures mixed-effects ANOVAs for
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clodronate liposomes inhibited tumor growth in animal
tumor models, because of the known tumor-promoting ac-
tivity of macrophage infiltration (Qian and Pollard, 2010)
compared with control mice administered empty (control)
liposomes (Fig. 7 A). Macrophage depletion further abro-
gated the tumor-inhibitory actions of RvD2, resulting in
faster growing tumors than RvD2-treated mice adminis-
tered empty liposomes (Fig. 7 A). Neither RvD1, RvD2,

JEM Vol. 215, No. 1

nor RvE1 inhibited tumor growth in mannose-binding lec-
tin (MBL)—deficient (MBL KO; Stuart et al., 2005; Stiens-
tra et al., 2014) or CCL2 KO (Lu et al., 1998) mice, two
genetically engineered models with impaired macrophage
phagocytosis and chemotaxis, respectively, consistent with
defective clearance (Fig. 7, B-D). Thus, the presence of
functional macrophages was necessary for maximal tumor
inhibition by resolvins.
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To demonstrate clearance of tumor debris by phagocy-
tosis in vivo, we performed immunohistochemical analysis of
GFP-labeled tumors in animals treated with resolvins. Sec-
tions showed macrophages (identified by Giemsa or F4/80
stain) containing GFP signals, indicative of phagocytosed
tumor cells (Fig. 7, E and F). Moreover, electron microscopy
of B16F10 melanoma tumors revealed melanosomes (a dis-
tinct electron-dense tumor cell marker; Drochmans, 1960)
in the cytoplasm of macrophages in RvD2-treated tumors
(Fig. 7 G). To confirm the localization of tumor cell debris
in macrophages was caused by resolvin-stimulated phago-
cytosis, we used flow cytometry to detect macrophages in
GFP-labeled tumors that (a) were positive for TIM-4, a
PS-mediated macrophage efferocytosis marker (Kobayashi
et al., 2007; Miyanishi et al., 2007; Wong et al., 2010), or
CD11b, which distinguishes between phagocytic (CD11b"s")
and “satiated” (CD11b"") macrophage subtypes (Schif-Zuck
et al., 2011); and (b) contained tumor cell material (GFP™),
indicative of phagocytosis. Systemic treatment with re-
solvins (RvD1, RvD2, or RvE1) increased the proportion
of efferocytic double-positive (TIM-4" F4/80") macrophages
compared with vehicle-treated tumors. Resolvins further in-
creased the fraction of macrophages that were triple-positive
(GFP'TIM-4"F4/80"), indicating ingestion of tumor cells
(LLC-GFP or B16F10-GFP) by efferocytosis, by fourfold
compared with vehicle-treated tumors (Fig. 7, H-K). Simi-
larly, resolvin-treated tumors exhibited more than double the
proportion of double-positive (CD11b"F4/80") phagocytic
macrophages compared with vehicle-treated tumors and al-
most fourfold more macrophages were triple-positive (GFP*
CD11b*F4/80"), indicative of phagocytosis of GFP-labeled
tumor cells (Fig. 7, L and M). In contrast, chemotherapy
(e.g., cisplatin) did not stimulate macrophage phagocytosis
or efferocytosis of GFP-labeled tumor cells (Fig. 7, N and
0).The RvD1 receptor antagonist (WRW4) inhibited resol-
vin-stimulated macrophage tumor cell phagocytosis and effe-
rocytosis, albeit not completely (Fig. 7, P and Q).

Consistent with the observed resolvin-stimulated
phagocytosis of tumor debris in vivo (Fig. 7, E-Q), treatment
of human monocyte—derived and mouse macrophages in
vitro with RvD1, RvD2, or RvET at 1 pM to 100 nM stim-
ulated phagocytosis of debris from several human and mouse
tumor cell lines (PC3M-LN4, BxPC3, COV362, A375-SM,

HEY, OVCARS5, HSC-3, and ID8) generated by cisplatin,
gemcitabine, or cycloheximide plus TNFa (Fig. 8, A—H). A
biphasic dose-response curve with diminishing activity at
doses >1 nM has also been observed for resolvin-stimulated
phagocytosis of neutrophils (Spite et al., 2009; Chiang et al.,
2012). Moreover, the biological activity of resolvins is me-
diated by G protein—coupled receptors, known to display
characteristic bell-shaped dose responses when activated by
their cognate ligands (Perretti et al., 2002; Krishnamoorthy
et al., 2010). The bell-shaped dose response is consistent with
many other studies in which resolvins stimulate macrophage
phagocytosis of cell debris in noncancer settings, including
sepsis (Spite et al., 2009), infection (Chiang et al., 2012), clot
remodeling (Elajami et al., 2016), and obesity (Titos et al.,
2011). Stimulation of phagocytosis by resolvins was receptor
specific, as the selective RvD1 receptor (ALX/FPR2) antag-
onist, BOC-1, neutralized RvD1-stimulated phagocytosis of
debris by peritoneal macrophages (Fig. 8 C). In contrast, the
antiinflammatory drugs dexamethasone and indomethacin
did not significantly stimulate macrophage phagocytosis of
debris (Fig. 8, G and H).

Stimulation of the resolution of inflammation by re-
solvins not only enhances macrophage phagocytosis of debris,
but it also counterregulates proinflammatory cytokine pro-
duction and halts leukocyte infiltration (Serhan, 2014). RvD1
or RvD2 (1 nM) inhibited the release of proinflammatory
tumor-promoting cytokines by tumor debris—activated mac-
rophages including IL-6, IL-8, TNFa, CCL4, and CCL5 by
up to 10-40% compared with vehicle-treated macrophages
(Fig. 8 I). As only traces of cytokines were found in tumor cell
debris alone, these mediators were products of macrophages
and not of debris (Fig. 8 I). To quantify leukocyte infiltration
in vivo after resolvin treatment, we mimicked the tumor mi-
croenvironment using a Matrigel plug assay (Benton et al.,
2009). Systemic administration of RvD1 or RvD2 inhibited
the proportion of infiltrating leukocytes (CD45") found in
the dissociated implant, whereas RvD2 also decreased the
proportion of infiltrating macrophages (CD45%F4/80"; Fig.
S5, C and D). RvD2 also inhibited the proportion of infiltrat-
ing macrophages in LLC-GFP tumors (Fig. S5 E). Systemic
resolvins also decreased blood vessel formation (as quanti-
fied by the number of CD31" cells coinciding with vessel
structures; Fig. S5 F).

Figure 6. Primary tumor growth and metastasis are stimulated in genetically engineered resolvin receptor KO mice. (A and B) Debris-stimulated

(A) and nondebris (B) LLC tumor growth in resolvin D1 receptor (ALX/FPR2) KO and resolvin E1 receptor (ChemR23/ERV) KO mice compared with WT mice.
n = 4-10 mice/group. Two-way repeated-measures mixed-effects ANOVAs for tumor growth rates and two-tailed Student's t test for final tumor mea-
surements were used throughout unless specified. (C) Nondebris PancOH7 tumor growth in ALX/FPR2 KO and ChemR23/ERV KO mice compared with WT
mice. n = 3-10 mice/group. (D) Debris-stimulated EL4 tumor growth in resolvin D2 receptor (GPR18/DRV2) KO mice compared with WT mice. n = 4-5 mice/
group. (E) Nondebris 4T1 tumor growth in ChemR23/ERV transgenic (overexpressed) mice compared with WT mice. n = 3-5 mice/group. (F) Spontaneous
LLC lung, liver, and lymph node metastasis in ALX/FPR2 KO mice 10 d after removal of the primary tumor (LLC resection). n = 5-10 mice/group. *, P < 0.05
versus WT. Images show representative lung, liver, and lymph node metastases 10 d after primary tumor resection. Bar, 1 cm. (G and H) Debris-stimulated
PancOH7 tumor growth in ALX/FPR2 KO and ChemR23/ERV KO mice (G) as well as debris-stimulated LLC tumor growth in GPR18/DRV2 KO mice vs. WT
mice (H). Systemic resolvin treatment was initiated on the day of tumor cell injection. n = 4-5 mice/group. *, P < 0.05 versus WT control, and *, P < 0.05 of
GPR18/DRV2 KO [ RvD1 (treated with RvD1) versus GPR18/DRV2 KO control. Error bars represent SEM.
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Figure 7. Antitumor activity of resolvins is macrophage dependent and induces a prophagocytic macrophage phenotype. (A) B16F10 (10° living
cells) tumor growth after macrophage depletion with clodronate liposomes and RvD2 or vehicle treatment. n = 5-10 mice/group. Systemic RvD2 treatment
was initiated on the day of tumor cell injection. Clodronate was administered 3 d before tumor cell injection and every 3 d thereafter for 21 d. Two-way
repeated-measures mixed-effects ANOVAs for tumor growth rates and two-tailed Student's ¢ test for final tumor measurements were used throughout
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It is not likely that the antitumor activity of resolvins
was mediated by direct antiproliferative or antimigratory ac-
tivity on tumor cells. Neither RvD1 nor RvD2 (<1 pM) in-
hibited proliferation of B16F10, LLC, or PC3M-LN#4 cells in
vitro (Fig. S5 G). In addition, neither RvD1 nor RvD2 inhib-
ited tumor cell migration in vitro (Fig. S5 H). Also, Western
blot analysis did not detect expression of the RvD1 receptor
ALX/FPR2 in six different mouse tumor cell lines including
LLC, B16F10,T241, pancreatic f cell tumor (BTC), sarcoma
(MS-180), and hemangioendothelioma (EOMA; Fig. S5 I).
Immunohistochemical analysis of clinical prostate carcinoma
specimens showed that the human RvD1 receptor GPR32/
DRV1 was expressed on tumor-infiltrating inflammatory
cells but not on tumor cells (Fig. S5 J). Similarly, histological
staining for ALX/FPR2 in sections of LLC tumors revealed
expression only in stromal cells, including tumor-associated
inflammatory cells and endothelial cells (Fig. S5 K). This
was confirmed by double staining of LLC tumors for ALX/
FPR2 and the macrophage marker F4/80 or the endothe-
lial cell marker MECA-32 (Fig. S5, L and M). Collectively,
these results indicate that the antitumor activity of resolvins
may be mediated by cells in the tumor stroma and not by
direct action on tumor cells.

