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Abstract

BACKGROUND: The antiprostate cancer effects of dietary w-3 fatty acids (FAs) were previously
found to be dependent on host G-protein coupled receptor 120 (GPR120). Using an orthotopic
tumor model and an ex-vivo model of bone marrow derived M2-like macrophages, we sought to
determine if w-3 FAs inhibit angiogenesis and activate T-cells, and if these effects are dependent
on GPR120.

METHODS: Gausia luciferase labeled MycCaP prostate cancer cells (MycCaP-Gluc) were
injected into the anterior prostate lobe of FVB mice. After established tumors were confirmed

by blood luminescence, mice were fed an w-3 or w-6 diet. Five weeks after tumor injection,
tumor weight, immune cell infiltration and markers of angiogenesis were determined. An ex-vivo
co-culture model of bone marrow derived M2-like macrophages from wild-type or GPR120
knockout mice with MycCap prostate cancer cells was used to determine if docosahexanoic acid
(DHA, w-3 FA) inhibition of angiogenesis and T-cell activation is dependent on macrophage
GPR120.

Reprintsand permission infor mation is available at http://www.nature.com/reprints
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RESULTS: Feeding an w-3 diet significantly reduced orthotopic MycCaP-Gluc tumor growth
relative to an w-6 diet. Tumors from the w-3 group had decreased M2-like macrophage infiltration
and decreased expression of angiogenesis factors. DHA significantly inhibited M2 macrophage-
induced endothelial tube formation and reversed M2 macrophage-induced T-cell suppression, and
these DHA effects were mediated, in part, by M2 macrophage GPR120.

CONCLUSION: Omega-3 FAs delayed orthotopic tumor growth, inhibited M2-like macrophage
tumor infiltration, and inhibited M2-like macrophage-induced angiogenesis and T-cell
suppression. Given the central role of M2-like macrophages in prostate cancer progression,
GPR120-dependent w-3 FA inhibition of M2-like macrophages may play an important role in
prostate cancer therapeutics.

INTRODUCTION

In numerous preclinical models, dietary -3 fatty acids (FAs) from fish oil delayed the
development and progression of androgen sensitive and castrate resistant prostate cancer
[1-8].

Epidemiologic studies, however, report varying results with regards to fish and w-3 intake
and risk of overall and aggressive prostate cancer [9-15]. In a prospective trial in men
on active surveillance, higher prostate tissue eicosapentaenoic acid (EPA, w-3) levels

correlated with less upgrading on subsequent biopsies [16-18]. Likewise, a small prospective

randomized preprostatectomy trial reported decreased proliferation (Ki-67 index) and
decreased genetic risk score (cell cycle progression score) in malignant tissue in the
prostatectomy specimens in men on an w-3 FA based diet as compared to a Western diet
[19].

There are a number of potential mechanisms for the anticancer effects of dietary w-3

FAs [20]. In castration sensitive and resistant models, dietary w-3 intake (as compared

to w-6 intake) decreased tumor infiltration of M2-like macrophages [5, 6]. M2-like
macrophages play a key role in cancer progression through enhancing tumor invasion,
angiogenesis, and immunosuppression [21-27]. In patients with advanced prostate cancer,
M2-like macrophages make up the preponderance of immune cells in metastatic deposits
and M2-like cells in the primary tumor are positively associated with aggressive disease
[28-30].

The antiprostate cancer effects of dietary w-3 FAs appear to be dependent on the presence
of functional host GPR120, although the host cell type(s) responsible are yet to be defined
[6]. GPR120 is a receptor for w-3 FAs on macrophages and adipocytes [31, 32]. Specific
GPR120 polymorphisms increase the risk of obesity and lung cancer, though associations
with prostate cancer risk have not been reported [33, 34]. Of interest, a prospective trial

in men with prostate cancer reported greater antiproliferative effects of an w-3 based diet
in patients with higher expression of GPR120 in prostate stroma, suggesting that GPR120
status may predict responsiveness to an w-3 based diet [6].