DISCUSSION

In this study, we demonstrate that tumor cell debris can stim-
ulate tumor growth, which has pivotal implications for the
treatment of cancer patients. One central mechanism of de-
bris-stimulated tumor growth, in which debris is generated

by chemotherapy or targeted therapy in vitro or in situ in
grafted tumor models, is via stimulating macrophage release
of proinflammatory cytokines. Resolvins promote nonphlo-
gistic clearance of debris by TIM4" and CD11b" phagocytic
macrophages and suppress therapy-induced tumor growth.
Current antiinflammatory cancer therapies have focused on
suppressing proinflammatory mediators, (i.e., cytokines and
prostaglandins; Wang and DuBois, 2010); however, they pos-
sess limited therapeutic efficacy. In this study, we demonstrate
that endogenous clearance of inflammation (caused by tumor
cell debris) mediated by resolvins contributes to the suppres-
sion of tumor growth (Fig. S5 N). Notably, resolvins (RvD1,
RvD2, or RvE1) inhibited tumor growth at doses 10,000
times lower than their substrates (eicosapentaenoic acid and
docosahexaenoic acid; Grenon et al., 2013) or other anti-
inflammatory agents such as aspirin and other nonsteroidal
antiinflammatory drugs (NSAIDs; Rothwell et al., 2012; Ful-
lerton and Gilroy, 2016).

Debris-stimulated tumor growth is likely relevant to
many types of current cancer therapy, including chemother-
apy, radiation, and targeted therapy. During cytotoxic tumor
treatment, some tumor cells inevitably survive (Pisco and
Huang, 2015).Thus, in the process of reducing tumor burden
via cytotoxic mechanisms, continuous production of chemo-
therapy-generated apoptotic cell debris in tumors perpetuates
tumor growth via tumor-promoting cytokines released by
macrophages (Fig. S5 N). The failure to clear apoptotic cells
in a timely manner and the accumulation of apoptotic cells
within tissue can stimulate an inflammatory response (Birge

unless specified. *, P < 0.05. (B and C) Debris-stimulated LLC tumor growth in MBL KO (B) and CCL2 KO (C) mice with systemic RvD2 treatment. n = 5-7
mice/group. Resolvin treatment was initiated once tumors reached 100-200 mm? throughout unless otherwise specified. *, P < 0.05 versus WT control
(olack dashed lines). (D) Debris-stimulated LLC tumor growth in resolvin or vehicle-treated CCL2 KO mice. n = 5-10 mice/group. (E) Giemsa staining of
RvD2-treated LLC-GFP tumor (top); macrophage ingesting tumor cell (dashed circle). Immunofluorescent double-staining (bottom) for tumor cell marker
GFP (green) and macrophage marker F4/80 (red) or colocalization of macrophages and tumor cells (yellow, indicated by arrows). (F) Immunofluorescent
double staining for tumor cell marker GFP (green, left) and macrophage marker F4/80 (red, center) or colocalization of macrophages and tumor cells (mac-
rophage phagocytosis indicated by arrows, right) in RvD2- or vehicle-treated LLC-GFP tumors on day 14 of treatment. Macrophage phagocytosis quantified
by GFP*F4/80" cells/field. Bars, 10 um. *, P < 0.05 versus control. Images represent five sections each of four different samples. (G) Top: electron microscopy
of RvD2-treated B16F10 tumors showing melanosomes (yellow arrows). Bottom: macrophage ingesting melanoma tumor cells (dashed circle). Bars: (top)
500 nm; (bottom) 1 um. (H and 1) Flow cytometry analysis of resolvin (RvD1, RvD2, or RvE1) versus vehicle-treated B16F10-GFP tumors for efferocytic
macrophages (percent TIM-4"F4/80*) and macrophage efferocytosis of tumor debris (percent GFP*TIM-4*F4/80%). GFP* cells were gated on TIM-4*F4/80*
cell populations. Macrophage efferocytosis of tumor debris quantified as the proportion of GFP*TIM-4*F4/80" cells in each tumor sample. n = 4 mice/group.
*, P < 0.05 versus control. (J and K) Flow cytometry analysis of efferocytic macrophages (TIM-4F4/80%) in RvD2 versus vehicle-treated LLC-GFP tumors.
GFP* cells were gated on TIM-4*F4/80" cell populations. Macrophage phagocytosis of tumor debris quantified as the proportion of GFP*TIM-4*F4/80*
cells in each tumor sample. n = 4 mice/group. *, P < 0.05 versus control. (L) Flow cytometry analysis of phagocytic macrophages (CD11b""F4/80%) in
RvD2- versus vehicle-treated LLC-GFP tumors. n = 6 mice/group. *, P < 0.05 versus control. (M) Macrophage phagocytosis of tumor debris quantified as
the proportion of GFP*CD11b"F4/80" cells in each tumor sample. GFP* cells were gated on CD116*F4/80" cell populations. n = 3-6 mice/group. *, P < 0.05
versus control. (N) Flow cytometry analysis of LLC-GFP tumors treated systemically with RvD1 or cisplatin. GFP* cells were gated on TIM-4*F4/80" cell
populations. Macrophage efferocytosis of tumor debris quantified as the proportion of GFP*TIM-4F4/80" cells in each tumor sample. n = 4-5 mice/group.
*, P < 0.05 versus control. (0) Flow cytometry analysis of LLC-GFP tumors treated systemically with RvD1 or cisplatin. Macrophage phagocytosis of tumor
debris quantified as the proportion of GFP*CD110*F4/80" cells in each tumor sample. n = 4-5 mice/group. *, P < 0.05 versus control. (P) Flow cytometry
analysis of efferocytic macrophages (TIM-4*F4/80; left) in LLC-GFP tumors treated systemically with RvD1 and/or WRW4. GFP* cells were gated on TIM-
4*F4/80" cell populations. Macrophage efferocytosis of tumor debris quantified as the proportion of GFP*TIM-4F4/80" cells in each tumor sample (right).
n = 4-5 mice/group. *, P < 0.05 versus control. (Q) Flow cytometry analysis of phagocytic macrophages (GFP*CD11b*F4/80%) in LLC-GFP tumors treated
systemically with RvD1 and/or WRW4. Macrophage phagocytosis of tumor debris quantified as the proportion of GFP*CD11b*F4/80" cells in each tumor
sample. n = 4-5 mice/group. *, P < 0.05 versus control or RvD1. Data are representative of two biological repeats. Error bars represent SEM.
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Figure 8. Resolvins stimulate macrophage phagocytosis of tumor cell debris and counterregulate the secretion of protumorigenic cytokines by

macrophages exposed to tumor cell debris. (A-H) Macrophage phagocytosis of CFDA-labeled tumor cell debris measured as RFUs after resolvin treat-
ment. RFUs are displayed as percent increase above vehicle throughout. Data are representative of four biological repeats. (A) Human macrophage phago-
cytosis of cycloheximide plus TNFo- or cisplatin-generated dead cells (PC3M-LN4) after RvD1 (gray bars) or RvD2 (purple bars) treatment. n = 6/group.
*, P < 0.05 versus vehicle. (B and C) Human macrophage phagocytosis of cisplatin-generated dead cells (A375-SM) or cycloheximide plus TNFa-generated
dead cells (HEY and OVCARS5) after RvD1 treatment (B) and mouse peritoneal macrophage phagocytosis of cisplatin-generated dead cells (mouse ovarian
cancer; ID8) treated with the RvD1 receptor (ALX/FPR2) antagonist BOC-1 and/or RvD1 (C). n = 6/group. (D) Human macrophage phagocytosis of cyclo-
heximide plus TNFa-generated dead cells (HEY) or cisplatin-generated dead cells (A375-SM) after RvD2. n = 6/group *, P < 0.05 versus vehicle. (E) Mouse
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et al., 2016). Given the large debris to living cell ratio used for
tumor implantation in the debris-stimulated tumor models
(30-90:1 debris cells/living cells), the mass accumulation of
debris and defective clearance may promote an inflammatory
response that in turn contributes to debris-stimulated tumor
progression. We show that chemotherapy-generated tumor
cell debris stimulates living tumor cells, acting as a “feeder,”
consistent with previous research on radiation-generated
apoptotic tumor cells (Huang et al., 2011). Thus, cytotoxic
cancer treatment designed to kill tumor cells may be a dou-
ble-edged sword. Our preclinical studies in a large variety of
tumor models demonstrate that the growth-stimulating ac-
tivity of therapy-generated cell debris may contribute to the
inherent limitation of cancer treatment in general. Indeed, we
confirmed that established living cell tumors in mice contain
cell debris that can be stimulated in situ by systemic admin-
istration of chemotherapy, supporting the pathophysiologi-
cal relevance of the debris-stimulated tumor models. Thus,
debris-stimulated tumor growth may have clinical relevance.
Our studies on chemotherapy-generated debris are consistent
with previous observations on radiation-generated tumor
cell debris by Révész (1956), in which the stimulation of
tumor growth had been attributed to the production of dif-
fusible factors that conditioned the tumor microenvironment
(Révész phenomenon; R évész, 1956; Seelig and Revesz, 1960;
van den Brenk et al., 1977). The Révész phenomenon has
been confirmed in followup studies of radiation-induced cell
death (Huang et al., 2011; Chaurio et al., 2013; Donato et al.,
2014; Ford et al., 2015;Yu et al., 2016; da Silva-]Jr et al., 2017).

Our studies also have implications for tumor immuno-
therapy. Specifically, we demonstrate that debris-stimulated
tumor growth is in part mediated by PS, which accumulates
in the tumor microenvironment and may antagonize adaptive
tumor immunity (Birge et al., 2016). In support of our data,
an apoptotic response to therapy has been shown to generate
a PS-mediated immunosuppressive environment (Mochizuki
et al.,2003; Birge et al., 2016), a response in which prostaglan-
din release has recently been implicated (Hangai et al., 2016).
Our data are also consistent with an alternative mechanism
in which annexin'V, a naturally occurring specific PS ligand,
suppresses the tumorigenicity of dead tumor cells by pro-
moting antitumor immunity (Frey et al., 2009). In addition,
annexin V—coupled irradiated cells induced the regression of
growing tumors (Bondanza et al.,2004), and administration of
radiation and anti-PS antibody induced tumor immunity in a

glioblastoma model (He et al., 2009). Moreover, PS-targeting
antibodies augment the antitumor activity of immunotherapy
by enhancing immune activation (Gray et al., 2016).

The concept of immunogenic cell death postulates that
debris generated by certain (but not all) chemotherapeutic
agents (e.g., doxorubicin, anthracyclines, oxaliplatin, or bleo-
mycin) would stimulate the uptake of cell debris by dendritic
cells for antigen presentation or contribute to adaptive immu-
nity by acting as an adjuvant (Casares et al., 2005; Obeid et al.,
2007). However, debris stimulated tumor growth in the sub-
threshold inoculum model presented in this study. This may
be a result of the response to tumor cell debris by the innate
immune system and inflammation, which may overwhelm
and counteract a potential immunizing effect of immunogenic
cell death. However, other studies demonstrate that tumor
cell debris generated by radiation, the Herpes simplex virus
thymidine kinase/ganciclovir (HSVtk/GCV) system, photo-
dynamic therapy, or radiofrequency ablation (e.g., ultrasound)
can inhibit tumor growth, an effect that had been attributed
to induction of antitumor immunity (Melcher et al., 1998;
Todryk et al., 1999; Gough et al., 2001; Akazawa et al., 2004,
Bondanza et al., 2004; Casares et al., 2005; Apetoh et al., 2007,
Korbelik et al., 2007; Obeid et al., 2007; Dromi et al., 2009;
Deng et al., 2010; Garg et al., 2010, 2012; Unga and Hashida,
2014; Shan et al., 2015; Kindy et al., 2016). Our studies sug-
gest that the generation of therapy-generated tumor cell death
may be a doubled-edged sword. Future studies are required to
establish the specific conditions in which therapy-generated
cell debris suppresses or activates antitumor immunity.

We also demonstrate in this study that chemotherapy-
generated tumor cell debris triggers a “cytokine storm” that
stimulates tumor growth that is resistant to chemotherapy. Im-
munotherapy, including chimeric antigen receptor (CAR)—
T cell therapy, may lead to the release of toxic levels of cyto-
kines (DeFrancesco, 2014).This therapy-induced cytokine re-
lease may be particularly relevant in patients with dormant or
small residual tumors as modeled by the subthreshold inocu-
lum tumor models, and it may provide a potential mechanism
whereby chemotherapy paradoxically harbors the potential to
stimulate or induce tumor initiation, growth, and/or metas-
tasis (de Ruiter et al., 1979; Ormerod et al., 1986; Orr et al.,
1986; Poth et al., 2010; Abubaker et al., 2013;Volk-Draper et
al., 2014;Vyas et al., 2014; Gunjal et al., 2015; Chang et al.,
2017; Karagiannis et al., 2017). We show in the subthresh-
old inoculum model that systemic chemotherapy stimulated