Dietary w-3 FAs delay prostate cancer progression in xenograft models in
immunosuppressed mice, and in allograft and genetic immunocompetent mouse models
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[1-6]. To date, dietary w-3 FAs have not been tested in an orthotopic immunocompetent
model. Orthotopic tumor growth occurs in the local microenvironment of the prostate and
may represent a more physiologic model for angiogenesis and other biological pathways

as compared to subcutaneous tumor models [35-37]. In the present study we examined if
dietary w-3 FAs delay prostate cancer progression in an orthotopic mouse model of prostate
cancer. Through the use of an ex-vivo model incorporating bone marrow derived M2-like
macrophages, we also sought to determine if w-3 FAs inhibit angiogenesis, and activate
T-cells, and if these effects are dependent on GPR120.

MATERIALS AND METHODS

Chemicals, reagents and diets

Docosahexaenoic acid (DHA) was obtained from Cayman Chemical (Ann Harbor, Ml),
RPMI and DMEM media and fetal bovine serum (FBS) from Invitrogen (Carlsbad, CA), and
mouse interleukin 4 (IL-4) from Sigma Chemical (St Louis, MO, USA). Coelenterazine was
purchased from MedChem Express (Monmouth Junction, NJ). Mouse diets were purchased
from DYETS, Inc. (Bethlehem, PA). For the w-6 diet, 30% of energy (134 g/kg) was
provided by corn oil, and the w-6 to w-3 ratio was 18:1. For the w-3 diet 30% of energy

was provided by menhaden oil (134 g/kg) and the w-6 to w-3 ratio was 1:8 as previously
described [5].

Establishment of MycCap cell line expression GLuc

Pre-made recombinant lentivirus containing LV-CMV-Gluc-Puro vector (SignaGen, MD)
were transducted into MycCap cells for 72 h, then selected in the presence of puromycin
(Invitrogen; Thermo Fisher Scientific, Inc.) for 14 days. The surviving cells were passaged
and designated as MycCap-GLuc. GLuc functionality was tested in vitro by adding
coelenterazine into MycCap-Gluc cells containing medium and signal was measured with
IVIS Spectrum In Vivo Imaging System.

Animal husbandry, feeding protocol, and MycCaP orthotopic tumors

Male FVB mice (8 weeks old) were obtained from Jackson Laboratory (Bar Harbor, ME).
The mice were housed individually to monitor and measure food intake. The experiments
were approved by the UCLA Animal Research Committee, and the mice were cared for

in accordance with institutional guidelines. Mice were acclimated for 7 days on a standard
AIN-93G diet (DYETS, Bethlehem, PA). For the orthotopic allograft mouse model, prior
to implantation of the tumor cells, blood was collected from the lateral saphenous vein

and serum was stored. The orthotopic implantation was performed under surgically sterile
conditions [38]. The mice were anesthetized with 2.5% isoflurane and 1.5% oxygen. The
abdomen was cleaned three times with iodine solution (DifemPharma, Santiago, Chile)
and 70% isopropanol. A 1-cm midline incision was made to expose the prostate gland.

2 x 10° MycCaP-Gluc cells in 20 pl of matrigel/phosphate-buffered saline (PBS) mixture
(Corning Life Sciences, Corning, NY) in a 50-pl syringe with a 30-gauge needle were
injected into the right anterior lobe. The abdominal wound was closed in one layer with 6/0
absorbable surgical suture (Ethicon, NJ). Blood was collected every week and luminescence
measured by adding 5 ul of serum to 100 pl of coelenterizine working solution (100
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uM). When luminescence readings reached 130 RLU, mice were assigned to the corn oil
(D103702, DYET) (V= 10) or fish oil diet (D 103859, DYET) (N = 12) based on matching
luminescence readings to achieve equal distribution between the two treatment groups. The
number of mice was lower in the corn oil group because one mouse died prior to tumor
implantation and in one mouse the tumor did not grow and the luminescence reading