bone marrow-derived macrophage and peritoneal macrophage phagocytosis of cisplatin-generated ID8 dead cells after RvD2 treatment. n = 6/group.
* P <0.05;*, P <0.0001 versus vehicle. (F) Human macrophage phagocytosis of cisplatin-generated dead cells (HSC-3 and COV362) after RvE1 treatment.
n = 6/group (left) or n = 12/group (right). *, P < 0.05 versus vehicle. (G and H) Human macrophage phagocytosis of tumor cell debris (cisplatin-generated
PC3M-LN4 or gemcitabine-generated BxPC3) after RvD1 (gray bars), RvD2 or RvE1 (black bars), dexamethasone (pink bars), or indomethacin (red bars)
treatment. n = 6/group. *, P < 0.05 versus vehicle. Nondetectable RFUs are labeled n.d. (I) ELISA quantification of IL-6, IL-8, TNFa, CCL4, and CCL5 produc-
tion by resolvin-treated human monocyte-derived macrophages coincubated with (black bars) or without (gray bars) tumor cell debris (cisplatin-generated
PC3M-LN4) or by tumor cell debris alone (cisplatin-generated dead cells alone). n = 5-6/group. Data are representative of three biological repeats (three
human peripheral blood monocyte donors). *, P < 0.05; **, P < 0.0001 versus control. Error bars represent SEM.
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small or dormant tumors to grow, instead of suppressing the
tumor. However, the therapeutic activity of chemotherapy
was restored in the debris-stimulated tumor models if the
source of this inflammatory cascade, namely the PS presented
by apoptotic cells, was neutralized with annexinV or anti-PS
antibodies (Fig. 2, G and H). Collectively, these findings sug-
gest a critical role for PS in debris-stimulated tumors.
Therapy-generated tumor cell debris activates mac-
rophages to secrete proinflammatory and protumorigenic
cytokines, thus sustaining an inflammatory tumor microen-
vironment, which in turn promotes tumor growth (Fig. S5
N). This protumorigenic activity could fuel a positive feed-
back loop that is difficult to overcome with more aggres-
sive cytotoxic therapy. Sterile inflammation is sustained by
the presence of cell debris, as apoptotic cells release inflam-
mation-initiating “danger signals” (Kornbluth, 1994; Chan
et al., 2012). However, resolvins can polarize these protum-
origenic and proinflammatory macrophages to a prophago-
cytic state, inhibiting further proinflammatory cytokine
secretion. Consistently, clearance of tumor cell debris dis-
rupts debris-dependent tumor growth. Thus, resolvins (i.e.,
RvE1l, RvD1, and RvD2) represent a novel mechanism to
suppress tumor progression, growth, and recurrence. Unlike
the majority of antiinflammatory agents, including NSAIDs,
resolvins are endogenous, nonimmunosuppressive, and non-
toxic inhibitors of inflammation (Serhan et al., 2002). We
show that the specific resolvins RvD1, RvD2, and RvE1 pro-
mote the clearance of tumor debris and subsequent inhibition
of tumor growth by stimulating macrophage phagocytosis of
tumor cell debris and by counterregulating the release of crit-
ical proinflammatory protumorigenic cytokines/chemokines.
‘We showed that adding resolvins to existing chemother-
apy or targeted therapy regimens induced sustained regres-
sion of primary tumors by blocking the tumor-stimulatory
activity of therapy-generated tumor cell debris produced by
cytotoxic therapy. Although both aspirin and omega-3 fatty
acids reduce cancer risk (Greene et al., 2011; Rothwell et al.,
2012), they only weakly trigger the production of resolvins
by the human body (Sun et al., 2007). Resolvins have en-
tered clinical development as novel therapeutic approaches
for inflammatory diseases including keratoconjunctivitis sicca,
periodontal disease, eczema, and various neurodegenerative
diseases. Current antiinflammatory agents, including NSAIDs,
have potentially severe side effects, such as stomach and brain
bleeding, as well as cardiovascular and kidney toxicity. In con-
trast, targeting the resolvin pathways provides an entirely new,
nontoxic, and nonimmunosuppressive approach to cancer
therapy by increasing the body’s natural production of en-
dogenous proresolving and antiinflammatory mediators.
Rapid tumor growth is invariably linked to apoptotic
cell death because of unfavorable conditions such as hypoxia
(Holmgren etal., 1995;de Jong et al.,2000;Alcaide et al.,2013;
Gregory et al., 2016; Ichim and Tait, 2016), and continuous
production of apoptotic cell debris sustains inflammation that
can stimulate tumor growth (Kornbluth, 1994). Thus, natural
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apoptotic cell death can also contribute to tumor progres-
sion (Reiter et al., 1999), and this underappreciated source of
tumor stimulation is further enhanced by treatment-induced
apoptosis. High levels of spontaneous apoptotic cell death in
tumors of patients with cancer have also been shown to cor-
relate with poor prognosis in several cancer types and may be
causatively involved in tumor growth (Wyllie, 1985; Korn-
bluth, 1994; de Jong et al., 2000; Naresh et al., 2001; Jalali-
nadoushan et al., 2004; Sun et al., 2006; Gregory and Pound,
2011; Alcaide et al., 2013; Gregory et al., 2016; Ichim and
Tait, 2016). This may explain the moderate antitumor activ-
ity of resolvins in the nondebris tumor models. Moreover,
cytotoxic treatment in cancer patients without evidence of
progressive cancer could be a double-edged sword as ther-
apy-generated debris could inadvertently stimulate prolif-
eration of dormant tumor cells or small tumors. Although
generation of tumor cell debris throughout treatment may
explain an inherent therapeutic limit to chemotherapy, tar-
geted therapy, and any cytocidal therapy, stimulating the clear-
ance of such tumor cell debris via specialized proresolving
mediators such as resolvins represents a novel approach to
prevent tumor growth and recurrence.

MATERIALS AND METHODS

Tumor debris, xenograft, and metastasis studies

Reporting of the following animal experiments abided by the
Animal Research: Reporting of In Vivo Experiments (ARR
IVE) guidelines (Kilkenny et al., 2010). All animal studies
were reviewed and approved by the Animal Care and Use
Committees of Boston Children’s Hospital and Beth Israel
Deaconess Medical Center. Animals at each institution were
housed up to five mice/cage in a pathogen-free facility. Mice
had unlimited access to sterile water and chow. Throughout
each animal experiment, daily welfare evaluations were per-
formed, and animal sacrifice guidelines were followed per in-
stitutional committee guidelines.

Experiments involving human blood cells (deidenti-
fied) at Brigham and Women’s Hospital are under protocol
1999P001297, and discarded human materials are under pro-
tocol 1999P001279. Both protocols are approved by the Part-
ners Human Research Committee.

Generation of debris by chemotherapy or targeted therapy:
General note. Cell debris for the debris-stimulated tumor
models was generated in vitro by incubating cells in fresh
media containing the drug at the indicated dose for the in-
dicated time (detailed for each tumor type below). For an-
nexin V/PI flow cytometry characterization of debris, only
the media containing floating cells (debris) from drug-treated
cell cultures was assessed. This was compared with vehi-
cle-treated (control) cell cultures in which media was col-
lected and combined with trypsinized cells (Fig. S1, A-J).
The representative FACS analyses for control groups in-
cluded all cells taken from a single culture, and both adhered
and floating cells were collected. For mouse tumor injec-
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tions, living cells were collected by trypsinization of adher-
ent cells only from untreated cell cultures, whereas debris
was collected for injection by aspirating floating cells from
drug-treated cell cultures. Surrogate measurement for quan-
tification of debris involved counting whole-cell bodies in
the floating cell population after the specified treatment
(except for the suspension cultures, i.e., EL4 cells, see the
Vincristine-generated EL4 debris tumors section), indicated
as number of dead cells (Fig. S1 K). This quantitation pro-
vides a tool for standardization and comparison of various
tumor cell lines. Protocols for debris generation (drug dose
and length of treatment) were adjusted such that at 900,000
dead cells in all tumor cell lines used, robust debris-stimulated
tumor growth was observed when coinjected with a sub-
threshold inoculum of living tumor cells. This subthreshold
inoculum was separately determined by injection of living
cells at a (typical) series of 10°, 10%, 10%, and 10° cells, and
assessment of tumor take was observed for 200—400 d. Once
the quantitative parameters for each drug and cell line com-
bination used were established, routine generation of debris
for tumor studies followed a strict protocol regarding treat-
ment, cell collection, washing, and handling before injec-
tion. Dead cells (apoptotic and necrotic) and living cells
were counted by hemocytometer. Pelleted dead and living
cells were resuspended at desired concentrations. Experi-
mental groups were then prepared by mixing equal volumes
of dead cell bodies with living cells. The specifics are
listed below.

Cisplatin-generated LLC debris tumors. Cisplatin-generated
LLC debris was prepared by treating 75-80% confluent T150
flasks with complete media with 10% FBS plus 50 uM cispla-
tin (Sigma-Aldrich) and incubating for 24 h. Dead cell bodies
(apoptotic and necrotic cells) were counted by hemocytome-
ter. Pelleted cells were resuspended at 1.8 x 107 dead cells/ml
in PBS. Untreated LLC cells were trypsinized, pelleted, and
resuspended at 2 X 10° living cells/ml in PBS. Experimental
groups were prepared by mixing equal volumes of dead cell
bodies with living cells. Cisplatin-generated LLC debris (9 X
10°,3 X 10°, or 10° dead cells) and/or LLC (107, 10°, or 10*
living cells) were coinjected into C57BL/6J, RAG1 KO mice
(The Jackson Laboratory), and SCID mice (Charles River).
All tumor debris and/or living tumor cells were injected sub-
cutaneously into the mid-dorsum of 6—8-wk-old male mice
at 100 pl/mouse with a 30-G needle unless specifically noted.
Cisplatin-generated LLC debris (9 X 10> dead cells) and/or
T241, B16F10, LLC, or PancOH7 (10* living cells) were co-
injected into C57BL/6] mice. LLC (10" or 10° living cells)
were injected into C57BL/6] mice, and systemic cisplatin was
initiated on the day of tumor injection (see the Tumor inhi-
bition studies section).

Gemcitabine-generated PancOH7 debris tumors. Gemcit-

abine-generated PancOH7 debris was prepared by treating
75-80% confluent T150 flasks with complete media with
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10% EBS plus 40 uM gemcitabine (Sigma-Aldrich) and incu-
bating for 72 h. Dead cell bodies were counted and prepared
as described in the previous section. Gemcitabine-generated
PancOH?7 debris (9 X 10° dead cells) and/or PancOH7 (10*
living cells) were coinjected into C57BL/6J, RAG1 KO, and
SCID mice. For orthotopic tumors, gemcitabine-generated
PancOH?7 debris (9 % 10° dead cells) and/or PancOH7 (10"
living cells) were coinjected directly into the pancreas of
C57BL/6] mice with a 30-G needle.

Vincristine-generated EL4 debris tumors. Vincristine-
generated EL4 debris was prepared by treating confluent
T150 flasks (7 X 10° cells) with complete media with 10%
horse serum plus 40 nM vincristine (Sigma-Aldrich) and in-
cubating for 72 h. Dead cell bodies were isolated via Ficoll
gradient (Enzo Life Sciences) and resuspended in PBS at 1.8
X 107 cells/ml. Untreated EL4 cells were pelleted and resus-
pended in PBS at 2 X 10° cells/ml. Experimental groups were
prepared as described in the General note and injected into
C57BL/6] mice. Vincristine-generated EL4 debris (9 X 10°
dead cells) and/or EL4, LLC, B16F10, or PancOH7 (10* liv-
ing cells) were prepared as described in the General note and
coinjected into C57BL/6] mice. EL4 (10" or 10° living cells)
were injected into C57BL/6] mice, and systemic vincristine
(Sigma-Aldrich) was initiated on the day of tumor injection
(see the Tumor inhibition studies section).