did not reach 130 RLU. The investigators were not blinded to the diets. All mice were
euthanized with isoflurane 5 weeks after MycCaP-Gluc cells were implanted. Tumor tissue
was weighed and rinsed with cold PBS. One portion of the tumor tissue was snap-frozen

in liquid nitrogen, one portion fixed in neutral-buffered formalin (Sigma-Aldrich, St. Louis,
MO), and one portion was used for flow cytometry. For the subcutaneous allograft mouse
model 5 x 10° MycCap cells were mixed with matrigel and implanted into the flank of
wild-type FVB mice under anesthesia as previously described [6, 7]. When tumor volumes
reached 30-50 mm3, mice were randomly assigned to either w-3 or w-6 diet. Mice were
sacrificed 5 weeks after the tumor cells were injected and tumor tissue collected [6].

Flow cytometry analysis of immune cells

To prepare single-cell suspensions for flow cytometry, fresh tumor tissue was dissected

into ~1-3mm? fragments and digested with 80 U/mL collagenase (Invitrogen) in DMEM
containing 10% FBS for 1 h at 37 °C while shaking. After red blood cell (RBC) lysis, single-
cell suspensions were filtered and incubated for 20 min on ice with the following antibodies
(1:100): CD45-PE (Cat# 12-0451-81, eBioscience, San Diego, CA), F4/80-PE-Cy7 (Cat#
25-4801-82, eBioscience, San Diego, CA), CD11b-FITC (Cat# 553310, BD Biosciences
San Jose, CA), CD206-APC (Cat# 141707, Biolegend, San Diego, CA),CD68-PerCP-Cy5.5
(Cat# 137009, Biolegend, San Diego, CA) for macrophages. Cells were washed with PBS
before analysis on the BD LSR-II flow cytometer (Beckman Coulter).

MRNA isolation and quantitative PCR

Total RNA was extracted from tumors using RNeasy Mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. The reverse-transcriptional PCR and quantitative
real-time PCR were performed as previously described [39]. Briefly, first-strand cDNA was
synthesized using MLV-Reverse Transcriptase and random hexamers (Promega, Madison,
MI, USA). Quantitative PCR was performed using a Universal SYBR Green mastermix
(Applied Biosystems, Grand Island, NY, USA) on CFX96 Real time PCR system (Bio-Rad,
Hercules, CA, USA). Gene expression was calculated after normalization to GAPDH using
the AACT method and expressed as relative mMRNA level compared to control. Primer
sequences used for SYBR-green RT-PCR are listed in Supplementary Table 1.

Generation of L929-conditioned media and M2-like bone marrow derived macrophages

(BMDMs)

L929 cells (ATCC, Rockville, MD) were cultured in RPMI-1640 medium supplemented
with 2 mmol/l I-glutamine, 100 U/ml penicillin, and 100 ug/ml streptomycin (Invitrogen,
Carlsbad, CA), and 10% FBS. The conditioned media was collected from cells grown for 7
days.
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The BMDMs were isolated from mouse bone marrow according to standard procedures with
some maodification [40]. In brief, bone marrow cells were removed from the femurs and
tibias of FVB mice and cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% FBS, with the addition of 20% L929-conditioned medium and 80% DMEM growth
medium. Cells were cultured at 5 x 10° cells/well for 7 days with 5% CO2 and at 37 °C.

For BMDM CM, cells were then treated with DHA for 24 h, and medium were collected as
BMDM CM.

Co-culture and cell invasion assay

Mouse prostate cancer cell line MycCap was a gift from Dr. Lily Wu (UCLA, CA). All cell
lines were used within 15 passages after thawing. Mycoplasma in the cell lines are being
tested by PCR according to the manufacture’s protocol (Applied Biological Materials Inc.,
Richmond, BC, Canada). MycCap cells were authenticated by measuring gene expression of
human c-myc using gPCR and overexpression of c-myc was confirmed. The migration of
BMDM cells was determined using Matrigel-coated (BD Biosciences, Bedford, MA, USA)
inserts in 6-well plates. Briefly, BMDM (10°) were added to the upper compartments in
DMEM supplemented with 10% FBS, and MycCap cells (10°) were seeded in the lower
chambers. After BMDM had attached, medium from the upper chambers were replaced
with serum-free DMEM and lower chamber were replaced with DMEM with 2% FBS
containing DHA. After a 24 h continued co-culture with BMDM exposed to DHA, cells on
the upper insert surface of the membrane were removed with cotton swabs and fixed with
4% paraformaldehyde. Invasive cells were stained with 0.5% crystal violet in 2% methanol,
pictures taken with a microscope, and the number of invasive cells counted in four randomly
selected fields. Viability of MycCap cells and cultured BMDMs was quantified using the
MTT assay according to manufacturer’s instructions (Promega, Madison, WI). Viability of
MycCap cells was not significantly affected at 25 pM of DHA and BMDM s at 50 uM of
DHA (Supplementary Fig. 1).

In vitro tube formation assay

Mouse endothelium 2H-11 and human endothelium HUVEC cells were purchased from
ATCC (Rockville, MD). Unpolymerized Matrigel (BD Biosciences) was placed (50 pL/well)
in a 96-well microtiter plate (0.32 cm2/well) and polymerized for 1 h at 37 °C. Endothelial
cells (1 x 10% per well) in 100 pL medium were layered onto the Matrigel surface. After a 4
h incubation in a 5% CO2 humidified atmosphere at 37 °C, tube formation was quantified on
digital images collected from reverted phase-contrast light microscope (Olympus, Japan) and
analyzed with image J (NIH).

CD8+T cell proliferation assay

CD8+ T cells were isolated from spleen cells of FVB mice using a CD8a+ T cell isolation
kit (Miltenyi Biotec, CA). RBC contamination was removed using lysis buffer (Sigma-
Aldrich, St. Louis, MO). 1 x 10* T cells/well were stimulated with anti-CD3 and anti-CD28
antibodies and cultured with condition medium from BMDMs in 96-well plates for 48 h,
followed by the addition of BrdU for 24 h. After removing the medium, CD8+ T cells

were fixed and DNA denatured. Anti-BrdU monoclonal antibody was added to mark the
newly synthesized DNA. BrdU was quantified by the addition of conjugate and substrate
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and measurement of absorbance at 450 nm according to the assay protocol (Millipore,
Burlington, MA). Gene expression of INF-y was analyzed by quantitative PCR.

Statistical analysis

Group size was determined based on data from previous mouse studies in our laboratory
[6]. Quantitative measures (tumor luminescence reading and weight, gene expression,
angiogenesis and cell migration in vitro analysis) were compared between the two groups
(w-3 and w-6 diet) using two-tailed Student #test calculated by GraphPad Prism 6.0 software
(GraphPad Software, La Jolla, CA). Using SAS software version 9.2 (Institute Inc, Cary,
NC, USA), the normality assumption was assessed with the Shaprio-Wilk test. If the
normality assumption was violated (p < 0.05), we used a log transformation prior to the
ttest. If the equal variance assumption assessed by Levene’s test was violated (p < 0.05),
we used the Welch-Satterthwaite adjusted #test, which does not assume equal variance
between groups. The data from in vitro experiments are presented as mean + standard
deviation (SD), and mouse tumor growth evaluation in mean * standard error of the mean
(SEM). In vitro experiments were performed in triplicate. Linear mixed effects models
were used to evaluate mean differences in food intake and weight between groups. Models
included fixed group and time point effects, as well as random mouse effects to account for
repeated measurements. P values of less than 0.05 were considered statistically significant.
All statistical tests were two sided.