Docetaxel-generated HSC-3 debris tumors. Docetaxel-
generated HSC-3 debris was prepared by treating 75-80%
confluent T150 flasks with complete media with 10% FBS
plus 10 nM docetaxel (Sigma-Aldrich) and incubating for
48 h. Dead cell bodies were counted and prepared as de-
scribed in the General note. Untreated HSC-3 cells were
trypsinized, pelleted, and resuspended at 10° living cells/ml in
PBS. Subsequent groups were made by serial dilutions and
combining equal volumes of dead cell bodies and living cells.
Docetaxel-generated HSC-3 debris (9 X 10°,3 X 10°, or 10°
dead cells) and/or HSC-3 (5 x 10* living cells) were co-
injected into SCID mice.

Erlotinib-generated human and mouse lung debris tumor.
Erlotinib-generated HCC827 or LLC debris was prepared by
treating 75—80% confluent T150 flasks with complete media
with 10% FBS plus 10 pM erlotinib (SelleckChem) and incu-
bated for 72 h. Dead cell bodies were counted and prepared
as described in the General note and resuspended in PBS at
3.6 X 107 dead cells/ml. Untreated HCC827 and untreated
LLC were trypsinized, pelleted, and resuspended in PBS at
10° living cells/ml and 2 X 10° living cells/ml, respectively.
Subsequent groups were made by serial dilutions and com-
bining equal volumes of dead cell bodies and living cells. Er-
lotinib-generated HCC827/LLC debris (9 X 10° or 1.8 X
10° dead cells) and/or HCC827/LLC (5 x 10" or 10* living
cells, respectively) were coinjected into SCID mice or
C57BL/6] mice, respectively.
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Cetuximab-generated PancOH7 debris tumors. Cetuximab-
generated PancOH7 debris was prepared by treating 75-80%
confluent T150 flasks with complete media with 10% FBS
plus 343 nM cetuximab and incubating for 72 h. Dead cell
bodies were counted and prepared as described in the Gen-
eral note and resuspended in PBS at 3.6 X 107 dead cells/ml.
Untreated PancOH?7 cells were trypsinized, pelleted, and re-
suspended in PBS at 2 x 10’ living cells/ml. Experimental
groups were prepared by mixing equal volumes of dead cell
bodies with living cells as described in the General note and
coinjected into C57BL/6] mice.

Gemcitabine-generated BxPC3 debris tumors. Gemcitabine-
generated BxPC3 debris was prepared by treating 75-80%
confluent T150 flasks with complete media with 10% FBS
plus 40 M gemcitabine and incubating for 72 h. Dead cell
bodies were counted and prepared as described in the Gen-
eral note and then resuspended in PBS at 1.8 x 10° dead
cells/ml. Untreated BxPC3 cells were trypsinized, pelleted,
and resuspended in PBS at 10° or 107 living cells/ml. Experi-
mental groups were prepared by mixing equal volumes of
dead cell bodies with living cells as described in the General
note. Gemcitabine-generated BxPC3 debris (9 X 10° dead
cells) and/or BxPC3 (5 X 10* living cells) were co-
injected into SCID mice.

Cisplatin-generated PC3M-LN4 debris tumors. Cisplatin-
generated PC3M-LN4 debris was prepared by treating
75-80% confluent T150 flasks with complete media with
10% FBS plus 50 uM cisplatin and incubating for 24 h.
Dead cell bodies were counted and prepared as described
in the General note and resuspended in PBS at 1.8 X 10°
dead cells/ml. Untreated PC3M-LN4 tumor cells (pro-
vided by I.J. Fidler, University of Texas MD Anderson
Cancer Center, Houston, TX) were trypsinized, pelleted,
and resuspended in PBS at 10 living cells/ml. Experimen-
tal groups were prepared by mixing equal volumes of dead
cell bodies with living cells as previously described.
PC3M-LN4 debris (9 x 10° dead cells) and/or PC3IM-LN4
(5 x 10* living cells) were coinjected into SCID mice.
Treatment of debris-stimulated (9 X 10° dead cells with 5
x 10* living cells/mouse) or nondebris (10° living cells/
mouse) PC3M-LN4 tumors with cisplatin or resolvins was
initiated on the day of tumor injection.

Oxaliplatin-generated MC38 debris tumors. Oxaliplatin-
generated MC38 debris was prepared by treating 75-80%
confluent T150 flasks with complete media with 10% FBS
plus 50 uM oxaliplatin (MedChem Express) and incubating
for 48 h. Dead cell bodies were counted and prepared as de-
scribed in the General note. Oxaliplatin-generated MC38
debris (9 x 10° dead cells) and/or MC38 (10" living cells)
were coinjected into C57BL/6] mice, and systemic oxalipla-
tin was initiated on the day of tumor injection (see the Tumor
inhibition studies section).
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Cisplatin-generated MC38 debris tumors. Cisplatin-generated
MC38 debris was prepared by treating 75-80% confluent
T150 flasks with complete media with 10% FBS plus 50 pM
cisplatin (Sigma-Aldrich) and incubating for 48 h. Dead cell
bodies were counted and prepared as described in the Gen-
eral note. Cisplatin-generated MC38 debris (9 x 10> dead
cells) and/or MC38 (10" living cells) were coinjected
into C57BL/6] mice.

Idarubicin-generated CT26 debris tumors. Idarubicin-
generated CT26 debris was prepared by treating 75-80%
confluent T150 flasks with complete media with 10% FBS
plus 1 pM idarubicin (Sigma-Aldrich) and incubating for
24 h. Dead cell bodies were counted and prepared as de-
scribed in the General note. Idarubicin-generated CT26 de-
bris (9 X 10° dead cells) and/or CT26 (10* living cells) were
coinjected into BALB/c mice.

Nondebris tumors (living cells only). For nondebris tumors,
untreated tumor cells (LLC, LLC-GFP, EL4, PancOH7,
B16F10, B16F10-GFP, BxPC3, and PC3M-LN4) were col-
lected and resuspended in PBS at 107 living cells/ml. LLC or
EL4 (10%, 10° or 10° living cells) and LLC-GFP, PancOH7,
B16F10, or BI6F10-GFP (10° living cells) were injected sub-
cutaneously into C57BL/6] mice, and BxPC3 and
PC3M-LN4 (10° living cells) were injected into SCID mice.
For orthotopic human prostate tumors, PC3M-LN4 (2 x 10°
living cells) were injected directly into the prostate of SCID
mice. RvD1, RvD2, or RvE1 (15 ng/d; Cayman Chemical)
or vehicle miniosmotic pumps (Alzet Inc.) were implanted
intraperitoneally on the day of injection and changed once at
14 d after injection. For the genetically engineered TRAMP
or MMTV-PyMT mice (The Jackson Laboratory), RvD2 (15
ng/d) or vehicle was administered via miniosmotic pump
and/or cisplatin (5 mg/kg q 5 d) initiated when mice were
8 wk of age (the miniosmotic pumps were changed every
28 d for 2 or 3 mo).

Metastasis studies. For LLC metastasis studies, 10° LLC liv-
ing cells were injected subcutaneously into 6-wk-old male
C57BL/6] mice (The Jackson Laboratory). Tumors were re-
sected once they had reached a size of 2 cm?, and mini-
osmotic pumps were implanted on the day of resection.
B16F10 (2.5 X 10° living cells) were injected into 6-wk-old
male C57BL/6] mice (The Jackson Laboratory) intrave-
nously via the tail vein.

Macrophage depletion studies. Macrophages were depleted
by clodronate liposomes (a gift from R. Schwendener, Uni-
versity of Zurich, Zurich, Switzerland) in tumor-bearing
mice (10° B16F10 living cells), and depletion was confirmed
by flow cytometry. Initial clodronate dose was administered
intraperitoneally at 2 mg/20 g mouse body weight followed
by 1 mg/20 g mouse body weight every 3 d. RvD2 (15 ng/d)
or vehicle was administered via miniosmotic pump beginning
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on the day of tumor injection. Cisplatin-generated LLC de-
bris (9 X 10° dead cells) and/or LLC (10* or 10° living cells)
were injected into male MBL-deficient (MBL KO) and/or
CCL2 KO mice (The Jackson Laboratory). Treatment with
RvD1, RvD2, RvE1 (15 ng/d; Cayman Chemical), or vehi-
cle via miniosmotic pump was initiated when tumors
reached 100-200 mm”.

Resolvin receptor KO mice and transgenic studies. Cispla-
tin-generated LLC or gemcitabine-generated PancOH7 de-
bris (9 x 10° dead cells) and/or LLC or PancOH7 living
tumor cells (10* or 10° cells) were injected into ALX/FPR2
KO and ChemR23/ERV KO mice (ChemR23/ERV KO
mice were provided by B. Zabel [Stanford University, Stan-
ford, CA] and E. Butcher [Stanford School of Medicine, Stan-
ford, CAl]). Vincristine-generated EL4 or cisplatin-generated
LLC debris (9 X 10> dead cells) and EL4 or LLC living cells
(10" were coinjected into GPR18/DRV2 KO mice, and
mice were treated systemically with resolvins (see the Tumor
inhibition studies section). For metastasis studies, LLC tumors
were resected 14 d after injection. 4T1 (10° living cells) were
collected and prepared as described in the General note and
injected into ChemR23-overexpressing transgenic and
WT mice.

FACS cell sorting of debris. Cisplatin-generated LLC or
gemcitabine-generated PancOH7 debris was prepared as
described in the Cisplatin-generated LLC debris tumors
and Gemcitabine-generated PancOH7 debris tumors sec-
tions and resuspended in annexinV binding buffer at a con-
centration of 10° cells/ml according to FITC Annexin V/
Dead Cell Apoptosis kit protocol (Thermo Fisher Scien-
tific). Cells were sorted using Sorter BD FACSAria Ilu
SORP UV (DFCI; Jimmy Fund Flow Cytometry Core) as
follows: annexin V single stain, PI single stain, annexin V/PI
double stain, and unstained. Dead cell bodies were counted
by hemocytometer, pelleted, and resuspended in PBS at 4 X
10 cells/ml. Untreated LLC or PancOH?7 cells were tryp-
sinized, pelleted, and resuspended at 2 X 10° cells/ml in PBS.
Experimental groups were prepared by mixing equal vol-
umes of dead cell bodies with living LLC or PancOH?7 cells,
and combinations were injected subcutaneously into
C57BL/6] mice.

PS liposome-stimulated tumors. PS and PC liposomes
(Avanti Polar Lipids) were filtered through a 20-pm filter and
resuspended in PBS at the concentrations of 10*,10",and 1072
pM. LLC, EL4, or PancOH7 cells were pelleted and resus-
pended in PBS for a final concentration of 2 X 10° cells/ml.
Cells were resuspended in PS or PC liposomes for a final
concentration of 10° cells/ml liposomes. Combination of li-
posomes and tumor cells were injected into C57BL/6] mice.
Systemic treatment with resolvins (RvD1, RvD2, or RvE1)
was initiated on the day of tumor cell injection and adminis-
tered via miniosmotic pumps (Alzet).
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Tumor inhibition studies. Treatment with chemotherapy,
targeted therapy, antiinflammatory drugs, and/or resolvins
was initiated once tumors reached 100-200 mm’ unless
otherwise noted. Resolvins (RvD1, RvD2, or RvET1; 15
ng/d; Cayman Chemical) or vehicle were administered in-
traperitoneally via miniosmotic pumps (Alzet); docetaxel
(25 mg/kg q 10 d; Sigma-Aldrich), cisplatin (5 mg/kg q 5 d;
Sigma-Aldrich), gemcitabine (50 mg/kg q 4 d; Sigma-
Aldrich), 5-FU (10 mg/kg q 5 d; Sigma-Aldrich), dexa-
methasone (2 mg/kg/d; Sigma-Aldrich), cetuximab (40
mg/kg/d), oxaliplatin (6 mg/kg q 4 d; MedChem Express),
or WRW4 (1 mg/kg/d; Sigma-Aldrich) were administered
intraperitoneally; and erlotinib (40 mg/kg/d) or indometh-
acin (3 mg/kg/d; Sigma-Aldrich) were administered by ga-
vage. Tumor size was measured by caliper (width® X length
X 0.52 = mm’). Tumor experiments were terminated per
protocol when tumor sizes reached a mean of 2,000-2,500
mm?’. Number of mice per group was determined by mini-
mum number required to achieve statistical significance (in
collaboration with a statistician). Experiments were per-
formed at least three times with similar results unless other-
wise specified. For annexin V recombinant protein studies,
vincristine-generated EL4 tumor cell debris (9 X 10° dead
cells) was prepared as previously described and treated in
vitro with recombinant annexin V protein (1 nM, 100 nM,
or 10 uM; eBioscience) for 1 h before coinjection with EL4
(10* living cells) into C57BL/6] mice. Annexin V recombi-
nant protein (4 pg/kg/d) was administered in vivo to mice
injected with 10 living EL4 tumors via miniosmotic pumps.
For cytokine depletion studies, C57BL/6] mice were treated
intraperitoneally with combinations of anti-IL-6, anti-
CCL4, anti-CCL5, and/or anti-TNFa neutralizing anti-
bodies beginning on the day of tumor cell injection (20 pg
each q 4 d; R&D Systems). Systemic chemotherapy, cyto-
kine depletion, annexin V, and/or resolvin treatment initi-
ated on the day of tumor cell injection.

Alternative debris generation for in vitro assays. Cyclohexi-
mide plus TNFo—generated debris was prepared by treating
75-80% confluent T150 flasks of PC3M-LN4, HEY, HSC-3,
or OVCARS5 with complete media with 10% FBS plus 4 ng/ml
TNFa and 5 pM cycloheximide and incubating for 18 h.
Dead cell bodies were counted by hemocytometer, pelleted,
and then resuspended in PBS to give a final desired concen-
tration. See the Flow cytometry, Human macrophage phago-
cytosis assays, and Mouse phagocytosis assays sections.

Cisplatin-generated COV362, ID8 (provided by J. Law-
ler, Beth Israel Deaconess Medical Center, Boston, MA), or
A375-SM debris was prepared by treating 75-80% conflu-
ent T150 flasks of respective cells with complete media with
10% FBS plus 50 pM cisplatin (Sigma-Aldrich) and incubat-
ing for 24 h. Dead cell bodies were counted by hemocytom-
eter. Pelleted cells were resuspended in PBS at the desired
concentration. See the Flow cytometry, Human macrophage
phagocytosis assays, and Assays sections.

133

920z Arenigad 60 uo 1senb Aq 4pd-1.890/ 102 Wel/8rzez61/SL L/L/SLZ/Pd-ajone/wal/Bio sseidny//:dpy woly pepeojumoq



Immunohistochemistry

Tumor samples were processed, and immunohistochem-
ical staining was performed according to standard proto-
col. Giemsa and 3-3’-diaminobenzidine (DAB) staining
were performed according to standard protocol. Sections
were deparaffinized with xylene and rehydrated in graded
ethanol. Sections were microwaved in 10 mM sodium ci-
trate and then incubated with IL-6 (1:100; Abcam), IL-8
(1:100; Abcam), TNFa (1:100; Abcam), F4/80 (1:100;
Bio-Rad Laboratories), GPR32 (1:200; GeneTex), ALX/
FPR2 (1:100; GeneTex), or CD31 antibodies (1:250; BD).
MECA-32 and CD31 stains were amplified using Tyramide
signal amplification direct and indirect kits (NEN Life Sci-
ence Products Inc.). Human prostate sections were obtained
from M. Loda (Dana-Farber Cancer Institute, Boston, MA).
Histological sections of tumors were analyzed for vessel
density as previously described (Panigrahy et al., 2012).
Immunohistochemistry and localization of fluorescently la-
beled cells were analyzed using a confocal SP2 microscope
(Leica Microsystems).

Western blotting

Protein was extracted from cell lysates, and immunoblotting
was performed based on standard protocols to measure ALX/
FPR2 (GeneTex) in LLC, B16F10 (melanoma), T241 (fibro-
sarcoma), BTC, MS-180 (sarcoma), and EOMA. Protein from
mouse spleen was used as a positive control.

Flow cytometry

For flow cytometry of in vitro debris cultures, vincris-
tine-generated EL4 debris was isolated via Ficoll gradient
(GE Healthcare). For all other chemotherapy- and targeted
therapy—generated debris, cells were treated and collected as
described in the General note. Cells were pelleted and re-
suspended in annexin V binding buffer at 10° cells/ml and
double stained with Annexin V and PI according to FITC
Annexin V/Dead Cell Apoptosis kit protocol. Staining was
assessed using a FACSCanto II (BD) or LSR Fortessa (BD)
and analyzed using FlowJo software (Tree Star).