RESULTS

Effect of dietary w-3 FAs on tumor growth and immune cells in orthotopic MycCap-Gluc
tumors

Tumor growth (measured by weekly blood luminescence) and mean final tumor weight
were significantly decreased in mice fed w -3 vs the w-6 diet (Fig. 1A, B). There was no
difference in caloric intake between the groups (Supplementary Fig. 2A). At the later time
points in the experiment, the body weight was significantly higher in the w-6 vs the w-3
group (Supplementary Fig. 2B). The final tumor weights correlated with the mouse weights
at the time of sacrifice. Immune cell infiltration in the orthotopic tumors was determined

by flow cytometry. Mice fed the w-3 diet had fewer F4/80+CD11b+ total macrophages

and fewer F4/80+CD206+M2 polarized macrophages than mice fed the w-6 diet (Fig. 2A).
There was no statistically significant difference between mice fed the w-3 diet or w-6 diet
in cell numbers of other immune cells such as F4/80+CD68+M1 polarized macrophages,
CD11b+Gr1+MDSCs, F4/80-CD11b+Grl+neutrophils, CD8+ or CD4+ T cells, and B220+
B cells (Fig. 2A). Gene expression of M2-like macrophage markers CD206 and colony
stimulating factor 1 receptor (CSF-1R) were significantly decreased in tumors from the w-3
compared to the w-6 group (Fig. 2B). There was no significant difference in gene expression
of M1-like markers CD68, IL-6, iINOS, between the groups, except for TNFa., which was
significantly decreased in the w-3 compared to w-6 group (Fig. 2B).

Effect of DHA on M2 macrophage migration in an ex-vivo model

Bone marrow-derived macrophages (BMDMs) from FVB mice were induced to the M2
phenotype with MycCaP conditioned medium (CM) and L929 CM treatment. BMDM
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polarization to the M2 phenotype was confirmed by an increase in gene expression of
CD206 and Argl (Supplementary Fig. 3). Co-culture of the M2 polarized BMDMs with
MycCap cells significantly increased migration of the macrophages through the matrigel
layer (Fig. 3). Treatment of MycCap cells with DHA significantly decreased migration of
M2 polarized BMDMs by ~44 and 57% at concentrations of 25 and 50 UM, respectively.

Effect of GPR120 knockout on DHA inhibition of M2 macrophage-induced angiogenesis

To investigate potential anticancer mechanisms of w-3 FAs, we measured gene expression
of angiogenesis factors in the orthotopic tumors. Gene expression of angiogenesis related
molecules HGF, platelet-derived growth factor (PDGF), EGF and MMP-9 decreased in
orthotopic tumors in mice fed the w-3 vs the w-6 diet, and there was a trend (p = 0.06) for
a decrease in CD31 (Fig. 4A). We next used in vitro capillary-like tube structure formation
assays to further examine the anti-angiogenic activity of w-3 FAs and dependence on
GPR120. Conditioned media (CM) from M2 polarized BMDMs from WT and GPR120 KO
mice increased tube formation of murine 2H-11 cells (Fig. 4B). Whereas DHA (25 and 50
uM) treatment of M2 polarized BMDMs (from WT mice) significantly reduced CM-induced
tube formation of 2H-11 cells (Fig. 4B), this was not the case for M2 polarized BMDMSs
from GPR120 KO mice (Fig. 4B). We saw similar findings using human THP-1 polarized
M2 macrophages and human endothelial cells (HUVEC). CM from M2 polarized THP-1
cells increased tube formation of HUVEC cells (Fig. 4C). DHA treatment (50 pM) of M2
polarized THP-1 cells reduced CM-induced tube formation of HUVEC cells, whereas this
was not the case with CM from GPR120 depleted M2 polarized THP-1 cells. As a control,
DHA at the same concentrations did not directly inhibit tube formation of 2H-11 cells
(Supplementary Fig. 4).