For flow cytometry analysis of dissociated cells from
whole tumors, tumors were removed when they reached
>1,500-2,000 mm®, and single-cell suspensions were pre-
pared by enzymatic digestion with Liberase (40 min at
37°C; Roche). Digested tissue was filtered through a 40-pm
cell strainer and resuspended in PBS. For nondebris LLC
or EL4 tumors treated with and without systemic cisplatin
or vincristine, respectively, cell death was assessed via an-
nexin V/PI staining as described in the FACS cell sorting
of debris. For LLC-GFP—- and LLC debris—stimulated tu-
mors, GFP levels were assessed using FACSCanto II or LSR
Fortessa and analyzed using FlowJo software. For flow cy-
tometry analysis of resolvin-treated LLC-GFP or B16F10-
GFP tumors, CD11b-PE and F4/80-APC (Roche) were
assessed using FACS Calibur and CellQuest software (BD)
and analyzed with WinMDI 2.8 software. For flow cytom-
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etry analysis of tumor cell phagocytosis and efterocytosis in
the resolvin-, cisplatin-, and/or WRW4-treated LLC-GFP
tumors, TIM-4—Alexa Fluor 647 (BioLegend), CD11b-
Alexa Fluor 405 (R&D Systems), and F4/80-PE (Miltenyi
Biotec) were assessed using LSR  Fortessa and analyzed
with FlowJo software. TIM-4"F4/80" cells were gated on
whole-tumor populations, whereas GFP" cells were gated
on TIM-4"F4/80" cells to reflect macrophage efferocytosis
(GFP'TIM-4"F4/80"). Likewise, CD11b"F4/80" cells were
gated on whole-tumor populations, and GFP" cells were
gated on CD11b"F4/80" cells to reflect macrophage phago-
cytosis (GFPTCD11b"F4/807).

In tumors generated from 10° LLC living cells and cis-
platin-generated LLC debris—stimulated tumors, CD45-PE
and F4/80-APC (Bio-Rad Laboratories) were assessed using
LSR Fortessa and analyzed with FlowJo software. For exam-
ining immune cell types in tumors generated from 10° LLC
or EL4 living cells and cisplatin-generated LLC debris or vin-
cristine-generated EL4 debris-stimulated tumors, F4/80-PE
(Miltenyi Biotec), CD11b—Alexa Fluor 405 (R&D Systems),
Gr1-APC (BioLegend), and Ly6G—Alexa Fluor 488 (Novus
Biologicals) were assessed using LSR Fortessa and analyzed
with FlowJo software. The percentage of CD45" cells referred
to the proportion of leukocytes (CD45") within the whole
tumor lysate included the double-stained CD45"F4/80"
population (macrophages) as well as CD45"F4/80~ (leuko-
cytes excluding macrophages).

For flow cytometry of Matrigel plugs (100 mg/
ml; BD), plugs were injected into both flanks, resected
after 7 d, and digested as described above with Liber-
ase. CD45-PE (Bio-Rad Laboratories) and F4/80-APC
(Roche) were assessed using FACSCanto II and analyzed
with Flow]o software.

Electron microscopy and light microscopy

Electron microscopic thin sections were examined on a FEI/
Phillips EM 208S (FEI Electron Optics BV) equipped with a
digital camera (Advanced Microscopy Techniques). Light mi-
croscopic images were taken on an Eclipse E600 microscope
(Nikon) with a 100X 0.30 NA oil immersion lens and an RT
Slider SPOT 2.3.1 camera (Diagnostic Instruments) using
SPOT Advanced software (3.5.9; SPOT Imaging). Tumor
cell debris was prepared as described in the General note.
Debris was collected and resuspended in PBS. Cells were
placed on glass slides. Light microscopic images were taken
on an Axiophot (ZEISS) with a 20X dry objective lens using
SPOT Advanced software.

Human monocyte-derived macrophages

Human peripheral blood mononuclear cells from healthy
human volunteers from the Children’s Hospital Boston blood
bank were isolated by density-gradient Histopaque-1077
(Sigma-Aldrich). Macrophages were differentiated using
RPMI media plus 10 ng/ml GM-CSF (R&D Systems)
for 7 d (37°C at 5% CO,).
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Macrophage-secreted cytokines

For human tumor cell debris, human monocyte—derived
macrophages were plated in six-well plates at 2 X 10° cells
per well. Cells were incubated in complete RPMI medium
with 10% FBS and 10 ng/ml GM-CSF for 7 d. Cispla-
tin-generated PC3M-LN4, cisplatin-generated HSC-3, and
cycloheximide plus TNFo—generated PC3M-LN4 debris
were prepared as described in the General note. Macrophage
plates were rinsed with PBS and then were treated with ve-
hicle, RvD1 (1 nM), or RvD2 (1 nM) for 30 min at 37°C.
Collected tumor cell debris was added to six-well plates at
4 x 10° cells per well. PC3M-LN4 or HSC-3 debris was
added to empty six-well plates as a control. Plates were in-
cubated for 1 h at 37°C. Plates were rinsed with PBS and
then refed with 5 ml complete RPMI medium with 10%
FBS. Plates were incubated for 24 h at 37°C. Conditioned
media from plates was collected and used according to the
protocol of R&D Systems Proteome Profiler: Human Cy-
tokine Array Panel A. Array control allows for comparison
between membranes. For ELISA analysis, human monocyte—
derived macrophage-conditioned media was prepared as de-
scribed above. Media was used according to the protocols of
each ELISA kit (R&D Systems). Human monocyte—derived
macrophage-conditioned media collection was repeated
using three individual patient donations of peripheral blood
monocytes, and debris collection was repeated for a total of
three separate experiments.

For mouse tumor cell debris, mouse RAW?264.7 mac-
rophages were plated in six-well plates at 5 x 10> cells per
well and incubated for 2 h in Dulbecco’s PBS at 37°C. Cis-
platin-generated LLC debris was prepared as described in
the Cisplatin-generated LLC debris tumors section and pre-
treated with annexin V recombinant protein (10 pM; eBio-
science) for 1 h. Collected tumor cell debris was added to
six-well plates at 2 X 10° cells per well. Plates were incubated
for 1 h at 37°C. Plates were rinsed with PBS, refed with 3 ml/
well serum-free DMEM media, and incubated for 24 h at
37°C. Conditioned media from plates was collected and used
according to the protocol of R&D Systems Proteome Pro-
filer: Mouse Cytokine Array kit, Panel A. Array control allows
for comparison between membranes.

For PS and PC liposome studies, RAW?264.7 macro-
phages were plated in six-well plates at 10° cells per well. PS
or PC liposomes (Avanti Polar Lipids) were resuspended in
PBS for a final concentration of 100 M. Macrophages were
incubated with PS/PC liposomes for 2 h at 37°C, refed with
serum-free DMEM media, and incubated for 24 h at 37°C.
Conditioned media was collected and used according to the
protocols for each ELISA kit (R&D Systems).

Human monocyte—derived macrophage phagocytosis assays

Human primary monocyte—derived macrophages were
plated in 96-well plates at 5 x 10" cells per well in complete
RPMI medium with 10% FBS for 18-24 h. Dead cell bod-
ies were collected and prepared as described in the General
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note and then were fluorescently stained with carboxyflu-
orescein diacetate (CFDA). Macrophages were treated with
vehicle, RvD1 RvD2, or RvE1 (0.001-100 nM), dexameth-
asone (1 nM or 10 nM), or indomethacin (1 nM or 10 nM)
for 30 min at 37°C. Collected tumor cells were added to
96-well plates at a 1:2 (PC3M-LN4, A375-SM, and BxPC3)
or 1:4 (COV362, HEY, OVCARS5, and HSC-3) mono-
cyte-derived macrophage/dead cell body ratio, and plates
were incubated for 1 h at 37°C. Plates were quenched with
trypan blue, and fluorescence was measured using a Spec-
tra Max M5 plate reader (Molecular Devices). Relative flu-
orescence units (RFUs) were used to measure phagocytosis
compared with control monocyte-derived macrophages. Ex-
periments were performed three times with similar results.
We performed macrophage phagocytosis assays using non-
tumorigenic macrophages (e.g., human monocyte—derived
macrophages, mouse peritoneal macrophages, and mouse
bone marrow—derived macrophages).

Mouse phagocytosis assays

Mouse resident peritoneal and bone marrow-derived macro-
phages. Mouse resident peritoneal macrophages were col-
lected by peritoneal lavage of C57BL/6] male mice using
sterile PBS. Macrophages were plated in 96-well plates at 5 X
10* cells per well and incubated in PBS for 1-2 h at 37°C.
Mouse bone marrow—derived macrophages were extracted
from C57BL/6] male mice and differentiated by incubation
in RPMI containing mouse CSF for 7 d (37°C at 5% CO,).
Bone marrow—derived macrophages were plated in 96-well
plates at 5 X 10" cells per well and incubated in DMEM sup-
plemented with 10% FBS and 30% 1-929 medium overnight.
ID8 cells were treated with cisplatin (Sigma-Aldrich) and col-
lected as described in the General note. After 24 h, dead cell
bodies were fluorescently stained with CFDA. Macrophage
wells were treated with vehicle, RvD1, or RvD2 (0.001-100
nM), and/or BOC-1 (10 uM; MP Biomedicals) for 30 min at
37°C. CFDA-stained dead tumor cell bodies were added to
96-well plates at a 1:4 macrophage/dead cell body ratio, and
plates were incubated for 1 h at 37°C. Plates were quenched
with trypan blue, and fluorescence was measured using a
Spectra Max M5 plate reader. RFUs were used to measure
phagocytosis compared with control macrophages.

RvD1 and RvD2 levels in vitro (ELISA). For analysis of RvD1
and RvD2 in tissue culture samples, mouse RAW264.7 mac-
rophages were plated in six-well plates at 2 X 10° macro-
phages per well in PBS and incubated for 2 h at 37°C.
Cisplatin-generated LLC debris was counted and prepared as
described in the General note. Debris was added to applicable
plates at a 1:2 macrophage/dead cell body ratio. Plates were
incubated for 1 h at 37°C. Conditioned media from each well
was collected according to RvD1 or RvD2 ELISA kit in-
structions (Cayman Chemical). Samples were run in tripli-
cates (RvD1) and duplicates (RvD2) per kit instructions.
n = 4 per group.
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Proliferation assays

For tumor cell (B16F10, LLC, and PC3M-LN4) prolifera-
tions assays, B16F10 cells were plated at an initial 5 x 10°
cells/well in 24-well plates. LLC cells were plated at an initial
7.5 x 10° cells/well in 24-well plates. PC3M-LN4 cells were
plated at an initial 10* cells/well in 24-well plates. BI6F10
and LLC cells were treated with RvD1 (10 nM and 1 pM),
RvD2 (10 nM and 1 pM), or vehicle for 48 h. PC3M-LN4
cells were treated with RvD1 (10 nM and 1 uM), RvD2 (10
nM and 1 uM), or vehicle for 24 h. After 1 or 2 d, B16F10,
LLC, and PC3M-LN4 cells were counted with a Coulter
Counter. n = 4-8/group, three biological repeats.

Additional proliferation assays used Cell Proliferation
kit 1 (MTT; Roche), according to recommended protocol
to quantify proliferation. PancOH7 or MS1 cells were plated
at an initial 5 X 10° cells/well in 96-well plates with com-
plete media with 10% FBS and incubated overnight. Cells
were refed with conditioned media from RAW?264.7 mouse
macrophages or RAW?264.7 macrophages exposed to gem-
citabine-generated PancOH?7 debris, prepared as described in
the Gemcitabine-generated PancOH?7 debris tumors. After a
24-h incubation at 37°C with the macrophage-conditioned
media, 10 pl of MTT reagent (Roche) was added to each
well and incubated for 4 h at 37°C. Next, 100 pl of solubiliz-
ing solution (Roche) was added to each well and incubated
overnight at 37°C. VersaMax microplate reader (Molecular
Devices) was used to quantify the results of the assay.

Tumor cell viability

Conditioned media from RAW264.7 mouse macrophages or
RAW?264.7 macrophages exposed to gemcitabine-generated
PancOH?7 debris was collected as described in the Macro-
phage secreted cytokines section. PancOH7 cells were plated
at 5 X 10° and incubated overnight in complete media plus
10% FBS.The next day, PancOH?7 cells were refed with con-
ditioned media from macrophages and incubated overnight.
Cells were stained according to the FITC Annexin V/Dead
Cell Apoptosis kit protocol (Thermo Fisher Scientific), and
cell viability was assessed via flow cytometry analysis.

Migration studies

RvD1, RvD2, or control was added to serum-free media at
a final concentration of 10 nM. In transwell permeable sup-
ports with an 8.0-um polycarbonate membrane (Costar), 10
nM RvD1, 10 nM RvD2, or vehicle was added to the bot-
tom chamber, and 5 X 10° LLC in serum-free media was
added to the top chamber. Cells were incubated at 37°C at
5% CO, for 5 h. After the incubation, remaining cells were
removed from the top chamber with a cotton-tipped applica-
tor. Cells were fixed with methanol and stained using Giemsa
stain (Sigma-Aldrich) for 40 min at room temperature. Excess
Giemsa stain was removed with water. Migration was quan-
tified using an EVOS microscope (Thermo Fisher Scientific)
and counting the number of cells per field (four fields/trans-
well) at 10X magnification.
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LC-MS-MS

Plasma from nontumor-bearing and tumor-bearing mice
was analyzed by LC-MS-MS by LC-20AD HPLC and a
SIL-20AC autoinjector (Shimadzu Corp.) paired with a
QTrap 6500 (ABSciex). Mouse tumors were placed in 1 ml
of methanol, gently homogenized using a glass dounce, and
kept at —20°C to allow for protein precipitation. Lipid me-
diators were extracted using solid-phase extraction (Colas
et al., 2014). In brief, before sample extraction, a deuterated
internal standard (ds-LXA,) representing the region of in-
terest in the chromatographic analysis (500 pg) was added
to facilitate quantification. Extracted samples were analyzed
by a LC-MS-MS system, QTrap 6500 (AB Sciex) equipped
with a SIL-20AC autoinjector and LC-20AD binary pump
(Shimadzu Corp.). An Eclipse Plus C18 column (100 X 4.6
mm X 1.8 pm; Agilent Technologies) was used with a gra-
dient of methanol/water/acetic acid of 55:45:0.01 (vol/vol/
vol) that was ramped to 85:15:0.01 (vol/vol/vol) over 10 min
and then to 98:2:0.01 (vol/vol/vol) for the next 8 min. This
was subsequently maintained at 98:2:0.01 (vol/vol/vol) for 2
min. The flow rate was maintained at 0.4 ml/min.To monitor
and quantify the levels of lipid mediators, a multiple reaction
monitoring method was developed with signature ion frag-
ments (m/z) for each molecule monitoring the parent ion
(Q1) and a characteristic daughter ion (Q3). Identification
was conducted using published criteria where a minimum of
six diagnostic ions were used (Colas et al., 2014). Calibration
curves were determined using a mixture of lipid mediators
obtained via total organic synthesis. Linear calibration curves
for each compound were obtained with 1* values ranging
from 0.98-0.99. Detection limit was ~0.1 pg. Quantification
was performed as described by Colas et al. (2014).

Statistics

For in vivo experiments, Student’s ¢ test and ANOVA were
used. Student’s ¢ test was used to evaluate significance of in
vitro experiments. The Kolmogorov-Smirnov goodness-of-
fit statistic was used to test the assumption of normality of the
tumor volume measurements and other continuous variables,
and no significant departures from a Gaussian-shaped distri-
bution were detected. Therefore, summary data are reported
as mean values and SEM. Longitudinal tumor growth data
were analyzed using two-factor repeated-measures mixed ef-
fects ANOVA with the Greenhouse—Geisser F test to assess
overall group differences followed by Tukey post hoc com-
parisons, where treatment was considered the between sub-
jects factor, and serial tumor measurements were considered
the within subjects or repeated factor (Liu et al., 2010). In
addition, one-factor ANOVA was used to compare treatment
and control groups with respect to cytokines and biomarker
variables, and the Student’s ¢ test was used to compare the
percentage of total cell death between cisplatin and control.
Survival after orthotopic injection was analyzed using the
Kaplan-Meier product-limit model with the log-rank test to
evaluate survival differences over time after tumor injection

Resolvins mediate clearance of tumor cell debris | Sulciner et al.

920z Arenigad 60 uo 1senb Aq 4pd-1.890/ 102 Wel/8rzez61/SL L/L/SLZ/Pd-ajone/wal/Bio sseidny//:dpy woly pepeojumoq



between treatment groups for chemotherapy-generated dead
cells and PancOH?7 living cells versus living cells alone. P-val-
ues <0.05 were considered statistically significant.

Online supplemental material

Fig. S1 characterizes the chemotherapy- and targeted
therapy—generated debris used in our debris tumor mod-
els, describes how the debris was quantified, and confirms
that debris-stimulated tumors indeed arose from the living
tumor cells. Fig. S2 provides additional titrations of sub-
threshold inoculums of various tumor types with debris
generated by different therapies in immunocompromised
versus immunocompetent mouse models. Fig. S3 highlights
and characterizes the role of macrophages and inflamma-
tion within the tumor microenvironment in debris-stimu-
lated tumors. Fig. S4 demonstrates the role of resolvins in
human xenograft mouse models, genetically engineered
mouse models, spontaneous tumor models, and metas-
tasis models. Fig. S5 further elucidates that the antitumor
activity of resolvins is stromal and provides a schematic
that summarizes our model.
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