Effect of GPR120 knockout on DHA activation of T cells

To investigate if w-3 FAs inhibit the immunosuppressive effects of tumor associated
macrophages and are dependent on GPR120, we examined isolated M2-like macrophages
from a prior feeding experiment in which subcutaneous MyCaP tumors were grown in
immunocompetent WT and global GPR120KO mice fed an w-3 or w-6 diet [6]. PD-L1
expression in tumor infiltrating M2-like macrophages was significantly decreased in the
w-3 diet group relative to the w-6 group in the WT mice, but this was not the case in
GPR120KO mice (Supplementary Fig. 5). PD-L2 gene expression in tumor infiltrating
M2-like macrophages was not significantly reduced by an w-3 (relative to an w-6) diet
(Supplementary Fig. 5). To further examine if w-3 FAs inhibit the immunosuppressive
effects of M2 macrophages and are dependent on GPR120, we used two T cell activation
assays in which activated T cells were co-cultured with M2 macrophages from WT and
GPR120 KO mouse bone marrow. In the T cell INF-y assay, co-culture of activated

T cells with M2 polarized macrophages from WT mice significantly suppressed T cell
activation. Inhibition of both markers of T cell activation was reversed when M2 polarized
macrophages were pretreated with 50 uM of DHA (Fig. 5A, B). In both T cell activation
assays, DHA treated M2 polarized macrophages from GPR120KO mice did not reverse the
suppression (Fig. 5A, B).
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DISCUSSION

Omega-3 FA diets have previously been reported to inhibit prostate cancer development
and progression in preclinical models, but have not been tested in an orthotopic model
[1-8]. Orthotopic tumor growth occurs in the local microenvironment of the prostate and
may represent a more physiologic model for angiogenesis and other biological pathways as
compared to subcutaneous tumor models [35-37]. We found that an w-3 diet (as compared
to an w-6 diet) significantly delayed prostate cancer progresssion of orthotopic MycCaP
tumors in immunocompetent mice. As previously demonstrated in subcutaneous allograft
tumors, we also found a significant decrease in the number of tumor infiltrating M2-like
macrophages in tumors from the w-3 relative to the w-6 diet group [6].

M2-like macrophages play a key role in prostate cancer progression by promoting tumor
invasion, angiogenesis, and immunosuppression [24]. In the present study, dietary w-3

FAs significantly decreased expression of key regulators of angiogenesis including PDGF,
hepatocyte growth factor, and epidermal growth factor (EGF) in the orthotopic tumors,

and there was a trend for decreased expression of CD31, a marker of angiogenesis [41].
Gene expression of vascular endothelial growth factor (VEGF), a commonly investigated
stimulator of angiogenesis, however, was not inhibited. This is in agreement with other

in vitro and in vivo findings of suppression of neo-vascularization without suppression of
VEGF [42], although a prior study reported reduced expression of VEGF in castration
resistant tumor tissue in fish oil-fed mice [7]. VEGF is mainly secreted by M1-like
macrophages and epithelial cells and the w-3 diet did not change the number of M1-like
macrophages in our present study, though M1-like macrophages were increased in our prior
study of castrate resistant tumors [6, 43]. Potential mechanisms for how M2-like TAMs
enhance angiogenesis in the tumor microenvironment include induction of dioxygenase
12-lipoxygenase (12-LOX), converting arachidonic acid into 12-hydroxyeicosatetraenoic
acid (12-HETE) and production of other pro-angiogenic cytokines [44]. Using an ex-vivo
co-culture assay in which M2-like BMDMs were co-cultured with MycCap cells, we found
that DHA (an w-3 FA) inhibited M2 macrophage migration towards MyCaP cells. Since
CSF-1R gene expression was significantly decreased in orthotopic tumor tissue from the w-3
group, we hypothesize that w-3 FAs target the CSF-1/CSF-1R cytokine axis responsible for
attracting tumor associated macrophages to the tumor microenvironment. Taken together,
these data support a potential role for dietary w-3 FAs for inhibiting tumor infiltrating
M2-like macrophages and M2-like macrophage-induced angiogenesis.

Dietary w-3 FAs may have anticancer effects through multiple mechanisms including
inhibition of inflammation by regulation of cyclooxygenases and lipoxygenases, formation
of resolvins, and suppression of inflammatory mediators such as toll like receptors, as

well as inhibition of proliferation and induction of apotosis through modulating signal
transcription by incorporation into membrane phospholipids [45]. Recently, in a preclinical
model, the anticancer effects of w-3 FAs were reported to be dependent on functional host
GPR120, although the responsible host cell type(s) are yet to be defined [6]. GPR120 is a
receptor for w-3 FAs on macrophages, adipocytes and other cells [31, 32, 46].GPR120 status
in the host is of interest as it may potentially predict responsiveness to an w-3 based diet [6].
In a small prospective pre-prostatectomy trial in men with prostate cancer, greater GPR120
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expression in prostate stroma was positively associated with greater antiproliferative effects
of an w-3 based diet [6]. Based on these findings, in the present study we sought to
determine if w-3 FA inhibition of angiogenesis and immunosuppression were dependent

on GPR120. We found this to be the case using ex-vivo assays in which M2-derived
macrophages were derived from wild-type or global GPR120 KO mice. Based on these
findings, human trials are warranted evaluating if M-2 like macrophage GPR120 expression
predicts antiprostate cancer effects of w-3 diets. A trial addressing this is ongoing in men on
active surveillance for prostate cancer (clinicaltrials.gov: NCT02176902).

Tumor associated macrophages are known to be immunosuppressive through a number of
mechanisms including cell surface ligands PD-L1 and PD-L2 [47]. Infiltration of tumor
associated macrophages adversely affects prognosis in a number of solid tumors including
breast, gastric, and prostate cancer [47]. In our study there was reduced infiltration of M2-
like macrophages (in the w-3 vs. w-6 group) in the orthotopic tumors, though there was no
increase in T-cell infiltration. Likewise, the effect of DHA on enhancing T-cell proliferation
(via inhibition of BMDM’s) was minimal, although the effect of DHA was more pronounced
on T-cell interferon gamma production (T-cell activation). In addition, there was reduced
PD-L1 gene expression in M2-like macrophages isolated from subcutaneous allograft
tumors in mice fed an w-3 vs. an w-6 diet. To date, checkpoint inhibitor therapy has not
proven to be effective for the majority of cases of advanced prostate cancer, likely due to the
fact that there is not an intense T-cell infiltration in prostate tumors. Gao et al. recently
reported that failure of anti CTLA-4 (checkpoint inhibitor) therapy in prostate cancer

was associated with M2-like macrophage infiltration with high expression of PD-L1 and
VISTA as potential resistance mechanisms to the therapy [48]. Given that an w-3 diet has
inhibitory effects on M2-like macrophages and reduced expression of M2-like macrophage
gene expression of PD-L1, future preclinical studies are warranted evaluating combining
checkpoint inhibitor therapy with w-3 diets.

Note that in our studies on migration, angiogenesis, and T-cell activation we used DHA

as opposed to EPA. We used DHA as it was the predominate w-3 FA in our prior
prospective randomized clinical trial in which a low-fat diet supplemented with a fish oil
supplement lead to reduced Ki-67 index and a reduced cell cycle gene expression score in
radical prostatectomy specimens [49]. EPA is also of interest given compelling antiprostate
cancer effects in preclinical and clinical studies [50, 51]. Indeed, there may be an optimal
combination of DHA and EPA which should be the subject of future studies.

In summary, an w-3 diet (as compared to an w-6 diet) significantly delayed prostate cancer
progresssion of orthotopic MycCaP tumors in immunocompetent mice and reduced the
number of M2-like tumor associated macrophages. DHA (w-3 FA) inhibition of the pro-
angiogenic and immunosuppressive effects of M2 macrophages was significantly reversed in
GPR120 knockout M2 macrophages, suggesting GPR120 plays a key role in the anticancer
effects of w-3 FAs. Prospective clinical trials are underway by our group and others
evaluating the potential for w-3 FAs to inhibit prostate cancer progression (clinicaltrials.gov:
NCTO03753334, NCT02176902, NCT02333435).
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Fig. 1. The effect of dietary omega-3 fatty acids on MycCap-Gluc (Gaussia lucifer ase labeled)
allograftsin FVB mice.

Eight-week-old male immunocompetent FVVB mice were fed an AIN93G diet for 1 week
before orthotopic injection of 5 x 10° MycCaP-Gluc cells to the anterior prostate. When
luminescence readings from serum reached 130 relative light units (RLUs), mice were
randomly assigned to either the w-3 or w-6 diet (/7= 10 for w-6 diet; 7= 12 for w-3 diet). A
Blood was collected every week and Gluc activity measured using a luminometer. B Tumor
weight at day 35. Data are presented as mean + SEM. *p < 0.05, **p < 0.01.
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Fig. 2. Effect of dietary omega-3 fatty acids on immune cell infiltration and CD206 and CSF-1R
gene expression in MycCap-Gluc orthotopic tumors.

A Immune cell infiltration in tumor tissue by flow cytometry. B Gene expression of M2
macrophage markers was analyzed by quantitative real-time polymerase chain reaction in
tumor tissue (/7= 10 for w-6 diet; 7= 12 for w-3 diet). Data are presented as mean + SEM.
*p<0.05, **p<0.01.
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Fig. 3. Effect of docosahexaenoic acid (DHA) on migration of bone marrow derived macrophages
(BMDMs) co-cultured with MycCap cells.

Bone marrow cells were isolated from WT mice and induced to M2-like BMDMs by
supplementation with 80% MycCaP CM and 20% L929 CM for 7 days. MycCap cells were
treated with DHA and co-cultured with WT or BMDMs using Matrigel-coated inserts. The
invasive BMDMs were fixed and stained. Pictures were taken with a digital microscope
(upper panel), and the numbers of invasive cells were counted in different fields (lower
panel). Data are presented as mean + SD. *p < 0.05, **p < 0.01.
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Fig. 4. The effect of omega-3 fatty acids on angiogenesisin vivo and in vitro.
A Gene expression of angiogenesis and invasion markers was analyzed by quantitative

real-time polymerase chain reaction in tumor tissue (/7= 10 for w-6 diet; 7= 12 for w-3
diet). B Mouse endothelium 2H-11 tube formation. BMDMs were isolated from WT or
GPR120 KO FVB mice and polarized to M2 macrophages as described in Fig. 3. BMDMs
were then treated with DHA for 24 h. Conditioned medium (CM) was collected. 2H-11
cells were seeded in 96-well culture plates precoated with Matrigel, treated with CM for 4
h, and examined for tube formation using an inverted microscope. C Human endothelium
cell (HUVEC) tube formation. THP-1 cells were transfected with GPR120-specific ShRNA
or scramble controls, then polarized to M2 cells by treatment with 320 nM PMA (Sigma).
After 24 h, PMA was removed and cells stimulated with 20 ng/mL interleukin (IL)-4
(Sigma, USA) for 24 h. Cells were treated with DHA at the indicated concentrations for

24 h. CM was collected. HUVEC cells were seeded in 96-well culture plates precoated
with Matrigel, treated with CM for 4 h, and examined for tube formation using an inverted
microscope. For A data are presented as mean + SEM. For B, C, data are presented as mean
+ SD. *p<0.05, **p<0.01.
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Fig. 5. Effect of DHA on T cell proliferation and INF-y gene expression.
CD8+ T cells were isolated from spleen cells of FVB mice and stimulated with anti-CD3

and anti-CD28 antibodies to become activated T cells. BMDMs were isolated from WT or
GPR120 KO FVB mice and polarized to M2 macrophages as described in Fig. 3. Activated
T cells were co-cultured with WT or GPR120 KO BMDMs and treated with DHA in
96-well plates for 72 h. CD8+ T were collected and analyzed for proliferation by BrdU.1
assay (A) or gene expression of INF-y by quantitative PCR (B). Data are presented as mean
+SD. *p<0.05, **p<0.01.
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